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0 Introduction

In mathematical physics, one of the goals in the study of classical field theory (essentially, a
variational partial differential equation (PDE)) with gauge symmetries (a.k.a gauge theories) is
a precise and rigorous construction of the corresponding reduced phase space [6, 12, 22, 23]: the
space of solutions, endowed with the canonical Poisson structure, and quotiented by the gauge
transformations. A large number of technical problems stands in the way, including but not limited
to describing the solutions of a non-linear PDE as an infinite dimensional space with some kind
of smooth structure, specifying a sufficiently regular class of functions on this space on which the
Poisson structure is well-defined, explicitly describing the structure of the quotient, or alternatively
the structure of the functions invariant under gauge symmetries. The functions in the latter class
are referred to as gauge-invariant observables (or invariants).

The scope of this Habilitation Thesis is to address some purely geometric problems that arise
in the study of gauge-invariant observables and can be attacked using tools from the theory of
differential invariants [30] and the theory of formal integrability of overdetermined PDEs [31, 35].
The main focus is on General Relativity (GR) as a non-trivial representative example, but the
perspective is such that the tools used would also apply to other gauge theories, of which Electro-
dynamics, Yang-Mills, Chern-Simons, Supergravity and many other models used in fundamental
theoretical physics and geometry [12], are prominent examples. The papers collected in this Thesis
consist of [25], [27], [26], [10], [28], [29], all of which have been published with the exception of [29],
which has been submitted for publication to Communications in Mathematical Physics.

In the remainder of the Introduction, we give a brief summary of relevant geometric notions
(Section 0.1) and summarize the main problems addressed and results obtained in the above papers,
grouped by theme in Sections 0.2, 0.3 and 0.4.
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0.1 Geometric background

We will be mostly working with smooth finite dimensional manifolds and smooth functions between
them, where smooth means C*° differentiable. Any references to infinite dimensional manifolds
may be made precise by reference to the theory from [32].

0.1.1 Jets and PDEs

The main references for this section can be taken as [31, 2, 35].

Given a smooth bundle B — M, the corresponding k-jet bundle J*B — M is a smooth bundle,
where a point in the fiber over x € M can be identified with an equivalence class of sections
I'(B) > B: M — B whose Taylor series at = agree up to order k in a fixed coordinate system (a
coordinate invariant condition). Setting k = oo, we get the (infinite) jet bundle whose fibers are
infinite dimensional (Fréchet manifolds modelled on R*°). The jet bundles are natural with respect
to smooth bundle maps f: B — B’ over M, which induce the bundle maps j*f: J*B — J*B,
and are equipped with natural obvious projections J*B — J!B for k > I, with J°B = B. The
topology and smooth structure of J* B are such that any smooth function on it is locally (on some
open neighborhood of any given point j5°8 € J*°B) a function of only finitely many coordinates,
or equivalently is a pullback from a corresponding locally defined function on J*B with k possibly
depending on the given point j2°3 and the neighborhood.

When V' — M is a vector bundle, then J>°V — M is naturally also a vector bundle. But in
the general case, J**'B — J*B is only an affine bundle modeled on the vector bundle T B ®p
Sk+IT*M — B (pulled back to J¥B, of course), where T}, denotes the vertical tangent bundle
and S*® denotes the symmetric tensor product.

For any section 3 € I'(B), the jet extended section j*3: M — J*B assigns x ~ j¥3. The jet
extension j*°: T'(B) — I'(J*°B) defines a universal differential operator, in the sense that for any
(non-linear) differential operator D: I'(B) — TI'(B’), there exists a unique bundle map denoted
(slightly abusing notation) by D: J*°B — B’ such that D[] = D(j°°3). For a linear differential
operator L: T'(V) — T'(V’), the corresponding L: J*V — V' is also linear. The composition
Dy o D; of two differential operators, say Dy: I'(B) — I'(B’) and Dy: I'(B’) — I'(B”), is again a
differential operator. Let us denote the corresponding jet bundle map by Dy o Di: J*B — B”.
It is not strictly speaking a composition of the corresponding bundle maps D;: J*°B — B’ and
Dy: J*B’ — B”, but the latter two maps are anyway not directly composable. Hence there should
be no confusion in this notation.

Jet extended sections j*°f € I'(J*°B) are also called holonomic, to distinguish the from those
sections BT (J*°B) for which 8% # ;8 for any 8 € I'(B). The linear span of the tangent
spaces of all holonomic sections define a distribution C C T'J*° B known as the Cartan (alternately
contact) distribution. Any maximal integral leaf of the Cartan distribution is necessarily the graph
of some section.

There are two ways to define PDEs, via differential operators and via submanifolds. Given a
compound bundle V. — B — M, where V — B is a vector bundle, and a differential operator
E: J*B — V that covers the identity morphism B — B, the equation E[S] = 0y, where Oy €
I'(V — B) is the zero section, defines the PDE “submanifold” € = {f> € J*B | E(f>°) = Oy }.
The condition j*°8 C £ is then equivalent to the equation E[8] = E(j*>°8) = 0y. Of course, as
defined, £ need not be a submanifold (level sets of smooth functions may have singularities). But
when £ C J*°B is a submanifold and itself a smooth bundle £ — M, and in addition the Jacobian
of E[f] is of maximal rank on &, the corresponding equation F[3] = Oy is called regular. When £ is



not a submanifold (it could even be an arbitrary subset), the condition j*°8 C £ is called a partial
differential relation [20]. The same PDE submanifold £ C J*°B can be specified by more than
one differential operator F, or specified independently from any such differential operator. Hence
the PDE submanifold description is in a way a more intrinsic way to define a PDE, as opposed to
using a specific equation.

On the other hand, the equation approach has some advantages too. It is well-known that
just because 8° € &;, there is no guarantee that there exists an actual solution section 8 € I'(B)
(even locally), such that j*3(x) = B and j°B(M) C €. An obvious set of necessary conditions
on 32 are the differential consequences p® E(85°) = j>°0y = 05y, where on the left-hand side
the infinite prolongation of E is defined to satisfy (p>°E)[f] = j*°[E[B]]. The corresponding PDE
submanifold is £*° = {* € J*®B | p®E(*) = 0y } is the infinite prolongation of E. When
E is itself regular, the corresponding PDE is said to be formally integrable. The prolongation from
& to £%° can be carried out without a presenting differential operator E, but is more cumbersome to
describe. When considering a vector bundle V' — M, instead of a general smooth bundle B — M,
all the compound bundles collapse to bundles over M.

A vector field €% € X(J*B) = T'(TJ*B — J®B) is vertical if it is tangent to the fibers
of J*°B — M. A general bundle does not have a natural notion of a horizontal vector field,
but on the infinite jet bundle we define horizontal vector fields to be those n € X(J>°B) that
are everywhere tangent to the Cartan distribution C C T J*°B. Any vector field on J*°B then
uniquely decomposes into its horizontal and vertical parts. Any vector field that preserves the
Cartan distribution is called a C-vector field or a contact vector field. It is a non-trivial but
basic result of jet bundle theory, that the horizontal (a.k.a total horizontal) and vertical (a.k.a
evolutionary) parts of a C-vector field satisfy special properties. Namely, any total horizontal vector
field is a linear combination of horizontal lifts of vector field on M, while an evolutionary vector
field is the prolongation of a differential operator J*°B — Ty B, called the generator. That is, if
&: J®°B — Ty B is the generator then its evolutionary prolongation £ acts as Leej°8 = j&&[f],
with every evolutionary vector field being of that form.

Given a PDE submanifold & C J*B, a (local) symmetry of £ is a C-vector field on J>*B
that is tangent to £. It so happens that a total horizontal vector field is always a symmetry
of any PDE submanifold. Hence local symmetries come in equivalence classes, where two C-
vector fields are considered equivalent if they differ by a total horizontal vector field. Obviously,
any such equivalence class is uniquely represented by an evolutionary vector field. Thus, while
looking for local symmetries of PDEs, it is sufficient to concentrate on evolutionary vector fields.
If &: J°B — Ty B generates an evolutionary symmetry of the PDE presented by F[3] = 0, then
the fact that it is a symmetry on an open neighborhood of the graph of j°°3,(M) for some solution
of E[By] = Oy is equivalently detected by the condition

E[8;¢[B]] = L[B; E[A]], (1)

where E: J®(B xg xTyB) — V is the so-called universal linearization of the operator E (linear
in its second argument) defined by the identity

E[B +eB] = E[B] + cE[B; 8] + O(¢?) (2)

for small € (at least informally), and L: J*°(B xp V) — V is just some differential operator also
linear in its second argument (though L might be well-defined only on some open neighborhood
of the graph j*°f8y(M), with possibly different L’s defined for different solutions 5y). Since the
property of being a symmetry is determined by the behavior of an evolutionary vector field £
only on the PDE submanifold &, its behavior away from £ could be arbitrary. It could even happen
that £°° vanishes when restricted to £ even though it is not zero elsewhere, in which case we say
that £°° is a trivial symmetry.

A wvariational PDE is a PDE that can be presented by an equation derived from an action or
variational principle, which ostensibly is a (non-linear) functional

5= /M L, 3)

where L: J°B — B*(A"M) is a (n = dim M)-form valued differential operator called the La-
grangian (density), where we denoted by B* the pullback of a bundle from M to B. That is, the



corresponding PDE is the condition on 5 to be a critical point of S. One must be careful with
interpreting the integral over M in the above formula when M is not compact, since the integral
may not converge for arbitrary 5. However, when everything is well-defined, the critical point
condition ends up being a PDE E(L)[3] = 0 that is derived by purely local operations from the
Lagrangian density E[,B], the so-called Fuler-Lagrange equation of L. Hence, the Euler-Lagrange
equations can be well-defined even if the above integral over M is not well-defined for every 3. The
Euler-Lagrange equations E(L ) J*®B — T3, B ®p B*(A™M) are uniquely and invariantly defined
by the identity,

Lew L[] = £[B] - E(L)[B] + AW [B; ¢[B]] (4)

for some differential operator W: J*(B x s Tyy B) — B*(A"~'M) linear in its second argument,
which must hold for any evolutionary vector field £*°. On the other hand, it is easiest to write
down in explicit adapted coordinates. Namely, let (z*,u®) be an adapted chart on B — M and

(2%, u 71Lz,u”7uz]k,...) be an induced adapted chart on J*B, such that, e.g., uf;(j<°8(z)) =
9;0;u®(B(z)). Then for L[B](x) = (L(z',u, uf,uf;,...)d"z) ], the Euler Lagrange equations are
- OL OL OL
CEB(L) = n® —9; —9;)(—0; ",
n-B(L) = (aua+( s+ (0)(0) g )dx 6

where 7 is now used just as a Ty B-valued dummy argument. To summarize, a PDE is variational
if it is presented by the Euler-Lagrange equations E(L)[] = 0 for some Lagrangian density L.

It is well-known that an exact (a.k.a trivial or total divergence) Lagrangian, one of the form
L[B] = dK[B] for some K : J>°B — B*(A"~ ' M), has vanishing Euler-Lagrange equations E(dK) =
0. In that sense, two Lagrangian densities are equivalent if they differ by an exact one. In this
sense, one naturally defines a (local) variational symmetry as an evolutionary vector field £ such
that

LeL[B] = dN[B;¢[8]] (6)

for some differential operator N: J®(B x g Ty B) — B*(A"~'M) linear in its second argument.
A non-trivial but basic result of local variational calculus is that any variational symmetry of L is
a symmetry of the PDE presented by E(L)[] = 0, which is due to the following identity implied
by (6):

B¢l = € [BBDIB] . (7)

where * denotes the formal adjoint of § [B; 5] with respect to its linear second argument. For any
linear differential operator Q: J*V — W between vector bundles VW — M, its formal adjoint
is the differential operator Q*: J°W* — V* between the densitized dual bundles uniquely defined
by the identity

w-Q¢] = Q[w]- ¢ = dU[w, ¢], (8)

for some bilinear differential operator U: J>(W* @y V) — A"~ 1M, where of course the densitized
dual of a vector bundle V' — M is the vector bundle V* = V* @y A"M — M. In local adapted
coordinates, (z,u®, uf,...) on J®V — M and (z,v4,v4,,...) on W* — M, the formal adjoint of

s Wi

w- Qo] = wa (Qu" + Q" uf + QL uf; + ) (°0) 9)

is given by

Q*[w] - ¢ =" (QFva(i™w) + (—9,)[Q va(7w)] + (=) [-9;) QT va(j™w)] + -+ ). (10)

Clearly, Q* is obtained from @ by local operations. This means that the definition of Q* easily
extends to any differential operator depending on multiple arguments, as long as the adjoint is
taken with respect to a specific linear argument, as for instance in (7).

Two important properties of the formal adjoint are that it is an involution, @** = @ (after
taking some obvious canonical isomorphisms between the bundles on which these operators act),
and that it reverses the order of composition of linear differential operators, namely (Q o R)* =

R* o Q*.



The formal adjoint also has a crucial relationship with the Euler-Lagrange operator E(L)[f].
This expression is not linear, so it does not make sense to consider its adjoint. On the other hand,
the linearization E(L)[8; 4] is linear in its second argument, so its adjoint can be taken. It is a
non-trivial but basic property of the linearized Euler-Lagrange operator that it is self-adjoint,

E(L)*[8; 8] = E(L)[8; ). (11)
Let us conclude this section with

Definition 1. A classical field theory on a manifold M and bundle B — M is a variational PDE
presented by E(L)[8] = 0 for a Lagrangian density L. The manifold M is then referred to as
the spacetime, the bundle B — M as the field bundle, its sections § € I'(B) as fields (or field
configurations) and the variational PDE itself as the equations of motion (EOM).

It is worth observing that, when linearizing using 8 — 3 + £ about a solution j3 of E([N/)[ﬁ} =

0, the linearized EOM become the Euler-Lagrange equations of the quadratic part i(; 8] =
1
2

—

%i[ﬁ + 56] of the Lagrangian density expanded about 3. That is,
0

£=

B(L)[8; 8] = B(LS)[A]. (12)

So a linearized variational PDE is still a variational PDE.

0.1.2 Gauge symmetry

The main references for this section can be taken as [4, 41].

In theoretical physics, the notion of a gauge symmetry is rather broad and refers to a family of
variational symmetries locally parametrized by free functions. To formalize this, we start with a
classical field theory with field bundle B — M, Lagrangian density L and a vector bundle P — B,
the bundle of gauge parameters. A differential operator ~v: J*°(B xp P) — Ty B linear in its
second argument is a gauge symmetry generator if the evolutionary vector field £[3; p]>* € X(J*°B)
prolonging the generator ¢ is a variational symmetry of L for an arbitrary section p € I'(P — B).

Alternatively, there exists a differential operator K: J*°(B xg P) — B*(A""'M) linear in the
second argument such that

v(B; p] - E(L)[B] = dK[B; p. (13)

The family of symmetries generated by acting with v on p € T'(P — B) is called a gauge
symmetry or (infinitesimal) gauge transformation, the same term is also used for any element of
such a family. If v[3; p] happens to vanish at x when j3°f is restricted to the PDE submanifold
& of the equations of motion, for any x € M and p € I'(P — B), we say that v is a trivial gauge
symmetry.

Definition 2. A gauge theory is a classical field theory with non-trivial gauge symmetries.

Ezample 1 (Maxwell electrodynamics). The fields of the theory are 1-forms on a Lorentzian
manifold (M,g), B = A'M, whose sections we denote by A € I'(A'M). The Lagrangian is
i[A] = —iFab[A]F“b[A] dgz, with Fop[A] = (dA)ap, the indices raised and lowered by the met-
ric gop and dgz is the g-volume form on M. The EOM are E(L)y[A] = V@Fu[A] d,z, while all
infinitesimal gauge symmetries are of the form ~[A; p] = dp, with the gauge parameters p being

scalars, P = A°M.

Ezample 2 (Yang-Mills (YM) theory). Consider a Lie group G and a G-principal bundle P —
M over a Lorentzian manifold (M,g). Let g be the Lie algebra of G and denote by gp — M
the associated bundle for the adjoint representation of G on g. For convenience, fix a reference
connection on the G-principle bundle P — M and denote the induced connection on gp — M by
Do: T(gp) — T(gp @ A*M). Any other G-equivariant connection on gp can be parametrized as
Du = Dou + [A,u], for any u € I'(gp) and some A € T'(gp @ A1).

Let the fields of the theory be G-equivariant connections D on gp — M, parametrized as above
by sections A of B = gp ®p A'M. The curvature of D is F[A] = Do A A+ $[AAA] is a gp-valued
2-form, where A acts on the 1-form parts of A and [—, —] acts on the gp parts of A. The Lagrangian



is L[A] = —2(Fa[A], F°[A]) dyx, where (—, —) is the pointwise bilinear form on gp induced by

the Killing form on g, the indices raised and lowered by the metric g,, and dgx is the g-volume

form on M. The EOM are E(L)y[A] = D*F,p[A]. All infinitesimal gauge symmetries are of the
form ~[A; p] = Dp, with gauge parameters p being sections of the bundle P = gp.

Ezample 3 (General Relativity (GR)). Let the field bundle B = S2T*M be the bundle of Lorentz

signature metrics (distinguished by the (—) notation) on a manifold M, and denote its sections
by g € T'(S?T*M). If Rapealg] is the Riemann tensor of g, then Ru.[g] = Rapealg]g®® is the Ricci

tensor, and R[g] = R,.[g]g*¢ is the Ricci scalar. The Lagrangian of the theory is L[g] = R|[g] dyx,
where dyz is the g-volume form on M. The EOM E(L)ulg] = (Rablg] — 1R[g]gas) dgx are the
Einstein equations. All infinitesimal gauge symmetries are of the form ~a(g; p| = KZ,[p], where
the right-hand side is given by the Killing operator

K&[0l = Logab = Vaps + Vipa, (14)

with gauge parameters p being vector fields, sections of the bundle P = T M.

Consider a universal linearization of (13) in the direction 8 — § + f:

Y1B; p] - B(L)[B; B] = —[8; B, p] - B(L)[B] + AK[B; B, pl. (15)

For a solution 3, satisfying £(L)[8] = 0, using the fact that the linearized variational equations
are still variational, we arrive at the identity

818 - E(LS)[B] = dK 13, 4] (16)

for arbitrary 3 € I[(8*Ty B) and p € T'(8*P), where we have set y5[8*p] = v[5; p] and f(g [5, B*p] =

K [8; B, p], which are now differential operators linear in each of their arguments. In other words,
the linearization of a gauge theory inherits field independent gauge symmetries. Thus, owing to
the identity (7), this field independent gauge symmetry is a symmetry “on the nose,” meaning
that

E(LY) sl = 0, (17)

with the right-hand side exactly vanishing for any p € T'(8*P) (in general it need only be propor-
tional to the EOM). These observations motivate the following

Definition 3. A linear gauge theory is a linear classical field theory with a quadratic Lagrangian
and non-trivial field-independent gauge symmetries.

0.1.3 Compatibility operators and complexes

The main references for this section can be taken as [19, 37, 35].

Motivated by Definition 3, let us consider a linear field bundle V' — M (alternative notation to
B — M, since V is a vector bundle), a quadratic Lagrangian L, and the corresponding linear EOM
E[¢] = E(L)[8] = 0. Supposing that it is a linear gauge theory means that there is also the gauge
parameter vector bundle P — M and a linear differential operator «v: P — V generating the gauge
symmetries. While we have previously made a distinction between symmetries of the EOM and
symmetries of the Lagrangian, the difference disappears for field-independent gauge symmetries:

Lot LI = o] - El¢] + dK[9, p]
= E*[y[p)] - 6 + d(Wilhlo], 6] + Ko, p])
= E[lpl] - & + dWlylpl, ¢] + K9, p])
= d(Wehlpl, ¢] + Ko, pl) (18)
where the last equality follows from the self-adjointness E* = E. In other words, while we already

knew that a field-independent gauge symmetry satisfies E oy = 0, now we also know that the
converse is true as well. Hence, from now on, for linear gauge theories, we can forget about the



Lagrangian, and define field-independent gauge symmetries as linear operators ¢ = ~y[p] annihilated
by E[¢], i.e., Eoy=0.

Other than « # 0, we have not yet imposed any conditions on the gauge generator . It is
important to note that for the same EOM operator E[¢] there may exist multiple unequal gauge
generators. Let us distinguish certain gauge generators as universal or complete by the following
property. We call a gauge generator v: J*P — V wuniversal when any other gauge generator
~": P' — V can be factored through . More precisely, for any such 4/, there should exist another
linear differential operator §: J*° P’ — P such that v/ =y o 4.

As mentioned at the beginning of the introduction, we are eventually interested in quotienting
the solutions of the EOM with respect to all gauge symmetries. That is, we need to consider
equivalence classes of fields under the equivalence relation ¢ ~ ¢ + v[p] for any p € I'(P), with
~ being a universal gauge generator. These are also known as physical equivalence classes (also
gauge equivalence class).

A natural question to ask is the following: given two fields ¢,y € T'(V'), do they belong to the
same or different equivalence classes? This question can be partially answered with the help of a
differential operator F': J*°V — W that satisfies F' oy = 0. In the literature on overdetermined
PDEs, F is called a compatibility operator for ~, while in the study of linear gauge theories, F' is
called an local linear gauge-invariant observable or a local gauge-invariant field combination. Given
such an F', we can definitely decide that ¢ and x belong to different physical equivalence classes
whenever F[¢] # F[x]. On the other hand, the equality F[¢] = F[x] or F[¢ — x| = 0 is not by
itself enough to conclude that ¢ — x = «[p| for some p € I'(P), without more information about
F. After all, so far the zero operator F' = 0 still fits all of our definitions. The desired condition
on F is that F[¢] = 0 implies ¢ = 7[p] for some p (at least locally on open neighborhoods in M).
In that case, it is said that the composition of F' and « is locally exact.

Unfortunately, local exactness may be a rather subtle property and its verification or disproof
could involve a significant amount of analysis. On the other hand, under certain conditions (which
are frequently verified in practice), we can deduce local exactness from a more geometric property,
dual to the universality property for gauge generators. Namely, we say that F' is universal or
complete as a compatibility operator for v when for any other compatibility operator F’: J®V —
W', there exists another differential operator G: J*W — W’ such that F’ = G o F, that is, F’
necessarily factors through F. While the condition of being a universal compatibility operator is
easier to analyze geometrically than local exactness, under some conditions it actually implies local
exactness (see [27] for references).

Consider a sequence of linear differential operators K;: J*W; — W,11, ¢ > 0, such that
K110 K; =0. Such a sequence is called a compler and can be visually represented as

PR I o 2 g4 M cee (19)

Note that we can consistently omit the function spaces or jet bundles on which these operators act,
as the domain or codomain of a given linear differential operator can be thought to be implicitly
part of its definition. The complex is said to terminate at i = k if K>3, = 0. The following
stronger definition is quite useful.

Definition 4. A complez of linear differential operators K; is said to be a universal (or complete)
compatibility complex for Ky if each of the K;11 operators, i > 0, is a universal compatibility
operator for K;.

Often the attribute universal (or complete) is dropped and the term compatibility complex is
used to mean the same thing (when no confusion is possible).

It is easy to see that setting Ko = v and K1 = F, with Wy = P, W; =V and Wy = W, defines
the beginning of a complex, since Ky 0Ky = Fovy = 0, while the universality of F' as a compatibility
operator for v makes it also into the beginning of the universal compatibility complex for ~.

As we have seen, given a gauge generator -, it is natural to try to find a complete set of corre-
sponding local linear gauge-invariant field combinations, which is the same as finding a universal
compatibility operator for . It is equally natural to further ask to find the full compatibility
complex of . We will return to this question later in this Thesis (see Problem 1).



0.2 Local functionals and invariants

This section covers the papers [25] and [29].

Consider a classical gauge theory theory (Definition 1) on a field bundle B — M, with La-
grangian L, EOM E(L) and gauge symmetry generator v[3; p], with p € I'(P — B) being sections
of the gauge parameter bundle. As discussed at the top of the Introduction, we would eventually
like to construct its phase space S. As a space, it consists of the space of solutions

S={BeI(B)|E(L)[B] =0}, (20)

which under favorable hypotheses can be endowed with a smooth structure of a Fréchet manifold.
The family of gauge symmetries generated by v[; p] can be prolonged to vector fields on J*° B that
are tangent to S, which generate the gauge symmetry distribution G C TS when linearly spanned
over all possible gauge symmetry generators v and all gauge parameter sections g € I'(P — B).
Leaves of this distributions are gauge orbits.

At any (non-singular) point 8 € S, the tangent space T3S can be identified with the solution
space of the gauge theory linearized at 3. As described in Sections 0.1.1 and 0.1.2, the linearized
theory is defined on the field bundle *Ty B — M, whose sections we denote by 8 € T'(8*Ty B),
with Lagrangian Eg) and field-independent gauge symmetry generator yg[p], whose gauge param-
eters are sections p € I'(8*P). The linear span of vg[p] over p then coincides with the gauge
symmetry distribution Gg C T3S at the background solution. As a result, we can think of linear
gauge theories (Definition 3) as models for the tangent space T3S at a regular point. At singular
points of S (in the neighborhood of which S fails to have the structure of a manifold) some of these
statements may fail, so these cases have to be studied separately [24].

The gauge orbit space S = S/G, endowed with a so-called canonical Poisson structure, which
happens under favorable conditions, is the ultimately desired reduced phase space. This Poisson
structure may not be defined on the unreduced solution space S, which in the worst case carries
only a gauge-invariant pre-symplectic structure (also called canonical or Hamiltonian). Under
favorable conditions, this pre-symplectic structure can be extended to compatible symplectic and
Poisson structures, via what is commonly called gauge-fizing, which are also gauge-compatible and
descend to the desired Poisson structure on S. Incidentally, since pre-symplectic, symplectic and
Poisson structures only need information about the tangent spaces TS and TS (as well as the
corresponding cotangent spaces), it is sufficient to construct them pointwise over S, that is, for the
linear gauge theories modelling these tangent spaces in T'S. I considered the geometric details of
these constructions, with special attention to the Poisson structure in [22, 23].

There are multiple functional analytic details that may modify this basic definition. For in-
stance, for fields, instead of C*° smooth sections of B — M, we might consider also sections of
finite C* smoothness or some Sobolev regularity, which would naturally give rise to Banach man-
ifolds. Also, when the spacetime M is non-compact, we may also restrict the asymptotic behavior
of the fields in the neighborhood of infinity. All the same comments apply to gauge parameters,
which are sections of P — B, hence modifying the gauge symmetry distribution. We shall not
consider such details here and will stick to the smooth setting described in the previous paragraph.

Understandably, the structure of the gauge orbit space S = S/G may be complicated and
singular in any number of ways. Its construction can be simplified (in the sense of being replaced
by a simpler problem), while still giving us a lot of useful information. For instance, instead of
constructing the quotient space itself, we may be happy to just describe some “sufficiently large”
and “nice” class of functions on S that are gauge-invariant (or constant on the gauge orbits).
Furthermore, given a smooth gauge-invariant function ® € C*°(S) (frequently, ® is referred to as
a functional, since it is a function on a space of sections, which are themselves functions) and a
solution 8 € S, the differential d® must annihilate the gauge symmetry distribution Gg C T3S.
Hence d®g is a linear gauge-invariant functional for the linear gauge theory modeling the tangent
space T3S. In fact, one way to describe the desired class of invariant functions ® on S is to specify
the behavior of their differentials d®g pointwise over 8 € S (at least the subset of the regular
points of S).
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0.2.1 Linear invariants

In the case of linear gauge theories, which as we have seen serve as a simpler model of the full non-
linear case, there is a commonly accepted notion of both “sufficiently large” and “nice” attributes
of gauge-invariant functionals, they are subsumed by the respective technical terms gauge orbit
separating and local functional. Of course, in this case we restrict ourselves to linear functionals.

Definition 5. Consider a linear gauge theory defined on the field space V.— M, with dim M = n,
with field-independent gauge generator ~v: J®°P — V', and with EOM solution space T C T'(V). A
linear functional ¥ on I'(V) is local if it is of the form

(p) = /N e, (21)

where o € To(V*) is a smooth compactly supported section of the densitized dual V* = V*@y A" M.
The functional U is gauge-invariant when VU (y[p]) = 0 for every p € I'(P). A set of gauge-invariant
linear functionals {®;} on T'(V) is gauge orbit separating if the condition Vi: ®;(¢) = 0 implies
that ¢ = ~y[p] for some p € T'(P).

A linear functional on T is local (gauge-invariant) if it is the restriction of a local (gauge-
invariant) functional on T'(V).

Clearly, if a set of functionals {®;} separates gauge orbits on I'(V'), then their restrictions also
separate the orbits on 7. We have formulated the above notions of local and gauge-invariant
functionals even without reference to the solution space 7 (that is, off-shell, rather than on-shell).
The reason is that these definitions are easier to state and the distinction with purely on-shell
definitions is immaterial for our purposes [22, 23, 5]

An obvious way of producing local gauge-invariant functionals is to use smearing functions
o € T.(V*) satisfying v*[a] = 0. In fact the fundamental lemma of the calculus of variations
implies that all local gauge-invariant functionals are of that form. If a complete compatibility
operator F': J*V — W is known, then it is easy to generate such smearing functions by the
formula @« = F*[w] for any w € T c(VT/*)7 since differential operators preserve supports and the
identity F' oy = 0 implies also 7* o F* = 0. This observation provides an extra motivation for
constructing a complete compatibility operator F' for the gauge generator .

This is certainly a way to generate a large set of gauge-invariant observables, one for each
w € I‘C(W*). However, it is not obvious whether this set really does separate the gauge orbits in
I'(V). This issue has to be investigated on a case by case basis [23, 5]. The conditions for orbit
separation end up being cohomological, related to the cohomologies of the compatibility complex
for ~ or its formal adjoint complex. This observation provides an extra motivation for constructing
the full compatibility complex (Definition 4) for the gauge generator ~.

It is important to note that each tangent space T3S of the phase space of a non-linear gauge
theory potentially models a different linear gauge theory. Thus, the construction of a compatibility
complex for the linearized gauge generator vg[p] for some background solution 8 € S does not
automatically translate to the same construction by for a different background solution 8’ € S.
Given the importance of the examples of General Relativity and Yang-Mills gauge theories, it
would be already important to solve this problem for these two theories, linearized about different
non-trivial background solutions. Unfortunately, until my work in [29] only very few results of
this type have been available in the literature. This leads us to the following concrete geometric
problem.

Problem 1. Consider the Killing operator K9: J*(TM) — S?T*M on a pseudo-Riemannian
geometry (M,g), or a covariant derivative D: J®gp — gp ®ar A'M on Lie algebra g-valued
forms, where gp — M is the bundle associated to a G-principal bundle P — M by the adjoint
representation of G on its Lie algebra g. Construct a full compatibility operator for the
operators K9 or D in some cases of interest.

I first formulated this problem precisely in [22, 23, 27] and finally gave a reasonable solution
n [29]. The solution is based on a combination of methods from the theory of formal integrability
of overdetermined PDEs [19, 37, 35] and from homological algebra [42]. The key observation is
that both the Killing K9 and the connection D operators are overdetermined opeartors of finite
type.
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Definition 6. Let V — M and W — M be vector bundles and K: J®V — W a linear differential
operator. The PDE K[v] = 0 (or just the operator K ) is said to be of finite type when locally there
exists an integer N < oo, a vector bundle morphism k: JNV — JNTIV and a linear differential
operator \: T(W) — T(JNHTV) such that V1o — k(iNv) = NK[v]] for any v € T(V). If in
addition locally the dimension of the solution space of K[v] = 0 is finite and constant, the equation
is said to be regular.

It is well-known that a PDE that is of regqular finite type is equivalent in a suitable sense to the
parallel section equation for a flat connection (see for instance Rmk.2.3.3, Rmk.2.3.6, and Ex.2.3.17
of [35]). The amount of work needed to reduce a particular PDE of this type to the form of a flat
connection is roughly equivalent to the amount of work needed to explicitly prolong the equation
to involutive form, which is the central problem in the theory of formal integrability.

My solution starts from the observation that a flat connection D defined on an auxiliary vector
bundle U — M has a well-known full compatibility complex, namely the twisted de Rham complex
DA (=): J®U @p A'M) — U @5 A*T1M. The other crucial observation is that the equivalence
of a regular finite type equation K[v] = 0 with Du = 0 allows one to lift the full compatibility
complex from D to K. The final result is the following theorem:

Theorem 7. Given a regular finite type PDE K[v] = 0 on a vector bundle V. — M, together
with an explicit equivalence of this PDE to Du = 0, where D is a flat connection a vector bundle
U — M. There exists an explicit construction of a full compatibility complex for the operator K.

After formulating this general result, I applied it to produce full compatibility complexes for
the Killing operator K9 in two specific cases of practical importance in General Relativity: FLRW
cosmological spacetimes in n-dimensions (n > 3) [29, Sec.3.2], and Schwarschild-Tangherlini spher-
ically symmetric black hole spacetimes in n-dimensions (n > 4) [29, Sec.3.3]. Both results are new
and original to [29].

Using the template of the above calculations and results, one could apply the same method to
other geometries of interest in General Relativity. For instance, the case of the Kerr rotating black
hole is currently under investigation [1, 3].

Also, since the G-principal bundle connection operator D is also of finite type, the same methods
could be easily applied to that case as well. A Yang-Mills instanton field configuration [36] could
be an interesting case to consider in detail.

0.2.2 Non-linear invariants

Consider now again a non-linear gauge theory defined on the field bundle B — M, with solution
space S C T'(B). Since S is no longer is a linear space, we must now consider non-linear functionals.
Unfortunately, now the situation may be more complicated. But, motivated by Definition 5 for
linear gauge theories, for non-linear gauge theories, the following definitions have been used [8, 15,
22, 25]:

Definition 8. A partial functional ® € C*°(Uf) is a smooth function on an open subset U C T'(B)
(in a reasonable topology, to be specified as part of the problem). A partial functional ® is gauge-
invariant if it is annihilated by every Lie derivative LeW|y = 0 with respect to a vector field & on
I'(B) that is induced by a gauge symmetry generator v[B;pl. A partial functional ¥ € C*(U) is
local if its functional derivative % has compact support on M for every 8 € U (though possibly

depending on ), and the support of every higher functional derivative m is both compact
and is contained within the total diagonal x1 = - - - = xk.

A local (or gauge-invariant) partial functional on S C T'(B) is the restriction of a local (or
gauge-invariant) functional on T'(B).

For a long time it was a matter of some controversy whether local gauge-invariant functionals for
the particular example of General Relativity (considered as a non-linear classical gauge theory) exist
at all. The easiest way to generate non-linear local functionals is by the following generalization
of formula (21)

P(p) = /Maw] (22)
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where a: J*°B — A™M is a differential operator such that supp a[5] is contained in a fixed compact
subset of M for every 8 € I'(B). In fact, roughly until the recent works [15, 8, 22, 25], formula (22)
together with these support restrictions on a[g8] has been the standard notion of non-linear local
functional. On the other hand, the above formula and restriction on «[3] are well-known to be in
tension with the gauge-invariance (meaning diffeomorphism invariance in the case of GR) of ® (see
the Introduction to [25] for a brief survey and historical references). Moreover, the existence of a
sufficiently large family of local gauge-invariant observables to separate gauge orbits on the phase
space of GR was certainly in question. This tension lead to the following long standing geometric
problem.

Problem 2. Consider the phase space S of General Relativity on a manifold M, with the gauge
symmetry distribution G C T'S generated by infinitesimal diffeomorphisms. Does there exist
a suitable notion of locality, generalizing (22), such that there exist gauge-invariant
local functionals on S? If so, are there sufficiently many of them to separate the gauge
orbits in S§7?

In [25] T addressed this problem by introducing Definition 8 as the new sufficiently general no-
tion of local functional. This definition generalized the rough one based purely on formula (22) and
previous more precise definitions given in [15, 8]. The main innovations in Definition 8 consisted of
allowing the support of the functional derivative #ﬁ;) to depend on § (while remaining compact),
and also of allowing partial functions (defined only on some open U C S). This generalization is
reasonable because allowing the support of % allows many more functionals ® to be admissible,
yet retaining the main benefits of having the convergence of any integrals involving the functional
derivatives of ®. When partial functionals are allowed, restricting to open neighborhoods of par-
ticular solutions 8 € S, there is no difference between partial and globally defined functionals.
On the other hand, if we can construct a sufficiently rich family of gauge-invariant functionals
on elements of an open cover {U;} of S (or at least some dense subset of S), we leave open the
possibility that globally defined gauge-invariant functionals could still be constructed by some kind
of glueing procedure.

Under this relaxed definition of locality, I then proved the following

Theorem 9. Consider the phase space S of General Relativity on a manifold M, consisting of
globally hyperbolic Lorentzian metrics g solving the Finstein equations. There exists an open gauge-
invariant subset U C S of sufficiently generic metrics. For any two metrics g,g' € U, there exists
a joint gauge-invariant open neighborhood Uy o C U of both g and ¢’ and a local gauge-invariant
functional ® € C*° (U, ) that separates the gauge orbits of g and g'.

The method of proof relied on some results from the theory of scalar differential invariants [30]
of (pseudo-)Riemannian metrics. In particular, it is known that scalar differential invariants allow
the local distinction on an open subset of sufficiently generic metrics [11]. Basically, there exists
an integer N and an invariant differential operator R: J*(S?T*M) — RY such that any two
sufficiently generic metrics g and ¢’ on M belong to the same gauge orbit (i.e., are isometric) iff
graphs R[g](M) and R[¢'](M) coincide in RY. Then, it is sufficient to observe that, for any two
non-isometric metrics g and ¢/, there must exist an n-form a € Q" (R") such that supp aNR[g](M)
and supp aNR[g'](M) are both compact, but only exactly one of fR[g](M) o and fR[g,](M) o is non-
zero. Then it can be proven that the formula

B(h) = /N (RIa (23)

is well-defined on at least a joint gauge-invariant open neighborhood U, o+ > g,¢' (here we must
use the so-called strong Whitney topology on the space of smooth metrics [33]), where it defines a
gauge-invariant local observable. Then, by construction, exactly one of ®(g) and ®(g’) is non-zero.

Similar basic results exist also for Yang-Mills theory [34], where scalar invariants based on the
curvature of a G-principal bundle connection operator D can be used to distinguish the local gauge
equivalence classes for sufficiently generic connections. Hence an analogous result to Theorem 9
can be easily proven for Yang-Mills theory as well.

Note that the above results in GR refer to the open subset U C S of sufficiently generic field
configurations. It remains an open (and rather technical) question whether this open set can be
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dense in S and under what conditions. It is not hard so hard to deduce that &/ = V NS, where
Y C 1"(50'2T*M) is a corresponding dense subset of all Lorentzian metrics by appealing to a jet
transversality theorem [40]. However, it is not immediately clear why the intersection Y NS should
be dense in S.

The final result that we reproduce from [25] links in a satisfactory way linear and non-linear
gauge-invariant functionals.

Theorem 10. Consider a non-linear local gauge-invariant partial functional ® (Definition 8)
defined on an open U C S. Let g € U and let O4(h) be the linearization of © at g, defined by
®(g +ch) = ®(g) +ed,(h) + O(e?). Then there exists a linear local gauge-invariant functional ¥
on T,S (Definition 5), such that ®,(h) = ¥(h).

0.3 Hodge-like structure and cohomology

This section covers the papers [26] and [27].

In the lead up to the statement of Problem 1, from the results of previous works [22, 23, 5],
we motivated the importance of the construction of a full compatibility complex K;, i > 0, for the
gauge generator Ky = v of a linear gauge theory. In particular, once the full compatibility complex
is known, the cohomological information associated to it can be quite useful. For instance, the ob-
struction to the separation of gauge orbits by the class of local gauge-invariant observables defined
using K in Section 0.2.1 is essentially cohomological, as shown in [22, 23, 5]. Also, the canonical
Poisson structure (specifically given by the so-called Peierls formula or Peierls bracket) on the re-
duced phase space S = S/G of the linear gauge theory may or may not be degenerate (recall that a
Poisson structure on a linear vector space is a skew-symmetric bilinear form {—, —}: S®8S - R, so
that its degeneracy is in the sense of this bilinear form being degenerate). The degeneracy subspace
of the canonical Poisson bracket has relations to physical phenomena like super-selection sectors,
topological charges, and Aharonov-Bohm type effects. In [22, 23], I proved that the dimension of
the degeneracy of subspaces of the canonical Poisson structure on S is bounded from above by the
some cohomological dimensions associated to the compatibility complex K;.

Let us denote by H*(K,) the cohomology of the complex K;: I'(W;) — I'(W;;1). There are
a few variations on this basic definition. For instance, denote by H®(K7) be the cohomology of
the formal adjoint complex K} ,: T(W;) — T'(W;*,). Other variations include H, (o (Fe) and
H(‘*)(Kf), where (x) € {,¢,+, —, fc,pc, se, te} are different support restrictions indicating that
we should use sections I'(,)(—) with restricted supports, rather than arbitrary smooth sections
I'(—), to define the cohomology. The various support restrictions of interest are c—compact,
+/——retarded/advanced, pc/ fc—past/future compact, sc/tc—spacelike/timelike compact. Here,
the attributes retarded, advanced, future, past, spacelike and timelike refer to a presumed causal
order [17, 22] defined on our spacetime manifold M.

The causal order should be such that it is compatible with the natural structure of the EOM
E(f/)[(;ﬁ] = 0 of the gauge theory (which may become manifest only up gauge-fizing), which is
encoded in the principal symbol of the E(i) operator. The compatibility should be such that there
should be unique solutions of the inhomogeneous equation

E(L)[¢] + (gauge-fixing)[¢] = o (24)

with compact supp a when supp ¢ is restricted to be either +—retarded (extending into the future
of supp a) or ——advanced (extending into the past supp o). On the other hand, a subset S C M
is spacelike compact when it is a union S = Sy + S_ where S, is retarded and S_ is advanced
with respect to some compact subset of M. The ¢, fc, pc and tc support restrictions are respec-
tively geometrically dual to the @, +, — and sc restrictions, ensuring that the spaces of sections

Lo/r/—yse(V) and I'c/fe/petc(V*) have a well-defined and non-degenerate natural pairing defined
by the formula (o, ¢) = [,, & - ¢. When the principal symbol E(L) is determined by a Lorentzian
metric g on our spacetime (M, g). Then this causal order coincides with the usual notion of causal-
ity in General Relativity [17] and any hyperbolic PDE whose principal symbol coincides with that
of the wave operator [, is compatible with this causal order.

This leads us to the following concrete geometric
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Problem 3. Cousider a compatibility complex K; (i > 0), defined on a spacetime M with a
causal order. Determine the following cohomologies with and without causal support
restrictions: H{,(K,) and H{, (K7), for (x) € {@,c,+, —,pc, fe, sc, tc}

My papers [26, 27] were dedicated precisely to the above problem. Two hypotheses ended being
being crucial to obtain the strongest form of the results: (a) the finite type of Ky (Definition 6) and
(b) the existence of a Hodge-like structure on the complex K;. By a Hodge-like structure, I mean
the existence of the following diagram, where the arrows denote differential operators between the
bundles on which the K; complex is defined:

Ko K K;

0 ° . e °
6 /// 5 /// 67 ////
JDO 9. O, L7 R JDI'-H J (25)
YK, x’ K, ' K;
0 ° . e °
where the solid arrows commute,
KU =011 Ky, (26)

with the vertical arrows hence constituting a morphism of compleres (a.k.a a chain (or cochain)
map), while the dashed arrows constitute a (chain or cochain) homotopy from the complex to
itself, inducing the vertical operators by the formula

O; = 6 K; + K;—10;-1. (27)

The reason I refer to the above operators and identities as Hodge-like structure is that it is highly
reminiscent of the Hodge theory for the de Rham complex [18], where we have a Riemannian metric
(M,g), K, = d (the exterior derivative on p-forms), é, = div, is the g-divergence on (p + 1)-forms,
and O, = A = dd+0d is the Hodge-de Rham Laplacian on p-forms. The main result of this original
Hodge theory is the unique representation of cohomology classes of M by harmonic forms, when
(M, g) is a compact Riemannian manifold, where the above structure is crucial.

In our cases of interest, we expect the [J; operators not to be elliptic (like the Hodge-de Rham
Laplacian), but rather hyperbolic and compatible with a causal structure on M. In that case, we
can still put the existence of a Hodge-like structure to good use by appealing to the snake lemma
of homological algebra [42]. In particular, the main result from [26] can be stated as follows:

Theorem 11. Consider a complex K; on a manifold M with a causal structure, and suppose that
there erists a Hodge-like structure (25) on it, where the O; are hyperbolic and compatible with
the causal structure. Then, all the cohomologies with unrestricted, compact and causally restricted
supports mentioned in Problem 3 can be computed (using direct sums, shifted degrees and linear
duals) from just H®*(K,) and H*(K}).

The paper [27] is largely a review article about the structure and properties of the so-called
Calabi complez, with some novel perspectives, which is a full compatibility complex for the Killing
operator on a (pseudo-)Riemannian geometry (M, g) of constant curvature, which means that
locally the geometry is characterized by a single constant A and the Riemann curvature identity

Raped — A(gacgbd - gadgbc) =0. (28)

Until the new results of my work [29], the Calabi complex was one of the very few cases where the
full compatibility complex of the Killing operator was known. So I used it in [27] as a test case to
collect various results that would be useful for working with compatibility complexes in general.

The novel perspective in [27] included the following: (a) Explicit expressions for all the dif-
ferential operators K; in the Calabi complex, expressed in the usual tensorial language. Such
expressions were difficult to find in the existing literature. In particular, Calabi’s original paper [9]
used a moving frame formalism. (b) An explicit description of the Hodge-like structure on the Cal-
abi complex, as needed to apply Theorem 11. (¢) The identification of the adjoint Calabi complex
with the full compatibility operator for the Killing-Yano operator on (n — 2)-forms.

Notable general results reviewed in [27] include the following. For the following results, it is
useful to recall the notion of sheaf and sheaf cohomology as used in differential geometry [7].
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Proposition 12. If a complez K; (i > 0) on M is locally exact, then H®(K,) = H®*(), where
the right-hand side denotes the sheaf cohomology of the sheaf 2 of local solution to the equation
Kylé] = 0.

When Ky = d is the exterior derivative on 0-forms. Then the sheaf .7 is the sheaf of locally
constant functions. The isomorphism in Proposition 12 is the well-known isomorphism between
the de Rham cohomology and the cohomology of the sheaf of locally constant functions (which
is independently known to be a homotopy invariant, coinciding with the singular cohomology of

When K| is the Killing operator on a pseudo-Riemannian manifold (M, g), the sheaf % is the
sheaf of local solutions to the Killing equation (basically, local infinitesimal isometries of (M, g)),
which could be called the Killing sheaf of (M, g). Recall that there could of course be more local
solutions to the Killing equation than global solutions. For instance, on a flat compact torus,
local (infinitesimal) translations can be extended to global ones, but local (infinitesimal) rotations
cannot be extended to global ones. However, on a simply connected flat space (like the universal
cover of a flat torus), there every local (infinitesimal) isometry can be extended to a global one.

In general, when K is of regular finite type (Definition 6), the sheaf J# has finite dimensional
stalks, with this dimension being locally constant. This kind of sheaf is called locally constant and
the computation of the sheaf cohomology of a locally constant sheaf essentially becomes a problem
in algebraic topology. Some practical methods of computing sheaf cohomology in the locally
constant case are reviewd in [27]. In some cases, the computation could in principle be reduced
to finite dimensional linear algebra, giving an effective way, when coupled with Proposition 12, of
computing the cohomologies H*®(K,).

When Kj is of finite type but is not regular, then the sheaf J# will no longer be locally
constant, but instead only constructible [21]. Of course, the computation of the sheaf cohomology
of a constructible sheaf is expected to be more complicated.

The finite type condition also enters crucially into the following result (reviewed in [27, Sec.3.2]):

Proposition 13. Consider a compatibility complex K; (i > 0) on M. If the initial operator K
is of finite type (Definition 6), the complex K; is locally exact.

Note that Theorem 11 reduces all the cohomology computations to those of H®(K,) and
H*(K}). We have now see that H*(K,) may be effectively evaluated by algebro-topological meth-
ods when K is of regular finite type. If the complex K; actually terminates at say K, (meaning
that K< = 0) and the formal adjoint K; is of regular finite type, then the adjoint complex K7}
can be considered as a (renumbered) compatibility complex for the operator K, so that similar
statements can be made about H®(K[). It is actually an immediate consequence of the results
of [29] that there exists a p > 0 such that these conditions on K} are automatically satisfied,

whenever K| is of regular finite type.

Theorem 14. If K; (i > 0) is a compatibility complex for a regular finite type operator K, then
this complex terminates and its adjoint complex K} is also a (renumbered) compatibility complex
for a regular finite type opretator.

0.4 IDEAL characterization

This section covers the papers [10] and [28].

As was mentioned in Section 0.2.2, in General Relativity (or in pseudo-Riemannian geometry in
non-definite signature) there exist metrics that cannot be locally distinguished from non-isometric
metrics by the values of local scalar curvature invariants (these are some of the metrics that fail
the “sufficiently generic” condition of Section 0.2.2). One example is of course flat Minkowski
space, for which the Riemann tensor Rg,.q = 0 is identically zero. However, there exists a non-
trivial family of non-flat (where Rgpeq is not identically zero, hence not even locally isometric to
Minkowski space) metrics that nonetheless have only vanishing scalar curvature invariants. These
metrics constitute the so-called VST (vanishing scalar invariants) class [11].

Hence, the gauge orbit of Minkowski space cannot be separated from the gauge orbit of any
other VSI spacetime by the local gauge-invariant observables that we referred to in Theorem 9.
However, we can imagine a gauge theory, where, besides the metric g, we also have other scalar or

16



tensor fields, say ¢. Then, supposing that the field configurations of ¢ permitted by the EOM on
top of Minkowski and other VSI spacetimes allow us to define at least two linearly independent
vector fields u®[g, ¢] and v?[g, ¢|, then the scalar contraction

Rapealglu®[g, ¢]v°[g, dlug, ¢]vilg, ] (29)

could serve as the operator R used to construct local gauge-invariant observables according to
formula (23). Such a functional would definitely vanish on Minkowski space, but might not vanish
on some non-flat VSI spacetimes, depending of course on the values of the extra fields ¢. Thus,
the contraction of the Riemann tensor with non-purely metric tensor fields has the potential to
allow the construction of local gauge-invariant functionals that are capable of separating (g, ¢)
from (¢’, @), where g is the Minkowski metric, while ¢’ is a non-flat VSI metric.

The above discussion motivates the following concrete geometric definition and problem state-
ment.

Definition 15. Consider a pseudo-Riemannian reference metric (M, go) and a set of tensor valued
differential operators {T;|g]} on a general (M,g), built covariantly from the metric g, its Riemann
tensor Rapealg], and its covariant derivatives Ve, - - - Ve, Rapedlg]. We call the set {T;[g]} an IDEAL
characterization of the reference geometry (M, go) when the vanishing Vi: T;[g] = 0 on a neighbor-
hood of x € M implies that there exists a (potentially smaller) neighborhood of x that is isometric
to an open subset of (M, go). The tensors T;[g] may be referred to as the IDEAL tensors.

Problem 4. Consider a pseudo-Riemannian geometry (M, go) that is of interest in General Relativ-
ity for mathematical or theoretical reasons. Determine an explicit IDEAL characterization
of the reference geometry (M, go), or determine that it does not exist.

IDEAL (Intrinsic, Deductive, Explicit, and ALgorithmic) characterization [13, 14] is in a way
an alternative to the more widely known Cartan-Karlhede method [38], which is based on the
introduction of an adapted frame. However, the introduction of a frame, in addition to the metric
g and its curvature tensors, may not be practically or conceptually desired. On the other hand,
IDEAL characterization works only with the metric itself and quantities covariantly obtained from
it.

Despite their obvious geometric interest, the investigation of IDEAL characterizations of in-
teresting spacetimes has been confined to the papers of only a few authors. Nonetheless, these
authors managed to obtain IDEAL characterizations for the important cases of the Schwarzschild
and Kerr black holes in n = 4 dimensions [13, 14]. But few other ones are known. A more extensive
list of references to works on this topic can be found in the Introductions to [10, 28].

My papers [10, 28] were aimed specifically at filling this gap in the literature. Their main new
results can be simply stated as follows.

Theorem 16. If an n-dimensional Lorentzian manifold (M, go) is a cosmological spacetime (be-
longing to a regular FLRW or inflationary class) or a spherically symmetric black hole (belonging
to the generalized Schwarzschild-Tangherlini class), then it possesses an IDEAL characterization.

In each case, the relevant IDEAL tensors have been given explicitly.

The construction strategy that was used is roughly the following. Suppose that it is al-
ready known that the spacetime geometry (M, gg) can be locally characterized by the existence of
some tensor fields {u,v,...} satisfying some set of covariant differential and algebraic equations
{Ciu,v,...] = 0}. Suppose also that there exist tensors {Ulg|,V[g],...} covariantly constructed
from the metric alone, such that Ulgo] = u, V([go] = v, ..., from the previous supposition. Then
defining {T;[g] = C; [Ulg], V9], . ..]} will give an IDEAL characterization of (M, go).

The IDEAL tensors have a curious connection to the problem of constructing a complete com-
patibility operator for the Killing operator on (M, gg), which was discussed in Problem 1. The
key observation is the following result referred to as the Stewart-Walker lemma [39] in the GR
literature.

Proposition 17. Consider a pseudo-Riemannian geometry (M, go). Let T[g] be a tensor-valued
differential operator constructed covariantly out of the metric g, and define its linearization T[h]
about go by the identity T[go + eh] = T[go] + €T'[h] + O(?). Then, if T[go] vanishes or is a linear
combination of products of Kronecker 8’s with constant coefficients, then T o K = 0, where K is
the Killing operator on (M, go).
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The proof is an immediate consequence of the elementary identity £,T[g] = T[L,g], while
,Cvgo = K[’U] .

Thus, the linearizations of the ideal tensors {T;[h]|} immediately give a set of operators obeying
T; o K = 0. Now, by their definition, we know that the IDEAL tensors {T}[g]} jointly vanish only
on those metrics lying on the gauge orbit (diffeomorphism orbit, in this case) of go. Thus, it stands
to reason that the joint kernel of T} consists only of the image of K [v] spanned over all vector fields
v € I'(TM). In other words the T; would constitute the components of a complete compatibility
operator for K. This heuristic observation is essentially correct, except for the possibility that
some of the components of T;[g] vanish at higher than linear order as g — go, in which case the
joint kernel of the T; may be strictly larger. Thus, the operators T} constitute the components of a
good, geometrically motivated candidate for a complete compatibility operator for K on (M, go),
but its completeness should strictly speaking be checked independently, for instance using the
results of [29]. For example, the completeness of the linearizations of the FLRW IDEAL tensors
from [10] does hold. This was first checked in [16], though by ad hoc methods. A similar check for
generalized Schwarzschild-Tangherlini geometries (thus comparing the results from [28] and [29])
is yet to be done.

One of the conceptual advantages of Cartan-Karlhede characterizations method [38] is that
they has been proven to exist for a rather general class of metrics (where the main requirement
is that the ranks of certain curvature tensors remain locally constant). On the other hand, at the
moment, it is not clear for which class of metrics do IDEAL characterizations exist. Neither do we
know of an example where an IDEAL characterization is known not to exist. These questions are
certainly worth investigating in more detail.
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Abstract
It is well known that general relativity (GR) does not possess any non-trivial
local (in a precise standard sense) and diffeomorphism invariant observable.
We propose a generalized notion of local observables, which retain the most
important properties that follow from the standard definition of locality, yet is
flexible enough to admit a large class of diffeomorphism invariant observables
in GR. The generalization comes at a small price—that the domain of defi-
nition of a generalized local observable may not cover the entire phase space
of GR and two such observables may have distinct domains. However, the
subset of metrics on which generalized local observables can be defined is in a
sense generic (its open interior is non-empty in the Whitney strong topology).
Moreover, generalized local gauge invariant observables are sufficient to
separate diffeomorphism orbits on this admissible subset of the phase space.
Connecting the construction with the notion of differential invariants gives a
general scheme for defining generalized local gauge invariant observables in
arbitrary gauge theories, which happens to agree with well-known results for
Maxwell and Yang—Mills theories.

Keywords: local observables, differential invariants, QFT in curved spacetime

1. Introduction

The goal of this note is to outline a connection between the theory of differential invariants
and local observables in gauge theories, in the sense of classical and quantum field theory.
The main example we will treat is gravity, or more precisely general relativity (GR) possibly
coupled to matter fields, which is a gauge theory with diffeomorphisms as the group of gauge
transformations. The differential invariants in this case are essentially scalars that can be
tensorially constructed from the Riemann curvature tensor and its covariant derivatives. The
core idea of the connection to local observables appeared already in the proposal of Bergmann
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and Komar [2, 3]. However, it seems, that the idea has never been taken to the logical
conclusion that we intend to sketch below.

Consider the theory of a, say scalar, field ¢ on an n-dimensional spacetime manifold M.
The prototypical example of a local observable in this theory is a smeared field

() = fM S f (1), ()

where the smearing test function f € Q"(M) is C> with compact support. Those last two
properties are key to making ¢(f) a useful observable. Classically, an observable
F: ® — F(®) is a map from field configurations to real numbers. A smeared field acts as

o) ©— f ®(x)f (x). The compactness of the support of f makes sure that this integral
M

converges for an arbitrary field configuration, so that ¢ (f) has a large domain of definition on
the phase space of the theory (on all of it, in this case). The smoothness of f makes sure that
the Poisson bracket

(6. 6@) = [ FOEE»E0), @

where E (x, y) is the distributional kernel of the Peierls formula and ¢ (g) is a similar smeared
field, is well defined as a distributional integral. Compact support also helps with the
convergence of the Poisson bracket integral. Quantum mechanically, the field ¢(x) is
promoted to an operator valued distribution. The smoothness of the smearing function f is
then essential to get an honest (though unbounded) operator corresponding to ¢ (f). The
expectation values of products of smeared fields like

() (g)) = fM L (6@60) W5 0), 3)

are also distributional integrals with respect to the 2-point singular kernel (¢ (x) ¢ (y)). Thus,
the smoothness of f and g are again necessary to make sure that this integral is locally well-
defined (UV finite), with their compact support ensuring its global convergence (IR
finiteness). In short, we say that the smoothness of test functions, like f, diffuses the UV
singularities of local fields, like ¢ (x), and their compact support IR regularizes them.

An immediate generalization is the notion of a multilocal observable, which is given by a
formula of the form

J . oG0-0Gaf G ), @

where the smearing test function f € Q" (M™) is C* with compact support. It should be

noted that the Poisson bracket of two local observables, as defined by equation (2), is in

general no longer a local observable. Rather, as in the example of ¢2 (f) = O (0)f (x), it
M

is (almost) bilocal (multilocal with [ = 2),
(20, @) = [ 200 @ E(x. ) 200)80), )
MxM

with the caveat that the smearing function f (x)E (x, y)g(y) is a distribution and could be
non-smooth. Thus, another natural generalization that invites itself is that of multilocal
observables with distributional smearing, though the identification of the class of distributions
that can be consistently allowed becomes rather technical. We mention these generalizations
only for completeness, with the remainder of this note concentrating on local observables with
smooth smearings. However, we do briefly come back to multilocal observables in sections 5
and 6.
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In the case when ¢ (x) is a local field in a gauge theory, another important property
demanded of a local observable like ¢ (f) is gauge invariance. That is, the value of ¢ (f)
(numerical value classically and operatorial value quantum mechanically) stays invariant
under the action of gauge transformations. Any physically meaningful quantity may only be
represented by a gauge invariant observable. It is common knowledge that, in gravitational
theories, the set of local gauge invariant observables is trivial (see for instance [16] or [7], for
a clear discussion). Such a statement can of course be made once a suitably precise notion of
locality and gauge invariance is given, as we do in section 2. On the other hand, a slight
relaxation of that standard notion of locality, which we propose in section 3, opens the door to
the introduction in section 4 of a large class of gravitational observables that are gauge
invariant (thanks to the use of differential invariants), diffuse UV singularities and are IR
regularizing. Finally, we address the computation of Poisson brackets between generalized
local gauge invariant gravitational observables in section 5. Ultimately, we propose to treat
this generalized notion as the true definition of local observables.

In the rest of the note we discuss only classical observables. Comments on how the
constructions outlined below impact perturbative quantum field theory are left for the dis-
cussion in section 6, where we also mention various limitations and open problems of our
proposal.

We finish this section with a brief historical remark. The idea of constructing observables
in gravitational theories based on differential invariants (curvature scalars) first appeared
clearly in the works of Bergmann and Komar [2, 3]. Unfortunately, they never published a
computation of Poisson brackets for such observables. Such computations appeared first in
the work of DeWitt [12], who used the Peierls bracket formalism. Since then, related ideas
have appeared sporadically in the literature, more recently referred to as relational observables
[34]. Some ideas in spirit similar to those presented below can also be found in [16] and [7],
with the latter following-up a slightly different line of ideas that attempted to expand the
notion of local obsrvables by modifying the notion of gauge invariance [15, 31].

2. Standard local observables in field theories

Let us briefly set up the geometric formalism of classical field theory. We will mostly follow
the references [21, 23], with [6, 8, 15, 18] being complementary sources. We take M to be an
oriented n-dimensional smooth manifold. Usually one endows M with a Lorentzian metric,
but we are working at a level of generality where that is not necessary. Take a vector bundle
F — M, the field bundle, and denote its sections as ®: M — F, a field configuration. In more
generality, F — M could be a more general smooth bundle, but we will stick to the vector
bundle case for simplicity.

By 7%: JKFF — M, fork = 0, 1, ..., oo, we denote the bundle of k-jets of the field bundle
F — M. Jets' naturally and geometrically capture information about higher derivatives of
sections of F — M over a point of M. Given a k-jet, throwing away all the information about
order-k derivatives gives a (k — 1)-jet. In other words, we have natural bundle projections
7k _ 0 JKF — J*-IF over M, until we get JOF = F. Any section ®: M — F can be naturally
augmented with the information about its derivatives (its jet) at every point of M, thus
defining the k-jet extension section j*®: M — J*F. To be more concrete, consider a fiber-
adapted local coordinate system (x!, %) on F. It induces an adapted local coordinate system
(x, (b‘;) on J*F over that on F , where [ = &, i, ij, ... ranges across all possible multi-indices.

! Jets are a standard construction in differential geometry. An introduction to jets, operations on them and their
applications to differential equations can be found in [28]. See also the relevant appendices to [21, 23].
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The coordinate system is adapted in the sense that the following identity holds for any field
section ®:

¢! (JF W) = 850107 (D). 6)

Next, we introduce the field configuration space € = I'(F), consisting of smooth
sections of the vector bundle ' — M. It is an infinite dimensional vector space. It is con-
venient to endow it with the Whitney weak topology, which gives it the structure of a Fréchet
space [20, 24]. Unfortunately the Whitney weak topology is too coarse for some of our
purposes (its fundamental neighborhoods do not control the behavior of sections toward the
open ends of non-compact manifolds), so we will mostly make use of the Whitney strong
topology (see the discussion in section 3). Further, the equations of motion of the field theory
(e.g., Klein—Gordon equation for a scalar field or Einstein’s equations for the gravitational
field) select the subspace of solutions, 2 C %, which we refer to as the (covariant) phase
space. For nonlinear equations, 2 is in general not a linear subspace of 4’; however, we will
presume that # has a well-defined Fréchet manifold structure induced by its inclusion as a
submanifold of the Fréchet space ¥. We are ultimately interested in the algebra of obser-
vables C* (#). However, it is often more convenient to discuss elements of C*° () as images
of elements of C*°(%) under the projection induced by the inclusion 2 C . We make the
simplifying assumption that this inclusion is sufficiently regular for the projection to be
surjective. Then, strictly speaking, observables correspond to equivalence classes of elements
of C*(%). However, we will not need to make use of this distinction below and may also
refer to elements of C* (%) as observables, or alternatively as functionals.

On %, we can define a special class of functions called local functionals (or observables)
with the help of horizontal forms on JF. Horizontal forms, whose space we denote as
QPO(F, k) C QP(JFF), are generated as linear combinations from the pullback (7%)*Q? (M)
of forms on the spacetime with coefficients from C* (J*F), meaning they are of the form
Qi (X, %) dxt---dx. Of course, elements of QP°(F, k) can be pulled back to Q0(F, )
along the natural jet projections J'F — JXF for any [ > k. It is convenient to take the
increasing union (or direct limit) QPO(F) = @2, QPO(F, k)/~, where the equivalence
relation identifies a form in Q0(F, k) with its pullback to any higher jet bundle, so that we
do not need to worry about the order kK when it is not necessary. We call elements of 20 (F)
horizontal densities. For any form o € QP(J¥F), we define its spacetime support as the
closure of the projection of its support onto M, supp o = T supp .

It is helpful to note that any form 3 € QP(J*F) can be projected to a horizontal form
h[B] = a € QPO(F, k + 1), where the map acts as h[dx'] = dx’ and h[d¢}] = ¢ dx’ on
coordinate forms, extends linearly and respects the wedge product. Another convenient
operator to define is the Euler-Lagrange derivative g of a horizontal density o € Q™0 (F).
Locally, we define dgp [«] by the following identity on M:

% (5@ + 10 a ) = (F0) opLlads ) T(x) + dE[@; T],  (7)
=0

where each 8g; [a], € Q™O(F) and £ is some differential operator that depends linearly on its
second argument. Globally, &g [«] is a horizontal density valued in the dual bundle F* — M.
By the usual methods of variational calculus, this relation makes g [«] unique and well-
defined. All of these constructions, and more, naturally live in the context of the variational
bicomplex [28], of which we shall not need to make further use in this note.

To any horizontal density o € »°(F) with compact spacetime support, we can
associate a functional
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_ & &)
A[] 7fM (j*®) . (8)
If, in local adapted coordinates, we have o = &(x/, ¢, qﬁj’, ¢;, ...)d"x, then
A[®] = fM a(xl, U @), Gie"(@()), ¢ (@), ...)d". ©)

It is straightforward to verify that, by the compact spacetime support condition, the above
integral converges for an arbitrary field configuration ® € 4 and in fact A € C(%). Of
course, we would like A to be not only continuous, but also in some sense smooth on the
infinite dimensional manifold % It is in fact possible to make use of an infinite dimensional
calculus on Fréchet manifolds such that A € C>®(%) [8, 15, 24]. We will not enter into such
details, and simply declare functions like A to be in C*°(%). The class of functions on %
defined by an equation like (8) will be referred to as local functionals.

On the other hand, given an element A € C*° (%), we can define a notion of spacetime
support that can be attributed directly to A. If A is local and comes from a horizontal density
«a, there will of course be a relation between these two notions of support. More precisely, we
define [6 equation (5.22)]

suppA ={xe M|V open Udx IO,V cE:
suppV C U and A[® + V] = A[D]}, (10)

which is always closed. In words, for any point y € M outside supp A, there is a sufficiently
small neighborhood V 3y so that any perturbation ¥ of the argument of A[P] with
supp ¥ C V must leave the numerical value of A unchanged, that is, A[® + U] = A[®]. In
other words, A[®] does not depend on the value of ® in some neighborhood of y.

As mentioned above, we can give a precise relation between the spacetime support of a
horizontal density and that of the corresponding local functional. Recall the Euler-Lagrange
derivative Og; [«] of a horizontal density « defined by equation (7). Since g [«] is not
strictly speaking a horizontal density, we extend to it the notion of spacetime support so that
supp p gL [@] is the union of the spacetime supports suppy0gL [a], of its components.

Lemma 2.1. Let o € QY"O(F) be a horizontal density with compact spacetime support and
A[®] = f (% ®) . Then
M

supp y0gr. [a] C supp A C suppya. (1D

Proof. The second inclusion is trivial, because (j* (& + ¥))*a = (j*®)*« whenever supp ¥
is outside of suppy«, since the restriction of both sides of the equality to supp ¥ is simply
zero. The rest, namely supp A C suppy«, follows from the defining equation (10).

On the other hand, suppose that p € supp 0[] C JXF. Then, we can always find a
section ® € ¥ such that j*®(x) = p, where x = 7¥(p) € suppybg.[a]. Since by
construction (j*®)*8g; [a](x) = 0, for each open U > x there must exist a (without loss of
generality compactly supported) ¥ € 4 with supp ¥ C U such that

| (o) dulal v = o. (12)

Therefore, by continuity in ¢, the formula in equation (7) tells us that there must existat = 0,
however small, such that A[® + tU] == A[P]. That concludes the proof that
suppyOeL [a] C supp A. O
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3. Generalized local observables

A precise notion of a local functional on the space ¥ of field configurations on a field bundle
F — M was given in section 2. This notion is plenty sufficient to identify a rich set of
observables in the usual relativistic field theories, including gauge theories like Maxwell
electrodynamics and Yang—Mills theory, but notably excluding gravitational theories like GR
or GR with matter fields. The reason gravitational theories are different is because, as will be
discussed in section 4, the intersection between the space of local functionals and gauge
invariant functionals on % is trivial (it consists only of constant functions). On the other hand,
we can relax the above notion of locality in a precise way, without sacrificing much in the
way of the physical motivation that lead to it, such that the new class of generalized local
functionals does admit a rich set of gauge invariant observables even in gravitational theories.
We discuss this precise generalized notion of locality below and leave the applications to
gravitational theories to section 4.

The two main properties of local functionals that we would like to relax are the (a) global
domain of definition and (b) field independent compactness of support. We explain both of
these properties and how they could be relaxed below.

Any element A € C*° (%), by definition, gives a well-defined value A[®] for any ¢ € ¥.
That is, the domain of definition of A is all of & (it is global). Imagine, on the other hand, that A
is defined only on a subset % C %. Could then A still play the role of a physically meaningful
observable? The answer is a qualified yes, provided % is sufficiently large, for example an open
set. Such a restriction may be necessary if, for instance, we have precise control only over
solutions that are not too distant from a reference solutionz, some & € /. At the classical level,
having A and B defined on an open neighborhood % > & is sufficient to compute their Poisson
brackets® at ® because that involves only local, differential operations. Perturbative quantum
field theory (QFT) about ¢ will also not be sensitive to anything outside an arbitrary neigh-
borhood. Eventually, a non-perturbative formulation of a QFT would likely require observables
to be globally defined. However, even then, we are likely to be interested in quantum states that
(e.g., in a phase space formulation of quantum theory) would assign negligible weight to
solutions outside a neighborhood % of some reference solution ®. To accommodate such an
eventual situation, we could globalize the domain of definition of A € C°°(%) by extending it
in an arbitrary, though controlled, way to all of % using standard geometric tools, like the Tietze
extension and Steenrod—Wockel approximation theorems [37].

Given that we would like the domain % C % of a generalized local functional to be open,
it is important to reflect on the topology that we use on %. Technical details on various
topologies on function spaces can be found in the references [20, 24]. It was stated in the
Introduction that it is conventional to endow ¥ = I'(F) with the Whitney weak topology,
whose open sets are generated by those of the form

Uiy = {2 e TENFEEK) C U, (13)

where k > 0, K C M is compact and U C J*F is open. The big disadvantage of the weak
topology 1is that its neighborhoods cannot control the behavior of a section outside of a

2 An example of this kind is the celebrated result of Christodoulou and Klainerman [9] on the stability of Minkowski
space in GR. Their result essentially constructs an open neighborhood % of the Minkowski metric on the phase space
2 of GR on R* with asymptotically flat boundary conditions. On the other hand, we still have very little information
about 2 outside that neighborhood.

 Strictly speaking, Poisson brackets are expected to be defined only upon restriction to the phase space 2 C 4.
However, it is sometimes possible to lift Poisson brackets even to %. This will be discussed in more detail in
section 5.
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compact subset of the spacetime M, as we will need to do in the sequel. However, except in
some cases when boundaries are present, the spacetimes that are of physical interest are non-
compact. For example, any globally hyperbolic spacetime must be of the form M ~ R x X.
An alternative topology is the Whitney strong topology, whose open sets are generated by
those of the form

= {® e T(F)|j*eM) C UY, (14)

where k > 0 and U C J*F is open. The big disadvantage of the strong topology is that it is
incompatible with the structure of a topological vector space on 4 (multiplication by scalars
fails to be continuous), let alone a Fréchet or any other kind of manifold structure. Note,
though, that since our manifolds can be exhausted by compact sets, any open set in the strong
topology is at worst a Gy set in the weak topology (a countable intersection of open sets).
Fortunately, there are many intermediate topologies between the weak and the strong that
both allow a Fréchet structure and control the behavior of sections on all of M. One example
is a variation on the strong topology that allows only those open U C J*F that have ‘uniform’
vertical size over M with respect to some connection, such as one induced by an auxiliary
Riemannian metric. Another possibility is to add a compactifying boundary to M and restrict
our attention only to those sections that extend in some nice way to the boundary”, then using
the weak topology on that subspace with respect to the compactified spacetime M. However,
it does not seem that there is an a priori canonical choice of such an intermediate topology
and that the choice must be made in a way that is compatible with the behavior of solutions of
the equations of motion of the theory. Note that a similar discussion, and in a related context,
can be found in section 5.2.1 of [21].

Being pragmatic, we stick to the Whitney strong topology for the remainder of this note,
despite its drawbacks. The working hypothesis is that the results that will be found in the
sequel, and the methods used to obtain them, will naturally generalize to the appropriate
choice of intermediate topology.

Next, having taken the liberty of considering functionals that are defined only on open
subsets % C €, let us consider the difference between the spacetime supports of a functional
A € C®(¥) and its restriction Al € C®(%). We can reasonably define supp Aly by
replacing ¢ with % in the definition (10). The logical quantifiers are arranged such that
supp Al C supp A. In fact, we can define the even finer notion of spacetime support at ®
with respect to 9 given by

supppAly = {x e M|V open U>x F (P + V) € %:
supp ¥ C U and A[® + VU] = A[D]}, (15)

which is also always closed. A further refinement is the notion of spacetime support at ®
given by

suppgA = [ \suppaAlz, (16)

A

with the intersection taken over all open neighborhoods % > ® such that A is defined on % .
The distinction is that while suppgA|; depends on the domain %, suppgA only depends on the
germ of A at ®. Then |Jocs supped C supp Aly and supp Aly = Joew suppedls. So,
clearly, supp Al may fail to be compact, even if each individual suppgAly or suppsA is.

4 Perhaps the simplest implementation of this idea is to consider a piece of a globally hyperbolic spacetime that is
bounded by two compact Cauchy surfaces as a compact spacetime in its own right with the future and past Cauchy
surfaces as its boundaries.
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For Al;, to be IR regularizing, as discussed in the Introduction, it suffices that the
spacetime supports suppeA be compact for each & € %. Thus, the much stronger condition of
compact supp Aly for an observable Aly, while obviously sufficient for IR regularity, is not
necessary. Such a relaxation of the requirements on the field-dependent spacetime support of
observables was previously considered in [21 section 5.3.5] (see also [32]).

At the level of local functionals, we can relax the notion of locality given in section 2 in
the following way. Let ® € € be a field configuration and o € Q"9(F) be a horizontal
density such that the intersection j*® (M) M supp oo C JXF is compact. Then we call the
functional

A = [ (e (17)

a generalized local functional (or observable) at . The following result makes precise the
way in which the properties of the functional A fit with the preceding discussion.

Theorem 3.1. With @ and & as above, there exists an open % C € (in the strong topology)
with ® € 9 such that, for all U € 9, the integral in (17) is convergent and both suppyAly
and suppgA are compact.

Proof. Pick a compact neighborhood Q of K = wk(j*®(M) N supp o) and an open
neighborhood U C J*F of j*®(M \ Q) that does not intersect supp . Let % C % be the set of
all sections ¥: M — F such that j*U(M \Q) C U. Clearly, ® € % and, by the definition of
the Whitney strong topology, % is open. By construction, for any ¥ € %, we have
G*¥)*a = 0 on M \ Q. This means that supp [(*P)*a] C Q and is itself compact (by virtue
of being a closed subset of a compact set) and hence the integral defining A [¥] is convergent.
Finally, from the definition of %, any point x € M\ Q has a neighborhood V C M\ Q such
that any A that has supp A C V and with ¥ + A € % and must satisfy j* (¥ + A)*a =0
on V and hence A[V + A] = A[¥]. Therefore suppgAly, C Q and hence is itself compact.
Its subset suppyA C suppyAl|y is closed and hence also compact. O

4. Gauge invariance and local observables in gravitational theories

GR is the theory of a Lorentzian metric field G, so that F' = S2 T*M, with the equation of
motion (Einstein equation) specified by the Einstein—Hilbert Lagrangian, £L[G] = R[G] volg,
where R[G] is the Ricci scalar and volg is the metric volume form. This Lagrangian also
determines the gauge symmetries of the theory, which consist of diffeomorphisms of M acting
by pullback on metrics, G — x*G for a diffeomorphism y: M — M. Thus, the physical (or
reduced) phase space of GR is the quotient 2 = #/%, where 2 C ¥ is the set of solutions
of Einstein equations (usually also taken to be globally hyperbolic) and ¥ is the group of
gauge transformations (diffeomorphisms of M). The observables that we are really interested
in are those that constitute the algebra C*°(2). As before, it is convenient to use the quotient
map 2 — 2 to identify C™(2) C C>(Z) with those observables that are invariant under
the action of the group ¢ of gauge transformations. We refer to any element A € C*(£), or
C™> (%), as a gauge invariant observable (or functional) if it is left invariant by the action of
@, that is, A[x*G] = A[G] for any diffeomorphism y: M — M. For our purposes, a

8
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gravitational theory is a field theory that involves a metric tensor G (though possibly other
fields as well) and has the diffeomorphism group as the group ¥ of gauge transformations.
Clearly, GR is the representative example of a gravitational theory, but GR coupled to matter
fields also falls into the same category. We will only consider pure GR below, but the
discussion will also apply to more general gravitational theories.

It is a well-known folk result that GR does not have any local and gauge invariant
observables in the standard sense of locality discussed in section 2. However, the main
observation of this note is that there in fact do exist local and gauge invariant observables in
the generalized sense discussed in section 3. The non-existence argument is pretty straight-
forward. Let o be a horizontal density on k-jets with suppya compact and hence

AlG] = f (7*G)*a a local observable. A diffeomorphism y: M — M acts on it as
M
06 = A[*G] = [ (#(x*6))'a = [ (O (px*)a]

(18)

where p*y*: J’F — JXF is the natural k-jet prolongation of the pullback action of a
diffeomorphism on metrics x*: F — F. Clearly, the spacetime support of « transforms as
suppu [ (@*x)*a] = x (suppya). Thus, by lemma 2.1, the supp YA moves around on M
under the action of diffeomorphisms. So, since we can choose X such that supp A and
supp XA do not coincide, the functionals A and YA themselves cannot coincide. In particular,
no observable A can be gauge invariant if its spacetime support is different from M
(diffeomorphisms act on M transitively). Spacetime manifolds of physical interest are never
compact, hence no local observable (with, by definition from section 2, compact spacetime
support) can be gauge invariant. Colloquially, this is phrased as follows: gauge
transformations of gravitational theories move spacetime points. This property is in contrast
with gauge theories of Maxwell or Yang—Mills type, where gauge transformations leave intact
the spacetime support of observables, thus allowing local observables to be gauge invariant.
We now give an explicit example of a functional that is both gauge invariant and local in
the generalized sense. Subsequently, we will outline a general method for constructing more
examples of a similar kind. Let us restrict for the moment the dimension dimM = 4. We will
construct a horizontal density o € Q*9(F) on JF. Let Wy = Wyea[G] and
Eabed = Eabea [G] denote respectively the Weyl and Levi-Civita tensors of the metric G. Then,
define the dual Weyl tensor W, ¢4 = Wy,.0e<'4'“d and also the following curvature scalars

b' = Wy “W4, b3 = Wy “IWg I W, b,
b2 = Vvahcdwgzab, bt = %de‘/VcdefW;‘ab~ (19)

We have essentially defined maps b = (b!, b2, b3, b*): JKF — R*, for any k > 2. We will
also use the notation (b') for the standard global coordinates on this target R*. It is sufficient
for us to take k = 3 because we then want to define the horizontal density
B = h[db' A db? A db3 A db*] € Q*O(F, 3) € Q*9(F). Choose a point r € R*, and a
function f € C*(R* with compact support, such that r € supp f but supp f does not
intersect any of the planes b’ = 0. Finally, we define the desired horizontal density
a = f(b)3 € Q*(F), which gives rise to the functional

A[G] = f (j*G) a = f (J*G) (£ (%, b2 b7 b*)R[ B! A db?> A dbP A dbY]). (20)
M M

By construction, « satisfies two important properties. First, there is a non-empty open set
% C % (in the strong topology) such that the form (j*G)*« is smooth and has compact
support on M for any G € %. Thus, A[G] is well-defined on % and hence constitutes a

9
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generalized local observable in the sense of section 3. The existence of such a domain %
follows from a general result that will be discussed in theorem 4.2 (see also the comments
thereafter). Second, A[G] is invariant under the action of diffeomorphisms. That is,
(P*x*)*a = « for any diffeomorphism y: M — M, which implies A[x*G] = A[G] for any
G on which the defining integral converges. The last invariance identity has to be used with a
little bit of care, in that it only makes sense when both G and x*G belong to %, the domain of
definition of A. Since, a priori % is not guaranteed to be itself diffeomorphism invariant, that
condition may not be satisfied for an arbitrary G € %. One way to get around this issue is to,
very reasonably, declare A to be invariant under diffeomorphisms if A[x*G] = A[G]
whenever both G, x*G € %. Another way is to simply enlarge the domain to %’ O % to the
smallest diffeomorphism invariant domain that contains % . Clearly, if A is well defined on %
it is also well defined on %’. A note of caution for the second approach: while suppgA, for any
® € 9, is not altered by extending A from % to %', the inclusion suppgAly C suppeAls
may be strict, with suppgA|s+ possibly failing to be compact even if suppgA|y is.

In other words Al € C* (%) is a local and gauge invariant observable in the generalized
sense of section 3.

The idea of using the curvature scalars b’ to define observables in pure gravity goes back
to the proposal of Komar and Bergmann [2, 3]. However, these authors, as well as many
subsequent ones who came back to this idea (see [34] and references therein), intended to use
b' as independent coordinates and simply express all other fields in terms of them. However,
the resulting observables were often too singular in the sense discussed in the Introduction,
since they would correspond to something like replacing our test function f with a 6-dis-
tribution. On the other hand, our addition of the integral and the smooth compactly supported
function f and the definition (20) provides the diffusion of UV singularities and the IR
regularization, again discussed in the Introduction, that are needed in the contexts of QFT and
classical Poisson structure.

The key ingredients in the above construction were that we could choose the horizontal
density v € Q™9(F) to be invariant under the prolonged action of diffeomorphisms on J*F
and that we could choose such an « to have support on J*F that intersects compactly the
image of the prolongation j*G (M) C JXF of a certain metric G. Natural questions arise. Are
there more local and gauge invariant observables that could be defined in the same way? Are
there sufficiently many such observables to separate points” on the physical phase space 2
of GR?

The general mathematical context in which the answers must be sought is known as
differential invariant theory [25, 26, 30]. Classical invariant theory is concerned with identi-
fying functions on a ¢-space (a space with an action of a group %) that are invariant under the ¥
-action—these are the usual invariants. On the other hand, differential invariant theory is
concerned with fiber preserving group actions (more generally pseudogroup or groupoid
actions) on the total space of a bundle, like our field vector bundle F — M and the actions
induced on J¥F — M by prolongation. Then, differential invariants (of order k) are functions
on JKF — M that are invariant under the group action. For our purposes, the field bundle of
metrics is F = S?> T*M and the group is % = Diff(M), consisting of diffeomorphisms
X: M — M, and acting by pullback x*: F — F. Differential invariants are then precisely the
so-called curvature scalars, that is, scalar functions tensorially constructed out of the metric, the
Riemann curvature tensors and its covariant derivatives. For example, the b’ defined in
equation (19) are differential invariants of order k = 2. There are two ways of looking at

5 A set of functions separates the points of a space if, for each pair of points, there exists at least one function that
takes on different values at these points.



Class. Quantum Grav. 32 (2015) 185019 | Khavkine

differential invariants: algebraically and geometrically. Most structural results are proven from
the algebraic perspective. On the other hand, it is easier to see from the geometric perspective
how to construct local gauge invariant observables similar to the example of equation (20).

The main structural algebraic result that we would like to mention is the so-called Lie—
Tresse theorem, which dates back to the end of the 19th century, but was established in its
global form only rather recently (see [25] and the references therein). This theorem is an
analog of the finite generation results, originally due to Hilbert, in classical invariant theory
[29]. For differential invariants, in addition to algebraic operations, we also need to allow
differentiation to generate differential invariants of arbitrary orders from finite data. Before
stating the result, let us recall the geometric formulation of differential equations in terms of
jets; see [23 apx. B] for more details and references. A differential equation of order m > 0 is
usually specified in equational form, P[] = 0, where P: I'(F) — I'(E) is a possibly non-
linear differential operator of order m that takes sections of a bundle F — M as arguments
and output sections of some other vector bundle £ — M. Essentially equivalently, we can
specify a differential equation of order m as submanifold & C J™F. Roughly, the set of all m-
jets that satisfy P = O constitutes the subset £ and inversely, any bundle map P: J"F — E
that is zero only on £ C J"E defines the corresponding differential operator. A particular
example could be £ = J™F, which corresponds to the trivial equation 0 = 0. A differential
equation & C J™F has natural prolongations &£ &) C JKF for all k > m, which corresponds to
taking into account all equations of the form 0;---0;_, P[¢)] = 0 implied by P[¢] = 0. The
following result is a rough restatement (sufficient for the purposes of this note) of the precise
results of theorems 1 and 2 of [25].

Proposition 4.1 (Lie-Tresse). Consider a differential equation £ C J*F with gauge
symmetry,® defined on a field bundle F — M, with the action of gauge symmetries naturally
prolongued to J'F — M. Assume that the equation and the gauge symmetry action satisfies a
specific global algebro-geometric regularity condition (which is in fact satisfied by GR with
diffeomorphisms as gauge symmetries). Then, there exists a finite order | > 0, a finite number
of differential invariants (those left invariant by gauge transformations) I; on J'F, and a finite
number of invariant differential operators D; (such an operator acting on an invariant yields
another invariant) such that any polynomial differential invariant of an arbitrary order k > 0
can be expressed as a polynomial in the generators I, possibly repeatedly differentiated by
the D,. Finally, for arbitrary order k > 0, the differential invariants separate the orbits of the
(k) 13 .. . .
gauge symmetry on a dense open subset £ C E®) consisting of generic orbits.

More geometrically, we can look at differential invariants as follows. Consider the
quotient spaces’ MK = JKF /Diff(M), known as the moduli spaces of k-jets of metrics on M
[17], with the projections denoted by p: J*F — MF. Clearly, differential invariants are
precisely the smooth functions on J*F that come from the pullback of continuous functions on
ME, those that belong to C*(J*F) N 1 [C(MY)]. If M were a manifold, it would be
sufficient to consider C* (M) instead of C (M*). However, while MF is Well defined as a
t0p010g1ca1 space, it is only a manifold on a dense open subset [17], say M* © M. Outside
./\/l MF contains orbifold-type singularities, which correspond to jets of metrics admitting
non-trivial isometries. A further complication is that M* is in general not Hausdorff. This
means that there exist jets of metrics that cannot be distinguished by continuous scalar

In the language of [25], this means that the equation is invariant under a pseudogroup action.
7 At the moment, we are not making a notational distinction, but we are really only interested in the subset of J*F
corresponding to the jets of Lorentzian metrics, thus excluding degenerate metrics and metrics of other signatures.
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curvature invariants alone. This phenomenon is particular to Lorentzian (and other pseudo-
Riemannian) metrics and is absent when consideration is restricted to only Riemannian
metrics. The failure of the Hausdorff property can be traced back to the non-compactness of
the orthogonal group in Lorentzian signature [17].

To connect the algebraic and geometric points of view, consider Einstein’s equations
prolonged to an arbitrary order k > 2 and represented as a submanifold E¥ C J*F. Clearly,
E® is invariant under diffeomorphisms and so projects to p,: E® — R C M, with
RY = R N M" a submanifold of M. The polynomial differential invariants mentioned in
proposition 4.1 are then functions on R¥ and in fact separate the points of R and, by the
Stone—Weierstrass theorem, generate C* (702]() by limits uniformly converging on com-
pact sets.

Now we come to the main observation that prompted this note. The connection between
differential invariants and local observables in the generalized sense of section 3 is most
clearly seen with the help of the manifold M Namely, consider an n-form g € Q" (Mk)
with compact support and the horizontal density o € Q"%(F) obtained by the horizontal
projection of the pullback of 3, a = h[/j,i< B]. Letting % C % be the subset of all metrics
G: M — F such that j*G (M) N supp a is compact, we can define a local and gauge
invariant observable with domain of definition % by the usual formula

AlGI = [ (7*G)a. 21

It is clearly gauge invariant, since by construction (p* x*)*a = «. Further, it is clearly local in
the generalized sense of section 3, provided that % is open and non-empty. These properties
do hold because of the following.

Theorem 4.2. Given a non-empty compact set K C ./\Q/lk, there exists a metric G € € such
that (yi, 0 j*G)"Y(K) C M is non-empty and compact. Further, such a metric G has an open
neighborhood U C € (in the strong topology) such that p, o j*H (M) N K is compact for
each H € U.

Proof. First, we deal with the statement about existence. Let us ignore for the moment issues
that might arise from non-trivial topology of M and assume that M =~ R", with some fixed
global coordinate system. Let : M — F be the standard Minkowski metric in those global
coordinates. Take a pointr € K C Mk, a point x € M and an open neighborhood U C M of
x with compact closure. By construction, there is a jet p € JX"F such that y, (p) = r. Consider
the closed set Q = (M\U) U {x}. Define Gé: Q — JF so that GQk(x) =pc JfF and
Gé ) = jyk n e J,kF for any y = x. By the Whitney extension theorem [24 section 22], there

exists a metric G € € such that j*G (x) lo = Gé, which we can choose to be everywhere
Lorentzian (non-degenerate). Thus, y o j*G and K have at least the point r in common. On
the other hand, by construction, the pre-images (14, o j*G)Y 1K) C (1 o jk G)’l(./\a/lk) cM
must be contained in U, which is compact. Hence,the pre-image of K must be compact, since
it is closed and contained in U. The same argument can be adapted without much difficulty to
the case when M has a more complicated topology.

Second,we deal with the statement about an open neighborhood of G € %,which was
constructed above. The following argument echos the proof of theorem 3.1. We will define
WU = {H € |j*H M) C U}, for some to be determined open neighborhood U C F of

12
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j*G (M). Obviously G € % and % would be open in the strong topology. We build U as the
pre-image of an open set V. C M x MF* with respect to the map (7%, p,): J*F — M x M.
If V is an open neighborhood of the graph of j, oj*G: M — MF, then U is an open
neighborhood of j*G (M). The way we constructed G above, the intersection I of the set
MxK with the graph of y, o j*G is compact. Take an open neighborhood V' with a compact
closure of andletV = M x (/\/lk\K ) U V'. Thus, if H € %, the intersection of the graph of
ty o j*H with MxK must be confined to V', which has compact closure, and hence be
compact. The last statement is equivalent to the pre-image (u, o j*H)'(K) C M being
compact, which concludes the proof. (]

Note that a direct application of the above theorem to the compact supp f appearing in

the definition of the functional A[G] given by equation (20), interpreted as a subset of /C/lz,
establishes the claimed existence of a non-empty open domain % C %, making A, a gen-
eralized local observable.

While we have concentrated on the case of gravitational theories, whose group of gauge
transformations consists of diffeomorphisms, this method of defining gauge invariant local
observables happens to reproduce the set of local observables for theories without gauge
symmetries (the group of gauge symmetries is trivial) and those with gauge theories with
gauge transformations that do not move points. Examples of the latter include the Maxwell
and Yang—Mills theories. In the Maxwell theory, the basic differential invariant is the field
strength. In the Yang—Mills case, the basic differential invariants are the compositions of the
Lie algbra valued curvature forms composed with invariant polynomials on the Lie algebra.
Smearing these basic invariants (or derivatives thereof) with compactly supported test
functions reproduces the well-known standard local and gauge invariant observables in these
theories [1].

We conclude this section by coming back to this natural question: are there enough local
and gauge invariant observables in GR to separate the points of ¥? In a sense, the answer is
no, because we have already discussed above the fact that certain metrics cannot be dis-
tinguished by local curvature scalars. Further, some metrics may be resistant to belonging to
the domain of definition % of any generalized local observable Al|;. This may happen when
M is non-compact and a metric G possesses a region U C M such that nearly isometric copies
of G|y repeat infinitely often throughout M (a kind of almost periodic property). There is
essentially no obstacle to engineering a gauge invariant local density o on J*F such that
(7*G)*a has compact support in U, but it will likely also have support within any region
nearly isometric to G|y, thus making the integral over M ill defined. However, these are the
only obstacles. We need to introduce a natural but somewhat technical condition on metrics
that avoids these difficulties.

First, we say that a map v: M — N is image proper® if there exists an open set Ny C N
such that v (M) C Ny and v: M — N, is proper (the pre-image of any compact set is com-
pact). Any proper map is image proper, since we can just choose Ny = N. On the other hand,
any embedding is image proper, even if it is not proper, with any tubular neighborhood
fulfilling the role of Ny. Let us say that two metrics Gi, G, € € can be distinguished by
curvature scalars if there exists ak > 0 such that , = 4, o j*G;: M — MF are image proper

and the images -, (M) N /\D/lk and v, (M) N Mk do not coincide as subsets of /\D/lk.

8 See [20 exr.2.4.13], where this concept is used but not named.
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Theorem 4.3. For any two metrics Gy, Gy € € that can be distinguished by curvature
scalars, there exists a local functional A[G] defined on a domain U C € (open in the strong
topology) such that both Gy, G, € 9 and A[G] = A[G,].

Proof. By hypothesis, there is a k>0 and a point r € M such that, say,
re M) =, oj*Gi(M) but r &, (M) =y 0 j*G,(M). Take a (€ Q"(Mk) with
compact  support such that resuppfB but M) Nsuppf=. Let

A[G] = f (1 © j*G)*B. Since the map ~; is image proper, we can always choose 3 so that

supp 3 is small enough to have compact intersection with -, (M) and so that A[G;] = 0. On
the other hand, by construction, A[G,] = 0. Finally, since both ~ (M) have compact
intersection with supp § (one of the intersections being empty), by theorem 4.2, there exist (in
the strong topology) open neighborhoods %4 and %, of G, and G,, respectively, such that
e © j*G (M) N supp 3 is also compact for each G € % = % \J U,. Clearly, A[G] is well
defined on % and Gy, G, € %. O

5. Linearization and Poisson brackets

Once a class of gauge invariant observables has been defined, as was done in section 4, we
would like to compute Poisson brackets between them. In general, neither the product nor the
Poisson bracket of two local observables is a local observable (instead it is bilocal, with
distributional smearing in case of the Poisson bracket) and the same is true for local obser-
vables in the generalized sense. It is an important and non-trivial question to decide on a
minimal physically reasonable class of observables that is closed both under multiplication
and Poisson brackets. The answer is essentially a class of multilocal observables with dis-
tributional smearings, which satisfy a certain microlocal spectral condition, which is dis-
cussed in more detail in [6, 8]. Below, we shall not be concerned with these details and
instead content ourselves with a gauge invariant formula for the Poisson bracket of two local
and gauge invariant observables.

As discussed extensively in [21, 23], what is usually known as the canonical Poisson
bracket on the physical phase space 2 can be equivalently expressed using the so-called
Peierls formula (or Peierls bracket). The Peierls formula actually defines a Poisson bracket
not only on C* (), but also extends it to C*(£) and even C*®(%). This extension is not
unique and is influenced, for instance, by the choice of gauge fixing. However, the restriction
of the formula to C*°(#) is unique. The computation of the value of the Poisson bracket
{A, B}[G] of arbitrary observables A and B at a particular point (or gauge equivalence class of
field configurations) G € 2 of a nonlinear field theory reduces to the computation of the
Poisson bracket of linear observables Ag and B in the linear theory obtained by linearization
about G. Consider the linearized perturbation H of the metric G. The relation between
nonlinear observables and linearized observables is

A[G + MH] = A[G] + Mg[H] + O(X). (22)

In the case of a local observable A[G] = f (7* G)*a, the linearized observable is also local,
M
Ag[H] = f «[H], where & is a density-valued differential operator defined by
M
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(j*(G + M) a = (j*G) a + Aag[H] + O(N). (23)
We can define similarly B[G] = f (*G)*3 and B;[H] = f B [H].
M M

It is also useful to consider the formal adjoint differential operators ¢v; and ﬁék defined by
the existence of form-valued bidifferential operators W, and Wj such that

faGlH] — a&If] - H=dW,[f, H] and fBc[H] — B5[f]- H = dW;[f, H] (24)

for arbitrary f € C>*°(M) and H € T'(F), with the adjoint operators valued in the densitized
dual bundle F* = F* @ A"M. Let % C 2 be a common domain on which A and B are
defined and let G € %. Then, by the generalized locality property, cvg[H] and (g [H] have
compact support for arbitrary H. It is then not hard to see that all of o’z&k [11, W, [1, H], ﬁ; [1]
and W3[1, H] will also have compact support for arbitrary H. Therefore, an application of
Stokes’ lemma gives us the identities

AG[H]:fM af(1]-H and BglH] :fM A1) - H. (25)

The Peierls formula for the Poisson bracket of observables of the form given in equation (25)
was considered explicitly in [23 section 4.4] (see also [13] and [18 Ex. 3.8]) and is given by
the formula

(A, BYIG] = {Aq, Bs ], :fMXM as( - Eg(x, y) - B 110),  (26)

where Eg(x, y) = EG+ (x,y) — Eg(x, y), with EGi(x, y) being the integral kernels of the
retarded and advanced Green functions of the so-called Lichnerowicz operator (which is a
hyperbolic differential operator obtained from a de Donder gauge fixing of the linearized
Einstein equations) of the background metric G.

The result is gauge invariant, that is, {A, B} [x*G] = {A, B}[G] for a diffeomorphism
x*: M — M, essentially by construction. More explicitly, since each of the elements in the
formula is invariantly constructed from the metric G, the following identities hold:
oo =X Bpg=x"g  and  Eue(ny) = (6 0Ec(ny),  where
06 X)"M x M — M x M is defined in the obvious way. Combining these identities
with formula (26) explicitly shows that {A, B} is a gauge invariant (though now distributional
bilocal, instead of local) observable.

It is also worth examining whether the linearized observable Ag[H] fits the criteria of
being a gauge invariant observable for linearized gravity on the background G. The answer is
of course yes, as follows from the identity £,a[G] = &«[L,G], where L, is the Lie derivative
with respect to a vector field v, which is the linearized version of the invariance property
x*a[G] = a[x*G], and the Cartan magic formula £,a[G] = d(:,«[G]) for top-degree
forms. For convenience, let us also define the differential operator K¢ [v] = £,G, which we
will call the Killing operator. The gauge invariance condition for A [H] in linearized gravity
consists in the requirement that A [K;[v]] = O for any vector field v. This follows from the
preceding identities:

AG[KG[V]]:LQG[LVG]:L [Zvoz[G]:j:Wd(Lva[G])zo, @7

where the last equality follows from the fact that ¢, o [G] has compact support by the locality
hypothesis. Thus, Ag[H] is a linear, local and gauge invariant observable in linearized
gravity.

Let us recall the notion of linear, local and gauge invariant observable from [13] (also [23
section 4.4], [18 Ex. 3.8]), which is an observable of the form
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cm:me (28)

with a compactly supported section : M — F* that satisfies the condition KZ[y] = 0,
where K is the formal adjoint of the Killing operator K. More explicitly, there exists a
form-valued bidifferential operator Wy such that v - Kg[v] — Ké‘ [v] - v = dWk [y, v] for
any vector field v and any section v: M — EF*; K is equivalent to the divergence of a
symmetric 2-tensor.

Proposition 5.1. Given the linearized observable Ag[H), as discussed above, there always
exists a local observable C[H] in linearized gravity of the form (28) such that
Ag[H] = C[H]

Proof. For this result to hold, it is clearly sufficient that there exists a compactly supported
section v: M — F*, satisfying KZ[y] = 0, and a form-valued linear differential operator
w[H], with compact support for arbitrary argument H: M — F, such that
agl[H] = v+ H + du[H]. We shall construct such v and p[H] explicitly.

Recall the identity &g [H] = o’zé‘[l] -H+ dW,[1, H]. We set u[H] = W,[1, H] and
v = o'z&k [1]. It remains to show that K&k [a&k [1]] = 0. Note that, from the gauge invariance of
Ag [H] discussed earlier, we already know that

aglll - Kolvl= ag[ K vl] + dWa[ 1, Ke[v]]
=d(t,alGl + W[ 1, Kg[v1]) (29)
for an arbitrary vector field v. On the other hand, we also have the equality
ad1] - Kgv] = K;;[agf[l]] v+ dWK[ag[l], v]. (30)

The final tool that we need to invoke is the well-known fact [28 theorem 4.7] that, for any top-
degree form valued linear differential operator ¢/[v], in any decomposition of the form
Y[v] = @ - v + d€[v] the coefficients ¢ and the term d&[v] are unique (in particular
¢ = OgL[¥[v]] is the Euler-Lagrange derivative of 1 [v]). Thus, comparing equations (29)
and (30), we find that Ké‘ [o'zé[l]] = 0, as was desired. O

6. Discussion

In this note, we have discussed the notion of local observables in field theory, advocating that
the standard notion of locality (section 2) should be relaxed in a well-defined way (section 3).
We have argued that the two motivating properties of local observables, diffusion of UV
singularities and IR regularization, still hold for generalized local observables in the sense
defined in section 3.

A small price to pay is that a generalized local observable may be naturally defined as
functions only on an open subset’ of the full phase space of the field theory. Classically, it is

° A related mathematical phenomenon occurs in complex and algebraic geometry. Certain complex and algebraic
varieties have very few globally defined functions. By restricting to open subsets, many more functions can be
considered, that otherwise developed singularities if extended to the entire space. Such partially defined functions are
studied in the theory of sheaves. We have not developed this analogy in detail because there is not yet a clear
application of sheaf theory in this context, other than as a concise terminology.
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not a problem to restrict one’s attention to an open subset of the full phase space. If needed,
such an observable may be extended to the full phase space by appealing to basic results in
differential topology. We have shown that linearization about a specific point of the con-
figuration space gives a gauge invariant observable for linearized gravity on the corre-
sponding background, irrespective of how large is the neighborhood of the linearization point
on which the observable can be defined. That is of course the expected result for the line-
arization of an observable invariant under full nonlinear gauge transformations. We expect the
same behavior at any order of perturbation theory; the truncated expansion of the observable
should be invariant under perturbative gauge transformations truncated at the same order,
which is sufficient for the purposes of perturbative quantization.

It is well-known that gravitational theories do not admit any non-trivial local observables
that are also gauge-invariant. Hence, it is a significant advantage of the new definition that the
class of generalized local observables in gravitational theories does admit a large number of
observables that are gauge invariant (section 4). We have given a typical example of one such
observable, motivated by an old proposal of Komar and Bergmann [2, 3]. In fact, such gauge
invariant observables are sufficient to separate the gauge orbits on a large open subset of the
phase space (theorems 4.2 and 4.3). The main technical tool in the construction of these gauge
invariant observables is the theory of differential invariants, which in the literature on GR are
also known as curvature scalars or curvature invariants.

Unfortunately, the large open subset of the phase space mentioned above specifically
excludes solutions that have a high degree of symmetry. Some of these symmetric solutions
can be of great physical importance, at least in GR, with examples like Minkowski or
Schwarzschild or de Sitter spacetimes. The reason for the exclusion is that observables based
on curvature scalars are incapable of separating certain inequivalent gauge equivalence
classes of solutions. At the geometric level, the same phenomenon manifests itself in the fact
that the moduli space of Lorentzian metrics (the quotient of jets of Lorentzian metrics by the
action of diffeomorphisms) is not Hausdorff [17]. A well-known example is that all curvature
scalars vanish both on flat Minkowski spacetime as well on non-flat null pp-wave spacetimes
(nonlinear wave gravitational wave solutions) [10, 11, 19]. This is problematic if one would
like to connect perturbative theory about Minkowski space with nonlinear local observables
of the kind discussed above. In principle, it is known that there exist non-scalar differential
invariants that are capable of locally distinguishing non-isometric Lorentzian metrics (see the
Cartan—Karlhede algorithm discussed in [33 chapter 9] and references therein). At this point it
remains an open problem to be investigated whether these more refined differential invariants
could be used to construct local (or perhaps multilocal) observables that are capable of
separating all gauge orbits on the phase space of GR and other gravitational theories.

In section 5, we showed that generalized local and gauge invariant observables have
gauge invariant Poisson brackets using the Peierls formula. However, Poisson brackets of
local observables are in general no longer local. At best they could be described as multilocal
with distributional smearings. Such observables have been previously discussed in the lit-
erature [6, 8], with careful attention paid to the class of distributions that can be consistently
allowed to construct an algebra of multilocal observables closed under Poisson brackets. The
added complication in gravitational theories, as is evident from the Peierls formula, is that in
order to preserve gauge invariance we must allow distributional smearings themselves to
depend on the metric and possibly other dynamical fields. Thus, another important avenue for
investigation is the generalization of multilocal observables to allow for field-dependent
distributional smearings.

It might be argued that the local and gauge invariant observables that we have introduced
in this note are of a relational kind (see [34] and references therein). However, they do not
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automatically come with a phenomenological interpretation. That is, given a particular
observable of this kind, it may not be immediately clear what kind of experimental protocol
would be modeled by it (this issue is discussed clearly in [22]). On the other hand, there is
some existing literature that has considered relational observables in linearized and pertur-
bative gravity with clearer phenomenological interpretations, but ran into UV divergences in
explicit computations [4, 5, 14, 22, 27, 35, 36, 38, 39]. Perhaps replacing the overly singular
proposed observables in these references with regularized versions written as local and gauge
invariant observables would yield a double benefit: provide certain local observables with
phenomenological interpretations, diffuse UV singularities in explicit computations. As a
further step, it would be most interesting to identify local gauge invariant observables that
would model some aspects of the data collected by cosmological observations, such as the
cosmic microwave background temperature fluctuations and its polarization.

It should also be mentioned that another attempt [16] to write down relational obser-
vables (though without clear phenomenological interpretations) using curvature scalars ran
into IR divergences in explicit computations. On the other hand, our local observables are
designed to be IR regularizing and might give better results in similar computations.
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It has recently been noticed that the degeneracies of the Poisson bracket of linearized grav-
ity on constant curvature Lorentzian manifold can be described in terms of the cohomolo-
gies of a certain complex of differential operators. This complex was first introduced by
Calabi and its cohomology is known to be isomorphic to that of the (locally constant) sheaf
of Killing vectors. We review the structure of the Calabi complex in a novel way, with ex-
plicit calculations based on representation theory of GL(1), and also some tools for studying
its cohomology in terms of locally constant sheaves. We also conjecture how these tools
would adapt to linearized gravity on other backgrounds and to other gauge theories. The
presentation includes explicit formulas for the differential operators in the Calabi complex,
arguments for its local exactness, discussion of generalized Poincaré duality, methods of

computing the cohomology of locally constant sheaves, and example calculations of Killing
sheaf cohomologies of some black hole and cosmological Lorentzian manifolds.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction

The Calabi complex is a differential complex that was introduced in by E. Calabiin 1961 [ 1]. It has an extended pre-history,
though. One way to characterize it is as a canonical formal compatibility complex (the second Spencer sequence) of the Killing
equation on (pseudo-)Riemannian manifolds of constant curvature. The solutions of the Killing equation are (possibly only
locally defined) infinitesimal isometries. In the special context of classical linear elasticity theory, the same operator also
maps between the displacement and strain fields [2-4]. It is well known that for flat spaces (zero curvature) a complete
set of formal compatibility conditions for the Killing equation is given by the linearized Riemann curvature operator, also
known as the Saint-Venant compatibility operator in the context of elasticity [2-4]. Subsequent compatibility conditions are
furnished by the Bianchi identities. Thus, it would also be reasonable to refer to it as the Killing-Riemann-Bianchi complex.

Calabi’s interest in the eponymous complex stemmed from the isomorphism between the cohomology of its global sec-
tions and the cohomology of the sheaf of Killing vectors. Given a fine resolution of a sheaf, like one provided by a locally exact
sequence of differential operators on sections of vector bundles, the general machinery of homological algebra implies that
the sheaf cohomology is in fact isomorphic to the cohomology of the complex of global sections of its local resolution, with
the resolution of the sheaf of locally constant functions by the de Rham complex of differential forms on a manifold being
the canonical example. The bulk of Calabi’s original article was in fact spent proving that the hypotheses needed for applying
this general result actually hold, thus providing a way to represent the cohomology of the Killing sheaf. It is the latter object
that was of intrinsic interest, as it was in subsequent works by others [5-7], motivated by the well known interpretations of
its lowest cohomology groups: in degree-0 as the Lie algebra of global isometries and in degree-1 as the space of non-trivial
infinitesimal deformations of the metric under the constant curvature restriction. Later, the Calabi complex was also seen as
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a non-trivial example of a formally exact compatibility complex [8-11,3] constructed for the Killing operator by the methods
of the formal theory of partial differential equations developed by the school of D.C. Spencer [12-16].

More recently, the Calabi complex resurfaced in mathematical physics, in the context of the (pre-)symplectic and
Poisson structure of relativistic classical field theories. In [17,18], the author has shown that the degeneracy subspaces
of the naturally defined pre-symplectic 2-form and Poisson bivector on the infinite dimensional phase space of relativistic
classical field theories with possible constraints and gauge invariance are controlled by the cohomology of some differential
complexes. In the case of Maxwell-like theories [ 18, Sec. 4.2], this role is played by the de Rham complex, while in the case of
linearized gravity [ 18, Sec. 4.4], this role is played by the formal compatibility complex of the Killing operator. In other words,
for linearization backgrounds of constant curvature (important examples include Minkowski and de Sitter spaces, as well as
quotients thereof), this is precisely the Calabi complex. When the linearization background is merely locally symmetric,
rather than of constant curvature, the right complex to use is a slightly different one that was constructed by Gasqui
and Goldschmidt [9,10]. However, a discussion of the latter is beyond the scope of this work. The construction of similar
complexes adapted to other background geometries appears to be an open problem. The degeneracy subspace of the Poisson
bivector of a classical field theory is of importance because it translates almost directly into violations of a (strict) notion of
locality of the corresponding quantum field theory, a subject that has recently been under intense investigation [ 19-26].

The goal of this paper is to exploit the connection between the Calabi complex and Killing sheaf cohomologies, in
a direction opposite the original one of Calabi, for the purpose of obtaining results relevant to the above mentioned
applications in mathematical physics. More precisely, we consider the computation of certain sheaf cohomologies much
simpler than constructing quotient spaces of kernels of complicated differential operators. Thus, the ability to equate the
Calabi cohomology groups, which for us are of primary interest, with Killing sheaf cohomology groups is a significant
technical simplification. Along the way, we collect some relevant facts about the Calabi complex that are either difficult or
impossible to find in the existing literature, along with other little known tools from the theory of differential complexes [27]
needed to prove the desired equivalence and to introduce cohomologies with compact supports. It is our hope that this
treatment of the Calabi complex could serve as a model for the treatment of other differential complexes that are of
importance in mathematical physics.

In Section 2, we discuss the explicit form of the Calabi complex on any constant curvature pseudo-Riemannian
manifold. The tensor bundles and differential operators between them are defined using notation and identities from the
representation theory of the general linear group, which are reviewed in Appendix A.1. The differential cochain homotopy
operators defined in Section 2.2 and Appendix A.5, and the relation of the formal adjoint Calabi complex to the Killing-Yano
operator presented in Section 2.3 are likely new. Then, Section 3 recalls some general notions from sheaf cohomology, with
emphasis on locally constant sheaves. It also covers the relation between the Calabi cohomology, with various supports,
and the cohomologies of the sheaf of Killing vectors and the sheaf of Killing-Yano tensors. In Section 4 we discuss several
methods for effectively computing the cohomologies of the Killing sheaf, also outside the constant curvature context. An
important application of the above results is described in Section 5, which uses the Calabi cohomology to determine the
degeneracy subspaces of presymplectic and Poisson structures of linearized gravity on constant curvature backgrounds.
This application, and its generalizations, constitute the main motivation for this work. Finally, Section 6 concludes with a
discussion of the presented results and of how they could be generalized to other differential complexes of interest in the
mathematical theory of classical and quantum gauge field theories in physics.

It should be emphasized that the Killing sheaf cohomology can be identified with the cohomology of the Calabi complex
only on pseudo-Riemannian spaces of constant curvature, where the latter complex is actually defined. The Killing sheaf
itself has a wider domain of definition. In terms of applications to linearized gravity, the differential complexes that are to
replace the Calabi complex on other background geometries are still expected to have isomorphic cohomology to that of
the Killing sheaf. So, from that perspective, the Calabi complex is a particular case study and the Killing sheaf is an object of
more permanent value.

2. The Calabi complex

In Sections 2.1 and 2.2, we shall explicitly describe the Calabi complex as a complex of differential operators between
tensor bundles on a pseudo-Riemannian manifold (M, g). Furthermore, we will explicitly list a corresponding sequence
of differential operators that constitute a cochain homotopy from the Calabi complex to itself. The cochain maps induced
by the homotopy operators will have the same principal symbol as the tensor Laplacian V,V* induced by the Levi-Civita
connection of the metric tensor g, though will differ from it by lower order terms. This geometric structure is very similar to
that of the Hodge theory of the de Rham complex on a Riemannian manifold. This structure is used in the later Section 3.2
to show the complex’s local exactness. Finally, in Section 2.3, we will describe the formal adjoint Calabi complex, with
the formal adjoint cochain maps and homotopies playing roles analogous to the original ones. It turns out that, just as the
Calabi complex resolves the sheaf of Killing vectors on (M, g), its formal adjoint complex resolves the sheaf of rank-(n — 2)
Killing-Yano tensors.

A non-negligible amount of work [5,9,8,10,3,11], though certainly not a large one, has been done on this differential
complex since the original work [1] of Calabi in 1961. Its original presentation was in terms of Cartan’s moving frame
formalism and much of the subsequent work did not put a strong emphasis on explicit formulas. Thus, it is a little difficult
to find its presentation in terms of standard covariant derivatives on tensor bundles in the existing literature. We give such
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Table 1

The table below lists the tensor bundles of the Calabi complex, the corresponding irreducible GL(n)
representations (labeled by Young diagrams), and their fiber ranks, for dimM = n. The rank is given by
the famous hook formula, which is discussed in Appendix A.1.

Bundle Young diagram Fiber rank

GoM = T*M f n
M = $*M Dj il
- 2

~ nz(nz—l)
M = RM Ul
M = BM - )(=2)
3= 24
1
2 w2 (12 —1)(n—2)--(n—1+1)
M - T 20+nia—2r

formulas below, together with a complete sequence of cochain homotopy operators from the complex to itself and their
corresponding cochain maps. These formulas are apparently new, as their role was played by a more generic, but somewhat
less natural, construction applicable to general elliptic complexes in [ 1,5,9,8]. The advantage of our version is the connection
of the homotopy and cochain maps with the equations of linearized gravity and coincidence, in low degrees, with other well
known related operators, which include the Killing, linearized Riemann, Bianchi, de Donder and Ricci trace operators. One
could also argue that our resulting homotopy and cochain maps are simpler, because they never exceed second differential
order (in contrast to fourth differential order). Furthermore, we find that the tensor bundles that constitute the nodes of
the complex are best described as having fibers that carry irreducible representations of GL(n), where n is the dimension
of the base manifold; moreover, the principal symbols of the differential operators in the complex are GL(n) equivariant
maps. Hence they are independent of the background metric, which is no longer true for subleading terms. This observation
appears to have escaped the attention of earlier works, thus requiring some seemingly ad-hoc constructions [ 1]. A notable
exception is Eastwood [3], who also identified the principal symbol complex as an instance of the general notion of BGG
resolutions [28] in representation theory. Taking advantage of this connection with representation theory, we explicitly
describe the tensor bundles of the complex and the equivariant principal symbol maps between them in terms of Young
diagrams.

2.1. Tensor bundles and Young symmetrizers

As was mentioned in the Introduction, it is convenient to describe various tensor bundles involved in the Calabi complex,
as well as various maps between them, in terms of irreducible representations (irreps) of group GL(n), where n = dim M
is the dimension of the base manifold M. Irreps of GL(n) are concisely presented using Young diagrams and corresponding
Young tensor symmetrizers. An excellent reference on this topic is the book [29], where we refer the reader for complete
details. For an uninitiated reader, we have briefly summarized the relevant concepts and formulas in Appendix A.1. For the
expert reader, it is recommended to skim the same appendix for the particulars of our notation.

Given a base manifold M of dimension n = dim M, we can construct tensor bundles over M whose fibers carry irreducible
representations of GL(n). Indeed, we will consider Young symmetrized sub-bundles Y¢T*M of the bundle of covariant
k-tensors (T*)®*M, where d is a Young diagram type with k cells.

The Calabi complex, to be introduced in the next section, is a complex of differential operators between certain tensor
bundles over M. Let us denote the corresponding sequence of vector bundles by G;M. More precisely,

=T C=YOT*" G=Y2I1" q=y®2"" 1" (1>2). (1)

Note that the bundle C;M corresponds to symmetric 2-tensors, which we will also denote S2M. Also, as mentioned in the
preceding section, since the bundle C;M corresponds to 4-tensors with the algebraic symmetries of the Riemann tensor, we
will also denote it RM. And the bundle C5M, also denoted BM, corresponds to 5-tensors with symmetries of the image of the
Bianchi operator applied to a section or RM. The index | essentially counts the number of rows in the corresponding Young
diagram. So, for | > n, the number of rows exceeds the base dimension and the C;M bundles become trivial. These tensor
bundles, the corresponding Young diagrams and their fiber ranks are illustrated in Table 1.
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2.2. Differential operators

Below, given any n-dimensional pseudo-Riemannian manifold (M, g) of constant curvature k (normalized so that the
Ricci scalar curvature' is equal to k), we give explicit formulas for the differential operators, constituting the Calabi
complex, as well as formulas for the differential operators that constitute a cochain homotopy from the complex to itself
and the corresponding induced cochain maps. In Calabi’s original work [1], the corresponding differential operators were
constructed using an orthogonal coframe formalism. Thus, it has been difficult to find explicit formulas for these operators in
the tensor formalism that is more prevalent in the physics literature on relativity. The cochain homotopy operators and the
induced cochain maps coincide, in low degrees, with differential operators well known in the relativity literature. However,
their explicit form in all degrees appears to be new. Furthermore, we explicitly demonstrate all the identities between these
differential operators that lead to their homological algebra interpretations. We use a mixture of elementary arguments, as
well as equivariance and standard GL(n)-representation theoretic identities, unlike Calabi’s original proofs [ 1] that relied on
a somewhat ad hoc algebraic constructions, and unlike the derivation of Gasqui and Goldschmidt [9,10] that relied on the
sophisticated theory of Spencer sequences.

First, we define a number of differential operators that will be convenient for our purposes. For homogeneous differential
operators with constant coefficients, the operator is completely determined by the principal symbol. In general that is not
the case, yet the presence of a preferred connection on tensor bundles (the g-compatible Levi-Civita connection) still allows
us to specify operators by their principal symbols: the covariant derivative is applied to a tensor k-times, the derivative
indices are full symmetrized, and the principal symbol is applied to the result.

The principal symbol of a kth order differential operator between two Young symmetrized bundles YT* and Y'T* is a linear
map between them that depends polynomially on a covector p € T*. If the operator (or just its principal symbol) is GL(n)-
equivariant, then the principal symbol actually corresponds to an intertwiner between the Y®' ® Y and Y’ representations.
Such an intertwiner is non-zero only if Y’ appears in the irrep decomposition of the tensor product. Moreover if Y’ appears
with single multiplicity, the intertwiner (and hence the principal) symbol is determined uniquely up to a scalar factor. It is an
old result due to Pieri [29] that, in fact, the decomposition of the product of Y®¥ ® Y into irreps has only single multiplicities.
Not all principal symbols of importance to us are equivariant. The main source of the lack of equivariance is the dependence
on the metric g. However, if the metric itself is also allowed to transform, the principal symbol becomes equivariant again.
For instance, if the operator is equivariant in this way and depends linearly on the metric in covariant form, it corresponds to
an intertwiner between the representations Y? ® Y® ® Y and Y'. Because of the presence of a double tensor product, Pieri’s
rule does not always apply, so sometimes more information is necessary to specify the desired intertwiner unambiguously.
As arule, these ambiguities will be resolved by giving explicit formulas.

Observe that the all tensor fields defined in Section 2.1 correspond to Young diagrams with at most two columns. We
shall refer to the columns as left and right. Let d; and d, the left and right exterior differentials, be differential operators that
increase by one the number of boxes in the, respectively, left or right column. They have equivariant principal symbols.
We also define several operators whose principal symbols involve the metric. Two operators of order 0 are the trace tr and
the metric exterior product (g © —), respectively, decreasing (contracting indices between the two columns) or increasing
(multiplying by g and symmetrizing) by one the number of boxes in each column. Two operators of order 1 are left and
right codifferentials §; and g, which decrease (taking a covariant divergence and resymmetrizing, if necessary) by one the
number of boxes in, respectively, the left or right column. Finally, we have the tensor Laplacian O, a differential operator of
order 2 that does not alter the Young symmetry. Explicit formulas for these operators, along with proofs that they respect
the corresponding Young symmetries, are given in Appendices A.2, A.4 and A.5.

The differential operators constituting the Calabi complex, as well as cochain self-homotopy and the induced cochain
self-maps fit into the following diagram:

Bq By B3 B,

0 Go G G G- = Cy 0
- . - ne
E i’ E; i’ E e En -
Pol 1,// P1J 2,// le 3/// P3l rl/ Pnl ) (2)
g g I k//
L B X B . B
1 2 3

0 Co G G C3--- =G, 0

where for simplicity we have used the symbol C; to stand for the space of sections I"(C;M). The operators B; constitute a
complex, because B, 1 o B = 0. The solid arrows in the diagram commute, P, 1 o Bi; = B o P, so that the P; are cochain
maps from the complex to itself. These cochain maps, P, = E;1 o Biy1 + B; o E;, are induced by the homotopy operators E,,
which appear as dashed arrows. Below, we give explicit formulas for each of these operators, discuss these identities, and
relate them to well known differential operators from the literature on relativity. We follow the notational conventions of
Appendices A.1 and A.2. In particular, we use : to separate fully antisymmetric tensor index groups belonging to different
columns of the Young diagram, which characterizes the symmetry type of a given tensor. However, for simplicity, we also

1 We follow [30] for conventions regarding the definitions of curvature tensors and scalars.



L. Khavkine / Journal of Geometry and Physics 113 (2017) 131-169 135
write ggp = gq:p and hg, = hgyp.
Bi[vlap = K[vlap = Vavp + Vpug, (3)
BZ[h]ab:cd = _ZR[h]ab:cd

= (VaVoyhsa — Vs Voha — VaVayhse + Vo Vayhae) + ﬁ(g © h)ab:cds (4)
Bs[rlapc:de = B[r]abc:de = di[rlapc:de = 3Vialbc]de
= Valbe.de + Vilea:de + VeTab:des (5)
Ba[blabcde = di[blaved:ef = 4Viabbedy-ef
= Vibiea:er — Vobedazer — Vebdab:er — Vababc:ers (6)
Bl[b]alma[:bc = dL[b]alu-a;:bc = lv[albazma[]:bc (l = 3) (7)

Note that we have introduced some suggestive alternative notations for operators B; of low rank. In particular, B; = K is
the Killing operator. Then, B, = —2Ris the linearized corrected Riemann curvature operator,” where R[g +Ah] —R[g + Ah] =
kﬁ[h] + 0(A?), with I_Q[g]abxd = ﬁ (8ac&hd — &bcLad) Cf. Eq. (124) in Appendix A.4. The precise relation with the linearized
Riemann tensor operator is

. 1 2
Rikl = =5 Bolh] + ko= O ). (8)
Note that the identity R[g] — R[g] = O holds precisely when the metric g has constant curvature k. Finally, B = B is
the background Bianchi operator, which also happens to coincide with the left exterior differential d;. It satisfies the well
known Bianchi identity B[R[g]] = 0. The operators B; for | > 3, which we may call higher Bianchi operators, do not appear
to have been studied in the literature on relativity. So, as mentioned in the Introduction, the Calabi complex might also be
legitimately referred to as the Killing-Riemann-Bianchi complex.

Now we give mostly elementary arguments for the composition identities B;,; o B; = 0. Recall that if v is a vector field
(identified with a section of (oM = T*M using the metric), then the Lie derivative of the metric along v is given by the
Killing operator, £,g = K[v]. Now, suppose that T[g] is any tensor field covariantly constructed out of the metric and its
derivatives. Consider its linearization T[g +Ah] = T[g] + AT[h] + O(A?). The linearization T annihilates the Killing operator
if T[g] = 0 [32]. This fact follows from the fact that T[g] is itself a tensor field, so that

£L,T[g] = T[£,8] =T o K[v]. 9)

Letting T[glab:cd = RI€lab:cd — R[g]ab:cd we obtain the identity B, o By = —2R oK = 0, since T[g] = 0 by reason of g being
of constant curvature equal to k. Further, note that, since the metric is covariantly constant, Vg = 0, it is trivial to check
that B[R[g]] = 0, for any g. Combining this observation with the Bianchi identity, we find that B[R[g] — R[g]] = 0, for any
g. Making the dependence of B = B, on g explicit, the linearization of this identity gives

By 1:n[RIg + Ah] — Rlg + Ahl] = By[RIg] — RIg]l + A(BIR[AI] + Blh, Rig] — Rig]]) + 0(»?) = 0, (10)

where By ;:[T] = B[T] + AB[h, T] 4+ O(A?). At first order in A, we obtain the desired identity B3 o B, = —2B o R = 0. The
remaining identities, Bj.q o B; = df = 0for | > 2, follow from abstract representation theoretic reasons, described in more
detail in Appendices A.4 and A.5.

1
Eilhlo = Dlhle = V'ha — - Vah, (1)
Ex[rlap = trlrlap = Taen®, (12)
e 1 e 1 e e 1 e e
EB[b]ab:cd =V beab:cd + EV (bcab:de - bdab:ce) - E(Vcbabe:d - deabe:c ) - E(Vabcbe:d - Vabdbe:c
+ Vbbace:de - Vbbade:ce)v (]3)

1 1
E4[b]abc:de = vfbfabc:de + gvf(bdabc:ef - beabc:df) + §(deabcf:ef - Vebabcf:df)

1
+ g(vabdbcf:ef - vabebcf:df + Vbbadcf:ef - Vbbaecf:df + vcbabdf:ef - Vcbabef:df)a (]4)

2 The same corrected curvature tensor can be obtained by linearizing the mixed form R[g], of the Riemann tensor and then lowering all indices with
the background metric. This linearized mixed Riemann tensor was previously used to isolate the gauge invariant metric perturbations on de Sitter space
in [31]. That the linearized corrected Riemann tensor annihilates the Killing operator also follows from the classical analysis in [32], which noted that the
linearization of any tensor built only out of the metric and vanishing on the background spacetime is invariant under linearized diffeomorphisms.
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i 1, 1 i i
Es[blabca:er = V' iabed:er + ZV (beabed:fi — brabed:ei) — Z(Vebabcdi:f — Vrbapedice')

1 . )
- E(v{e}b(abcd}i:fl — Visybiavcayice’) s (15)

El+l[b]a1~-alzbc = ((SL[b] - (_1)lli1dR o tr[b])al---a,:bc (l > 2) (16)

The notation used in the formula for E5 is defined in Appendix A.1. Note that E; = D is the de Donder operator, used as
a linearized gauge fixing condition in the literature on relativity. Also, if R[g] is the Riemann tensor of the metric g, then
E>[R[g]] = tr[R[g]] is the corresponding Ricci tensor. The higher homotopy operators E; for [ > 2 do not seem to have
previously appeared in the literature on relativity.

1
Po[v]q :Dva+kEUaa (17)
8av tr[h]
Py[h]ep = Ohgy —k————h 2k ———, 18
1[h]ab ab nn—1) ab + <n(n_1) (18)
2 O tr[r])ap:
Py[rlap:ca = OFabicd — K=Tabiea + ka, (19)
n nn—1)
(Bn—-7) (g © tr[bDapc:
P3[b]abc:de = E]babc:de - kibabc:de - Zkiab“iea (20)
n(n—1) n(n —1)
(4n — 14) (g © tr[b])apca:
P4[b]abcd:ef = Dbabcd:ef - kmbabcd:ef + 2k%, (21)
(In— B +2) (8 O tr[b])q;.q:bc
Pl[b]a]malzbc = E]ba]-»ﬂl:bc - kmbaynal:bc + (_)Ian(n—__l])l (l = 3) (22)

Note our notation 0 = V*V, for the tensor Laplacian, which is also known as the d’Alembertian in Lorentzian signature.
The operator Py = D o K gives the wave-like residual gauge condition such that the perturbation h = K[v] satisfies the
de Donder gauge condition D[h] = 0 in linearized gravity. The operator P; = tr o(—2}~€) + K o D is the wave-like operator of
the linearized Einstein equations for gravitational perturbations h in de Donder gauge D[h] = 0.These two operators are well
known and can be found (or their close analogs can) for instance in [30, Sec. 7.5] and more they appeared in [22,25,33]. The
higher cochain maps and the corresponding identities appear to be new. Though, the identity P, = E3 0B — 2RoE, is related
to the non-linear wave equations satisfied by the Riemann and Weyl tensors on any vacuum background, sometimes known
as the Penrose wave equation. For linearized fields, a related equation is sometimes known as the Lichnerowicz Laplacian. For
more details, see references [34], [35, Sec. 1.3], [36, Sec. 7.1], [37, Exr. 15.2], [ 38, Eq. 35].

Remark 1. It is worth noting that we refer to the operators P; as wave-like because the principal symbol of P; has the
same principal symbol as the tensor Laplacian 0 = V?V,, on Lorentzian manifolds also known as the d’Alembertian or
wave operator, which is a hyperbolic differential operator. Note that the principal symbol of P, is determined only by the
principal symbols of the B; and E;. The principal symbols of B; are metric independent, while those of E; depend on the
metric g of the background pseudo-Riemannian manifold (M, g). However, we are actually free to choose any metric, say
g’ that is different from g, to construct the cochain homotopy operators, say E,. The principal symbol induced cochain maps
P = E[_; o Bi11 + B; o E] will then still only depend on one metric, g, and be equal to the principal symbol of the tensor
Laplacian O’ defined with respect to g’. Thus, if we choose g’ to be Riemannian, we can induce cochain homotopies P that
are elliptic. The operators P, will of course differ from the P; by terms of lower differential order that would depend on both
g and g’. This remark will be very useful in Proposition 9 in the discussion of the local exactness of the Calabi complex.

2.3. Formal adjoint complex

Given a linear differential operator f: I"(E) — I"(F), between vector bundles E — M and F — M, its formal adjoint is
a linear differential operator f*: ' (F*) — I'(E*), where we have used the notation for the bundle vr =y Qm A™ of
dual densities of a vector bundle V. — M, defined as the tensor product of the its linear dual bundle V* — M with that of
densities A"M — M on the base manifold if dimension dim M = n. The formal adjoint operator is defined to be the unique
differential operator such that a Green formula holds,

v - fIE] = Y] - & = dGly, €], (23)
forany ¢ € F(I:"*),S € I' (E), and some bilinear bidifferential operator
G: I'(F* xy E) — I'(A"™'M). (24)

A formal adjoint operator always exists and is unique [39,40,27].
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In the presence of background pseudo-Riemannian metric g on M, we can canonically identify the trivial bundle R x M
with A"M, via multiplication by the canonical volume form &, ...q, with respect to g (¢ € £2"(M)), and also V = V* for any

tensor bundle V — M, by lowering and raising indices with g, thus also canonically identifying V = V*. Below, we will take
formal adjoints with respect to this identification. Recall the identity [41]
g2 Mgy gy = (—1)°(n — 116, (25)

(where s counts the number of minuses in the signature of the metric g, with s = 1 for Lorentzian metrics with mostly-plus
convention) and define

—1)
o= TV anea, Gayoa (26)
n—1)! 2
so that Gg,...q, = €aa,.--a,G*. The right hand side of the formal adjoint Eq. (23) can then be rewritten as
(=1 aby---b a

dG)ay.ay = Tsa]mans nVoGp,...h, = Eay--ay VaG' s (27)
with the whole equation becoming

V- fIEl = (¥]- & = VoG (Y, €], (28)

where the dot indicates contraction of indices using the metric g between two tensors of the same index structure.
With this notation, the formal adjoint Calabi complex (C,, B}) fits into the following diagram:

BT B; B: B

0 Go G G G- Ca 0
B
B 7 B 7 e 7 B 7
1 - 2 s 3 7 n
p;ﬁ Pﬂ 2 py e Ly , (29)
L7 p* L7 px 7 pk i

B} B -7 B3 B}y

0 Co G G Cs--- Ca 0

where we have identified 6;" = ( using the background metric. Note that all the analogous identities are satisfied, the

solid arrows in the diagram commute and the dashed arrows are homotopy operators inducing the vertical cochain maps,

P = B} ,oE}, ; +E{ oB}.The main difference is that the B} now decrease the degree index by one instead of decreasing it. The

usual numbering convention can be achieved by relabeling, but we shall not do so here, expecting that no confusion will arise.
Recall that the final differential operator B,, of the Calabi complex is

Bn[b]a1---an:bc = dL[b]a1--~an:bc = nv[m baz--lan]:bm (30)
where b € I'(G,_1M). To compute its formal adjoint, letc € I"(C,M) and consider first the identity, derived in Appendix A.6,
Va(Caazmawbcbaz~-~an:bc) = Ecaaz a"'deL[b]aazman:bc + 8.[c]* anAbeazwan:bc- (31)

Note that the operators d; and §; specifically produce tensors of the appropriate Young type. Therefore, the formal adjoint
operator By is given by the formula

1
B:[C]a2~«~an:bc - _H‘SL[C]azuan:bc (32)
1 a 2 a
= —EV Caaz,“an:bc - mv C[b|a2--»an:\cja’ (33)

with the Green form represented by G*[c, b] = %6“2"'”":”Cbaz...an;bc.

While this operator B} may look unfamiliar, after a further local invertible transformation the equation B}[c] = 0
becomes equivalent to the well known rank-(n — 2) Killing-Yano equation. Let us define a rank-(n — 2) anti-symmetric
tensor y3" such that

Calman:bc = 3(11-»»anqucngbcq»ucn7 (34)
1
Gt = glrng b 35
Y 2(n—2)l(n— 1! a--anibe G5)
It is straightforward to check using the hook formula (Appendix A) that the tensor c of Young type (2, 2, 1"~2) has the same
number of independent components as the tensor y of Young type (1"~2). To transform the equation satisfied by c into the
Killing-Yano equation satisfied by y, we will need the following identities, which follow from the general properties of the
& tensor [41]:

927N e = 2(n — 2)!(n — 1)18%y O, (36)

- bces - 2. ,b3--by clagcs cnl
£ MG a8 = (n — 1)PyPanglis s, (37)
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Contracting one ¢ tensor with each index group of the equation Bj;[c] = 0 we get

0 = &% B [Clay-..qppc € (38)
1 ! 2 !
= —EV’J gﬂazmﬂnCa/az"'an:bcgbCCg-“Cn — mva SaazmanCbazu.an:m/SbCQ-NCn (39)
2
= —=(n— Dl —2)! (Vo= — ylays=al) (40)
n

Note that the derivative V9y“3n takes values in the tensor bundle of Young type (1) ® (1"72). Using the well-known
Littlewood-Richardson rules [29,42] this representation decomposes into the direct sum (1)"~! @ (2, 1"3). Note that the
antisymmetrization of the above equation gives zero. Thus, the independent components of the equation satisfied by y take
values in a tensor bundle of Young type (2, 1"~3), which has two columns, of lengths n — 2 (filled with indices belonging to y)
and 1 (filled with index belonging to V). It is also well-known that this representation can be isolated by antisymmetrizing
along the columns and symmetrizing any two indices between the columns. In our case, the antisymmetrization has no
effect (y is already antisymmetric) and the symmetrization, after lowering all indices, gives the equation

KY [Ylacs---cn = VaYez)cn = 0, (41)

which is none other than the rank-(n — 2) Killing-Young equation, whose solutions are called rank-(n — 2) Killing-Young
tensors or Killing (n — 2)-forms [43]. We refer to the differential operator KY as the Killing-Young operator. So, in the
same sense that the Calabi complex constitutes the compatibility complex of the Killing equation on a constant curvature
background, so would the formal adjoint Calabi complex for the rank-(n—2) Killing-Yano equation on the same background,
provided that the formal adjoint complex is formally exact. In general, taking formal adjoints does not preserve exactness [44,
p.449]. However, as we shall see later, the Calabi complex is formally homotopy equivalent (Section 3.2) to a twisted de Rham
complex (Section 2.4, Corollary 10), whose formal adjoint is another twisted de Rham complex. Since taking formal adjoints
does preserve formal homotopy equivalence and twisted de Rham complexes are always formally exact (Proposition 2), this
argument shows that the formal adjoint Calabi complex is in fact formally exact.

2.4. Equations of finite type, twisted de Rham complex

The Killing and Killing-Yano equations, which lie at the base of the Calabi and its formal adjoint differential complexes,
are well known examples of partial differential equations of finite type [16,14,11]. That is, in any neighborhood of a point
X € M they admit only a finite dimensional space of solutions. Each solution is fully determined by its value and finitely
many derivatives at x. For the Killing and Killing-Yano equations only the first derivatives are required. This is a strong
kind of unique continuation. Such equations are called regular if the dimension of the solution space in a sufficiently small
neighborhood of a point x € M is independent of x. That number may, however, differ from the dimension of the global
solution space, which can be strictly smaller in the presence of topological or geometric obstructions to continuing local
solutions to global ones.

Regular equations of finite type have a very simple existence theory. Let F — M and E — M be two vector bundles,
together with a differential operator e: I"(F) — I'(E) of order [ such that the equation e[y/] = 0, for ¢ € I'(F), is finite
type and regular. This means that there exists an integer k such that the knowledge of j*y (x) for any x € M is sufficient to
determine the components of all higher jets of ¢ at x. Prolongation of the equation to order k (Appendix C) gives the bundle
map p*~le: J*F — J*IE. By the regularity hypothesis, the map is of constant rank, so its kernel V = kerp*~'e C J¥F is
a vector bundle over M. Since all higher derivatives of a solution 1 at x are uniquely determined by j*y (x) and j*v only
takes values in V, there is a unique n-dimensional hyperplane in T,V that is tangent to the graph of a solution v such
that j*4 (x) = (x, v). These hyperplanes define an n-dimensional distribution on the total space of the bundle V and it is
straightforward to check that this distribution is involutive (Lie brackets of vector fields valued in the distribution remain
valued in the distribution). Thus, by the theorem of Frobenius [45], V is foliated by n-dimensional leaves tangent to the given
hyperplane distribution. Locally, these leaves are precisely the graphs of solutions to the equation e[1{/] = 0. Thus the rank
rk V is precisely the dimension of the local solution space on any sufficiently small, connected open set in M.

As we have already mentioned, both the Killing and Killing-Yano operators, K : I'(T*M) — I'(S?M) andKY : I" (A" 2M)
— I (Y(“H)T*M), define finite type equations. By the virtue of their covariance, they are also regular on any pseudo-
Riemannian symmetric space, which includes constant curvature backgrounds. Furthermore, on constant curvature spaces,
the dimensions of their local solution spaces are rk Vi = rkViy = n(n + 1)/2 [43].

The n-dimensional hyperplane distribution on V and the resulting foliation described above can also be described in
another way, namely as a flat linear connection on V' C J*F [46, Sec. 2.1.3]. The connection is linear because the original
equation e[vr] = 0 is itself linear. A linear connection on V — M can alternatively be described by a first order differential
operator D: I'(V) — I'(T*M ® V) defined by the property

Dlwj*y] = do ® j*y, (42)

for any w € C®°(M) and solution ¥ € I'(F) of e[y], where its k-jet is treated as a section j*¢y : M — V. That is, a section
¢ € I'(V) € I'(J*F) is constant on an open set U C M iff it coincides with the k-jet of a solution of e[y] = 0 on U. So, it
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is clear that the equations e[v/] = 0 and D[¢] = 0 are equivalent (their spaces of local solutions are locally isomorphic).
As discussed in Appendix C this means that there exist differential operators f, f', g, g’, p and g, which fit into the following
diagram (again, for brevity we use the bundle symbols to stand in for their spaces of sections)

and satisfy the following identities:
Dof=f"oe, gof=id+poe, (44)
eog=g oD, fog=id+4+qoD. (45)

We have already seen that on solutions, the map f simply agrees with the k-jet extension operator j*. Thus, as a differential
operator of order k, it can be chosen to be any projection of JXF to its subspace V. The choice of this projection then determines
the differential operator f’. The differential operators g and g’ are constructed in similar ways, making sure that f and g are
mutual inverses on solutions. The freedom in the choice of f, f, g and g’ also determine the operators p and q.

When it comes to a specific case, say the Killing or Killing-Yano equation, its equivalence to a local constancy condition
with respect to a connection can be made explicit only once the solutions are themselves explicitly known. Thus this
equivalence is mostly of theoretical, though non-negligible, interest.

Having defined the flat vector bundle (V, D) corresponding to a regular equation of finite type, there is a standard
procedure to construct a differential complex associated to it. It is called the twisted de Rham complex associated to (V, D),

0— V-3 AMeV -3 A22MeV.-.- 25 A"M@V ——0, (46)

where D has been extended to a twisted de Rham differential, defined on sections of AXM ® V by the condition

Do ® ¥]1 =dw ® ¥ + (—1)*w A DY, (47)

for any w € I'(A*M) and € I"(V), where we recall that D is a section of T*"M ® V = A'M ® V and apply the wedge
product of forms in the obvious way.

Remark 2. Locally (on sufficiently small contractible open sets), this twisted de Rham complex consists rk V copies of the
ordinary de Rham complex. Globally, of course, if the base manifold M is not simply connected, the twisted de Rham complex
(A*M ® V, D) will differ from rk V copies of the ordinary de Rham complex (A*M, d) because of the possible non-trivial
bundle structure of V — M or the non-trivial monodromy D (parallel transport with respect to D along closed loops). The
importance of the twisted de Rham complex will become clear in Section 3 where we discuss the connection between the
cohomology of differential complexes and sheaf cohomology.

For later convenience, we shall denote the twisted de Rham complexes associated to the Killing and Killing-Yano
equations, respectively, by (A*M ® Vi, Dx) and (A*M ® Viy, Dgy).

3. Cohomology of locally constant sheaves

The main reasons for introducing some of the general sheaf and sheaf cohomology machinery below are two fold. First,
we have made a connection between the abstract notion of sheaf cohomology and the cohomology of a differential complex.
A priori, computing the cohomology of differential complex is a very hard problem, because it involves solving partial
differential equations. On the other hand, because of the flexibility of the general machinery of sheaf cohomology, it may be
computable in some effective way, for instance, by reducing it to a problem in finite dimensional linear algebra. The canonical
example of where this connection can be leveraged is the computation of de Rham cohomology groups of a manifold M
using the equivalent (through sheaf theoretic machinery) computation of the simplicial (or cellular) cohomology of a finite
triangulation (or cell decomposition) of M. The second reason is that the ideas that have been introduced give us some tools
to explicitly show that the cohomologies of two different differential complexes are isomorphic as long as both complexes
are formally exact, locally exact and resolve the same sheaf in degree-0 (this terminology is introduced below).

3.1. Locally constant sheaves

Recall from Section 2.4 that a regular linear differential equation of finite type has only a finite dimensional space of local
solutions, with this dimension being constant over the base manifold. It so happens that, from an abstract point of view,



140 I. Khavkine / Journal of Geometry and Physics 113 (2017) 131-169

it is convenient to view these local solutions as a locally constant sheaf of vector spaces. A sheaf F of vector spaces on a
topological space M [47,48] is an assignment U — ¥ (U) of a vector space (of local sections over U, ¥ (&) = 0) to each open
U C M satisfying the following axioms: (restriction) for any inclusion of opens U C V there exist linear restriction maps
F V) - F(U),alsowrittenf +— f|y, such that U C U induces the identity mapand U C V C W induces # (W) — F(U)
in agreement with the composition #(W) — F(V) — F (U); (descent) any pair of opens U and V induces an exact
sequence0 - F(UUV) - FU) x F(V) - FU NV) — 0, where the first map isf — (f|y,f|v) and the second
oneis (f,g) — flunv — &lunv. We write I'(F) = I'(M, F) = F (M) for the vector space of global sections of the sheaf
F . A sheaf is called locally constant when the number dim¥; = maxys, dim # (U), where U ranges over connected open
neighborhoods of x € M, is finite and does not depend on x, so we can write dim# = dim%;. Since dim % (U) can only
decrease for larger connected U, for any x € M there exists a connected neighborhood U of x such the vector spaces of local
sections over smaller connected neighborhoods stabilize (the restriction map becomes an isomorphism), so that we can
write £ (U) = F for some fixed vector space F that we call the stalk of #. Clearly, dimF = dimF . Also, ¥ is called constant
when it is locally constant and I"' (¥) = F.

Given a vector bundle F — M, the assignment ¥ (U) = I'(F, U) of local sections of F over each open U C M defines a
sheaf F on M, called the sheaf of (germs of) sections of F — M. Similarly, it is straightforward to check that, given another
vector bundle E — M and a linear differential operatore: I'(F) — I'(E), the sets 8.(U) = {¢ € '(F,U) | e[yr] = 0} of
solutions of the partial differential equation e[{r] = 0 also define a sheaf 4, on M, called the solution sheaf of e: I'(F) —
I' (E). Following the preceding discussion of equations of finite type, it should be clear that solution sheaves X = 4§ (the
Killing sheaf ) and X Y = 8y (the Killing-Yano sheaf ) of the Killing and Killing-Yano equations are locally constant, provided
the background pseudo-Riemannian manifold is chosen such that these equations are regular. Another important example
is the constant sheaf Ry, = 44 of locally constant functions, which solve the equationdf = 0,f € C*°(M) and d the de Rham
differential.

Sheaves are important because every sheaf & (of vector spaces) on M automatically comes with an abstract notion of
sheaf cohomology (vector spaces) H? (M, ¥), called the pth or degree-p cohomology of F, or of M with coefficients in F.
Moreover, all classical cohomology theories from algebraic topology can be identified with the cohomologies of certain
sheaves. Further, some superficially different looking cohomologies theories may be connected through the fact that they
are both equivalent to the sheaf cohomology of the same sheaf. In particular, the classical simplicial, cellular, singular, Cech
and de Rham cohomologies of a manifold M all coincide [49,47,48] because they are each equivalent to the cohomology of
M with coefficients in the sheaf Ry, of locally constant functions.

The intrinsic definition of sheaf cohomology is somewhat involved and not entirely intuitive (unless one is already
intimately familiar with Cech cohomology and the notion of local coefficients). Fortunately, the intrinsic definition can be
relegated to standard references [47,48] in favor of an equivalent but more practical definition using acyclic resolutions. To
explain further, we need to introduce some terminology. A complex of sheaves of vector spaces

Fi Fi ... (48)

consists of an assignment of linear maps %;(U) — ¥i;1(U) to each open U C M, in a way consistent with restriction maps,
such that we have a complex of vector spaces of local sections (two successive maps compose to zero)

Fi(U) Firr(U) —— - (49)

for each open U C M. A local section in F;(U) that is in the kernel of the corresponding map is called a cocycle and a
local section in #;(U) that is in image of the corresponding map is called a coboundary. A sheaf complex is exact when,
for each x € M, open neighborhood U € M of x and local section « € #;(U), there exists a possibly smaller and «-
dependent open neighborhood U’ C U of x such that «|y is a coboundary. For a complex of sheaves, like (48), we could
define its cohomology sheaves J'(F,) (distinct from sheaf cohomology, to be defined later), by starting with the assignment
H(FHU) = ker(FU) — Fipq(U))/im(F_1(U) — F(U)), which may not produce a sheaf but only a presheaf, and
applying the shedfification construction to it. We will not go into the details of how sheafification turns presheaves into
sheaves here, but they can be found in standard references [47,48]. It suffices to point out that given a sheaf complex in
non-negative degrees, 0 — F, — F — - - -, the vector space #°(F,)(U) € F,(U) consists of all cocycle local sections. In
the sequel, we shall only need to refer to such cohomology sheaves in degree-0. Given a sheaf F, if # — %, is a complex
of sheaves such that %; = 0 fori < 0, #°(F,) = ¥, and #'(¥,) = 0 fori > 0, we call it a resolution of the sheaf #.

In the sequel, we shall only consider sheaves of sections of vector bundles or of solution of some linear PDE and only
complexes of sheaves where maps between the vector spaces of local sections are induced by restrictions of differential
operators, for which the compatibility with restrictions is automatically satisfied.

3.2. Acyclic resolution by a differential complex

The de Rham complex [49] is the canonical example of a complex of sheaves of sections of vector bundles (differential
forms on M), with maps induced by differential operators (de Rham differentials). The Poincaré lemma then demonstrates
that this complex of sheaves is exact. For simplicity, we shall call a differential complex (F,, f,) a sequence of vector bundles
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F; — M and differential operators f;: I'(F,_1) — I'(F;) satisfying f; o fi_1 = 0, while implicitly setting F_; = 0 and
fo = 0. Given a differential complex, it is natural to define its cohomology vector spaces to be the cohomology of the
cochain complex of global sections, H!(F,, f,) = H!(I"(F,), f.), which we also refer to as the cohomology with unrestricted
supports. Since differential operators do not increase supports, we can equally consider the cohomology of the differential
complex with compact supports, defined as Hé (F.,f.,) = H(I'.(F,), f.). A differential complex naturally defines a complex
0 —> ¥y —> F1 — --- of sheaves of sections of these bundles, ;(U) = I' (F;, U). A differential complex is said to be locally
exact if it defines an exact complex of sheaves. Local exactness is a very strong property that is crucial in the relation of the
cohomology of a differential complex to sheaf cohomology, which we discuss next.

In general, given a complex of sheaves F; — i1, we call it an injective resolution of a sheaf # if it is a resolution of F
(namely, % = 0fori < 0, it is exact except for #°(F,) = ¥), and each ¥ is injective. The injectivity condition is somewhat
technical. The same can be said for the fact that every sheaf has an injective resolution. So we will not go into them here
and defer to standard references instead [47,48]. We will need these notions only for the following definition. The degree-i
sheaf cohomology vector spaces H'(¥) = H'(M, ¥), also called the degree-i cohomology of M with coefficients in #, as the
cohomology vector space of the complex of global sections of any injective resolution % — i1 of , H'(¥) = H'(I'(%.)).
It is important to note that sheaf cohomology is well defined. It does not depend on the chosen injective resolution, because
the injectivity condition implies the existence of a homotopy equivalence between the complexes of global sections of any
two such resolutions, thus forcing their cohomologies to be isomorphic. This is another technical fact that we shall not go
into here.

Instead, we make note of yet another technical fact that provides a practical way to compute sheaf cohomology. For
that, we need two more definitions. A sheaf # is called acyclic if H(¥) = 0 for alli > 0, though as usual the degree-0
cohomology H*(¥) = I'(F) is isomorphic to the vector space of global sections of #. A sheaf ¥ on M is called soft if for
any closed A € M the restriction maps ¥ (M) — ¥ (A) are surjective, where ¥ (A) = (), F (U) with U ranging over all
open sets that contain the closed set A. In other words, given an open U € M and a closed subset A C U, a local section
on U can always be extended to a global one on M without modification on A, but possibly modified on U\A. What is really
important for us is the following.

Proposition 1. (i) If ¥ is a sheaf on M, and ¥ — ¥i,1 is a resolution of F by acyclic sheaves (acyclic resolution), then
H'(M, F) = H'(I"(M, F,)). (ii) Any soft sheaf on M is acyclic. (iii) Given a vector bundle F — M, the sheaf ¥ of sections of F
is soft.

Proof. Any standard discussion of sheaf cohomology establishes (i) and (ii) [47,48]. On the other hand, (iii) is simply a
restatement of the well known Whitney extension theorem for smooth functions [50, Thm. 2.3.6]. O

Note that the complex of sheaves corresponding to a differential complex then automatically consists of acyclic sheaves.
The above proposition essentially tells us that, given a resolution of some sheaf # on a manifold M by a locally exact
differential complex (F,, f,), the sheaf cohomology of ¥ and the cohomology of the differential complex will coincide,
H!(F) = HI(F,, f.). This observation will be particularly important later in Corollary 12.

Next, we discuss some conditions ensuring that the cohomologies of two given differential complexes are isomorphic. As
we have now seen, local exactness is a very strong and useful property, unfortunately it can be difficult to check in practice.
Two weaker notions of exactness exist that are easier to check in practice. To formulate them, we refer to the notions of
jets and jet bundles, together with associated constructions like prolongations and principal symbols, all briefly recalled in
Appendix C. Given a sequence of vector bundles F; and a complex of linear differential operators f;: F;_1 — F;, each of order
k;, their prolongations define a complex of vector bundle morphisms,

plif; plitfig

J'Fiy JiF; JHFyy ———— (50)
withl; = | — k; and li;1 = | — k; — ki1, for each sufficiently large I. The differential complex is said to be formally exact
if the above compositions are exact, as linear bundle maps over M, for any values of [ and i for which they are defined. On
the other hand, given (x, p) € T*M, the principal symbols of the differential operators f; define a complex of linear maps

between the fibers of F; at x,

X, f’ X, f’
Fi1x e Fix Ter Fit1x cee (51)

The differential complex is said to be elliptic if the above complex is exact for every (x,p) € T*M, p # 0. These two
weaker notions are distinct [51]. Formal exactness is a good hypothesis for showing that differential operators factor in
certain ways. On the other hand, ellipticity is a condition that can be used to prove local exactness, via the method of
parametrices and fundamental solutions. However, the general question of determining necessary and sufficient conditions
for local exactness for differential complexes is a difficult and still open problem. The main conjecture is sometimes known
as Spencer’s conjecture: a formally exact, elliptic complex is locally exact [ 14,51,52]. On the other hand, some supplementary
sufficient conditions are known for an elliptic complex to be locally exact. A prominent condition of this kind is known as
the 8-estimate [27, Sec. 1.3.13], which first appeared in the works of Singer, Sweeney and MacKichan [14].
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Proposition 2. The twisted de Rham complex associated to the flat bundle (V, D) defined by a regular differential equation of
finite type, defined in Eq. (46), is formally exact, elliptic and locally exact.

Proof. AsnotedinRemark 2, the twisted de Rham complex is locally (on sufficiently small contractible open sets) equivalent
to rk V copies of the ordinary de Rham complex. To see the equivalence, it suffices to locally choose a D-flat basis frame for
V. Since all of the desired properties, formal exactness, ellipticity and local exactness are purely local, it suffices to check
them for the ordinary de Rham complex. It is well known that each of these properties does hold for the de Rham complex,
having served as a model example for each. Formal exactness and ellipticity are discussed, for instance, in [14,11,27] and
[53, §XIX.4]. On the other hand, local exactness is essentially the content of the Poincaré lemma [49].

There is another way to establish local exactness that bypasses the Poincaré lemma and does not require an explicit
local choice of a D-flat basis frame for V. In particular, as discussed for instance in the given references, local exactness and
ellipticity are independent of such a choice. Then, local exactness follows provided the initial operator of the complex, the
connection operator D: I'(V) — I'(T*M ® V), satisfies the §-estimate. According to Example 1.3.58 of [27], any linear
connection operator satisfies the §-estimate. Hence, by Theorem 1.3.61 of [27], the twisted de Rham complex is locally
exact. 0O

As is well known in homological algebra, cochain maps and homotopies between them are important concepts, the
first because they descend to cohomology, the second because equivalence up to homotopy descends to isomorphism on
cohomology. When dealing with differential complexes, it becomes important to distinguish the case where the cochain
maps and homotopies are defined by differential operators. The most important notion we will need is that of a formal
homotopy equivalence. Let (F,, f,) and (G,, g,) be two differential complexes. They are said to be formally homotopy equivalent
provided there exist differential operators e;, h;, u; and v; fitting into the diagram (we use the bundles to stand in for their
spaces of sections)

€ €it1
LTS L7700 7T TS L7770
. F._ F; F; ..
i—1 1 i fir1 i+1
Uqu{“ifl UiH{“i UH]W\LWH ’ (52)
&i 8i+1
Gi—1 Gi Git1 e
r\\_-‘/ (\‘_’// K\»_,, -
hi hitq

where the squares composed of solid arrows commute (cochain map condition on u; and v;) and the dashed arrows
are homotopy operators with respect to which u; and v; are quasi-inverses, v; o u; — id = ejy1 o fit1 + fi o e; and
ujov; —id = hjy1 o giy1 +giohi

Lemma 3. Consider two differential complexes (F,, f,) and (G,, g,) that start in degree 0, also denote the corresponding
complexes of sheaves of sections as ¥; — Fiy1 and $; — Gir1. Suppose that both differential complexes are formally exact,
except in degree 0. Further, suppose that the equations fi[¢] = 0 and g,[y] = 0, with ¢ € I'(Fp) and y € I'(Gyp), are
equivalent, or in other words the degree-0 cohomology sheaves are isomorphic to some given sheaf ¥ = #°(%,) = #°(4.).

(i) Then there exists a formal homotopy equivalence between these differential complexes and their cohomologies are
isomorphic, both with unrestricted and compact supports (or any other kind of restriction on supports):

H'(F..f.) = H'(G,,g) and H!(F.,f) = H!(G.,g). (53)

(ii) If one of the differential complexes is locally exact, then both are locally exact and their cohomologies both compute the
sheaf cohomology of ¥ :

H'M, ¥) = H'(F..f.) = H'(G., g). (54)

Proof. (i) Equivalence of the equations fi[¢] = 0 and g;[y] = 0 means (Appendix C) that there exist differential operators,
sayug: I'(Fo) = I'(Gp) and vg: I'(Gg) — I'(Fp), such that vgoug[¢p] = 0 whenever f[¢] = 0 and such thatugovg[y] =0
whenever g1[¢] = 0. In other words, there exist differential operators ey : I'(F;) — I'(Fp) and hy: I'(G;) — I'(Gp) such
that vp o ug = ey o f; and ug o vg = h; o g1. These differential operators are the initial step in establishing the desired formal
homotopy equivalence.

We proceed by a standard induction argument from homological algebra (in fact, a version of this argument proves the
independence of sheaf cohomology from the injective resolution used to compute it). Assume that all the desired differential
operators have been defined up to e;, h;, u;_; and v;_1, which also satisfy the desired identities. We can easily verify the
identities

(giouji_1)ofii1=(gog-1)oli_,=0, (55)
(fiovi) ogi1 = (fiofic1) ovi, =0, (56)
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which together with the formal exactness of the compositions f; o f 1 = 0 and g; o gi_; = 0 imply the factorizations
gioui_1 = u;ofiand f; o vi_; = v; o g, for some differential operators u;: I'(F;) — I'(G;) and v;: I'(G;)) — I'(F) (see
Appendix C). Further, we can also verify the identities

(viou;—id —fioe)ofi= (viog)oui1 —fi—fioeiof (57)
=fio(Wi—1oui_1) —fi—fioeiofi=0, (58)

(Ujov;i—id —gioh)og = (Uof)ovi1 —g —gohiog (59)
=gio(U_10vi_1) —g —gohog=0, (60)

which again together with formal exactness imply the factorizations v;jou; —id — fioe; = ej;1 ofi1 and yjov; —id —gjoh; =
hit10gi.1, for some differential operators e;1: I'(Fi1) — ['(F})) and hiy1: I'(Giz1) — I'(G;). This concludes the inductive
step.

IIJ\IOW, let us consider the cohomology of these complexes, H (F,, f,) = H!(I"(F.), f,) and H(G., g,) = H'(I"(G,), &,). As is
well known from homological algebra, a homotopy equivalence (of which a formal homotopy equivalence is a special kind)
induces an isomorphism in cohomology: H'(F,, f,) = H'(G., g.). However, if the operators implementing the homotopy
equivalence are differential operators, as in this case, we can replace unrestricted sections I"(—) by sections with compact
supports I'.(—), so that H:(F,, f,) = H'(I'.(F.),f.) and H.(G,,g.) = H'(I'.(G.), g&). The homotopy equivalence of the
resulting complexes still holds because differential operators do not increase supports, and so we still have an isomorphism
in cohomology: Hi (Fo,fs) = Hg (G., g.). Incidentally, instead of compact supports, any other family of supports would do as
well.

(ii) By the local exactness hypothesis, both differential complexes provide resolutions of the sheaf # (which happens
to be isomorphic to the solution sheaves §;, = HO(F,) and 8, = #°(4.)). Then, by Proposition 1, these resolutions are
acyclic and hence the corresponding cohomologies with unrestricted supports compute the sheaf cohomology of #. This
concludes the proof. O

3.3. Generalized Poincaré duality

In Section 3.2, we discussed how the cohomology Hi(F,, f,) of a differential complex can, under optimal conditions,
be equated with the cohomology H(F) of the sheaf resolved by (F,, f.). However, even under optimal conditions, this
connection breaks down if we consider cohomology Hé (F,, fo) with compact (or some other family of) supports instead of
unrestricted ones. What we discuss below is a way to relate cohomology with compact supports to that with unrestricted
supports, a kind of Poincaré duality.

For the de Rham complex on a manifold M, dim M = n, a well known formulation of Poincaré duality is the isomorphism
HP(M) = H"P(M)*[49, Rmk. 5.7] between the linear dual of cohomology in degree-p and compactly supported cohomology
in degree-(n — p). This isomorphism is induced by the existence of a non-degenerate natural pairing between p-forms and
(n — p)-forms on M and its non-degenerate descent to cohomology. The goal of this section is to leverage the properties
of the Calabi complex and its formal adjoint complex that were discussed in the preceding section to demonstrate a
generalized version of Poincaré duality, which effectively computes the cohomology with compact supports in terms of
sheaf cohomology.

There are two ways to establish generalized Poincaré duality for a differential complex (F,, f,) that would be applicable
to the case of the Calabi complex and its formal adjoint. One of them, discussed in Section 3.3.1, relies on the fact that the
corresponding complex of sheaves resolves the sheaf of solutions of a regular differential equation of finite type (a locally
constant sheaf). This method is somewhat more elementary. The other, discussed in Section 3.3.2, works for any elliptic
complex, but requires some results from functional analysis and distribution theory. Either of these results, as will be shown
in Section 3.4, can be applied to prove generalized Poincaré duality for the Calabi complex and its formal adjoint complex.

3.3.1. Twisted de Rham complex

First, we will discuss the twisted de Rham complex, as introduced in Section 2.4. The results will then apply to the Calabi
complex and its formal adjoint by virtue of Lemma 3. The strategy is straightforward and reproduces the logic of the proofs
of the ordinary Poincaré duality, cf. [49, §5], [54, Ch. 11], or [55, Sec. V.4]. First, generalized Poincaré duality is shown to hold
on contractible open patches. Then, given a “good cover” of the manifold consisting of such patches, we use a version of the
Mayer-Vietoris exact sequence as an inductive step to conclude that generalized Poincaré duality also holds on the entire
manifold.

First, recall that we denote the fiber of the vector bundle V — M by V. Then, V* is the fiber of the dual vector bundle
V* — M. We are interested in the relation between the cohomology of the twisted de Rham complex H:(A*M ® V, D)
and the compactly supported cohomology of the formal adjoint complex, which happens to be (A*M ® V*, D), where the
connection D has been extended to V* — M by theruled(& - ) = (D§) - v + & - (DY), with&é € I'(V*) and ¢ € I'(V).
Presuming that M is oriented, which is a prerequisite for integrating top-degree forms, there is a duality pairing between
elements of I'(APM ® V) and I'.(A"™PM ® V*) given by the formula

<s,w>=/M<sw>, (61)
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where ((@®E)A(BRV)) = (@AB)®(&-yr). The formal adjoint relation is established (up to signs) for € I'(A" P"IM®V*)
and ¥ € I'(APM ® V) by the identity

d(§ A) = ((DE) A ) = (=D)"P(E A (D). (62)

Lemma4. Let U C M be an oriented contractible open set. Then, generalized Poincaré duality holds, H?(A*M ® V|y,D) =
H¢ P(A*M ®V*|y, D)*, because all of the cohomology spaces vanish except H*(A*M ®V, D) = V and H' (A*M ®V*, D) = V*.

Proof. As we have already noted in the proof of Proposition 2, a choice of a locally D-flat basis frame for V over U C M
identifies the twisted de Rham complex with rk V copies of the usual de Rham complex. Since U is contractible, such a
choice is always possible. Moreover, the pairing (61) reduces to the usual pairing between forms and compactly supported
forms of complementary degrees on an oriented manifold. Thus, we can easily conclude that
HP(A*M ® V|y,D) = HP(U) ® V, (63)
HI™P(A*M ® V*|y, D) = H} P(U) ® V*. (64)
Recalling that, for contractible U, HP(U) = 0 except for H®(U) = R and H¢ P (U) = 0 except for H] (U) = R, concludes the
proof. O

Lemma 5 (Mayer-Vietoris). Consider two open subsets U, W C M. We have the following long exact sequences in cohomology
with unrestricted and compact supports, which we shall for brevity denote as H'(—) = H'(A*M ® V|_,D) and H(—) =
HI(A*M ® V*|_, D):

0—— H(UWUW) — H'(U) @ HO(W) — HY(UN'W) j

[»Hl(UUW) — s H'WU)®H'W) — HUNW) — ...

0 —— HY(UNW) — HY(U) ® HY(W) — HX(U U W)
7 (66)

[ﬁHC](UﬂW)HHC](U)EBHC](W)HHQ(UUW)H e

Proof. Bothlong exact sequences in cohomology follow from short exact sequences of cochain complexes. These short exact
sequences, where for brevity we write I"'(=) = '(A'M @ V|_) and I'} = I'(A'M ® V*|_) are

0—— IMUUW) — I'U) & I' W) — U nNw) —s 0, (67)

0—— IIUNW) — I[U) ® T[H(W) — I(UUW) — 0. (68)

In the first sequence, the maps are restrictions, « +— («|y, &|w) and («, B) — (¢|ynw — Blunw). The exactness follows
from the usual ability to restrict and glue together smooth sections over open regions, also known as their sheaf property. In
the second sequence, the maps are extensions by zero, « — (), o) and (a, B) > af°" — BY“". The exactness follows
from the existence of a smooth partition of unity adapted to the cover of U U W by U and W.

These maps are clearly compatible with the connection differential operator D and so are cochain maps. The general
connection between short exact sequences of cochain complexes and long exact sequences in cohomology (Appendix B)

gives the desired long exact sequences and concludes the proof. O

Proposition 6. Given a flat vector bundle (V,D) on an oriented n-dimensional orientable manifold M, the unrestricted
cohomology HP = HP(A*M ® V, D) of the associated twisted de Rham complex and the compactly supported cohomology
P = HP(A*M ® V*, D) of its formal adjoint complex satisfy generalized Poincaré duality:

HP = (H'P)*. (69)

Note the asymmetry of the isomorphism. The reverse identity (H?)* = H; ? also holds when the cohomology vector
spaces are finite dimensional, but in general may not when they are infinite dimensional.
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Proof. In this proof, we shall use induction over a special kind of open cover of M. An open cover (Uy) of M is called good
if it is locally finite, every nonempty finite intersection Uy, N - - - N Uy, is diffeomorphic to R", and it is closed under finite
intersections. In particular, each of the Uy is itself diffeomorphic to R" and thus contractible. Good covers are known to exist
for any manifold [49, Thm.5.1]. Inducing an orientation on each element of the cover from the orientation on M, Lemma 4
establishes the desired duality relation for any Uy and thus the initial step of the inductive argument.

Next, we show, provided the desired duality relation holds on any finite union Uy, U- - -UUy,,_, of m sets, that it also holds
on any finite union Uy, U- - - UUy,, of m+1 sets as well. Of course, we take all such unions to be oriented in a way compatible
with the global orientation on M. Let U = Uy,,, W = Uy, U - - - U Uy, and notice that both W and W N U are finite unions
of m sets from the cover (recall that the cover is closed under intersections). The fact that the pairing (61), well defined on
a given oriented, open U C M, descends to cohomology means that we always have a mapping H?(U) — H¢ P(U)*, which
may or may not be an isomorphism. It is in fact an isomorphism on U and, by the inductive hypothesis, alsoon W and WNU.
Combining the long exact sequences of Lemma 5 for W and U together with these maps and isomorphisms, we obtain the
following diagram (notice the arrow reversal by linear duality in the second row):

HP(W U U) —— HP(W) @ HP(U) —— HP(W N U) —— HPTI (W U U) —— HPYY(W) @ HPH1(U)

| | | | |

HPWU U — HPWY* @ HE P (U)* — HE P(W N U — HE P Y w v U) — HE P Y w)* @ HE P Uy

Thus, by the 5-lemma (Appendix B), the map in the center of the diagram is also an isomorphism and the inductive step is
established.

The only problem remaining is that a good cover is not always finite (though it can be chosen to be finite for compact
manifolds). There is a way around that, however. Using a similar argument, one can show that the desired duality holds also
on disjoint countable unions of finite unions of covering sets. It is at this stage that the asymmetry between the cohomologies
with unrestricted and compact supports appears. Then, provided the manifold is second countable, one can choose a much
coarser, yet finite, cover (Uy). The key property of this cover is that each of the non-empty finite intersections U,:O n---N U,Qm
isitself either a finite union of sets from (Uy) or a disjoint countable union of those. The same 5-lemma argument then shows
that the desired generalized Poincaré duality relation H? = (H¢ ?)* holds on all of M. The technical details of this argument
can be found in [55, Sec. V.4]. O

3.3.2. Elliptic complexes and Serre duality

Now we will discuss generic elliptic complexes, of which both the Calabi and the twisted de Rham complexes are special
cases. The result is essentially the same, though clearly more general. The arguments are somewhat less elementary and rely
on some background in functional analysis and a result originally due to Serre [56]. The Serre duality method also gives some
more information. Namely, that the cohomology does not change if we replace smooth functions by distributions with the
same supports. Serre’s original work was in the context of the Dolbeault complex in the theory of several complex variables.
A good exposition of this result in the setting of general elliptic complexes can be found in [27].

At this point it is convenient to recall some basic facts of distribution theory [57-59]. Recall that, for any vector bundle
F — M, we can interpret I"(F) and I'.(F) as locally convex topological vector spaces, with the Whitney weak Fréchet
topology for the former and an inductive limit over supports of similar Fréchet topologies for the latter, with the limit
topology still locally convex but no longer Fréchet (metrizable). These are the usual topologies used in the theory of
distributions. The spaces of distributional sections I’ (F) and I'/ (F) of F, with respectively compact and unrestricted supports,
are defined as topological duals endowed with the strong topology (the usual distributional topology), I'' (F) = ' (F*)* and
T/(F) =TIt (F*)*. Recall that F* = A™M ® F* is the densitized dual bundle; the densitized dual of the densitized dual is
the original bundle. It so happens that, if we stick with the strong topology for dual spaces, the topological dual of I'"’(F) is
again I” (F*) and that of L/(F)is Tt (F*). So the spaces of smooth and distributional sections are reflexive (with respect to the
strong topology). Using the natural pairing

(W,Ol)=f¢-0l (70)
M

betweenyr € I'(F)and« € I, (I:‘*), well-defined provided M is oriented, we have the natural inclusions I (F) C I'/(F) and
I.(F) C I''(F).By the Schwartz kernel theorem, the continuous maps G: I'.(F;) — I'/(F) are in bijection with bidistributions,

elements G € I'/(F, ® 17'2*), where F, X 132* — M x M is the bundle with total space F, x IE;* and the obvious projection onto
its base, by the formula

G = f G, y) - Y (). (71)
M

Let 1(x, y) = y and m,(x, y) = x denote the two projections M x M — M. We say that a bidistribution G € I'/(F, X F"l*)
is properly supported if 71: supp G — M is a proper map (the preimage of a compact set is compact). Differential operators
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define properly supported bidistributions, because their support lies on the diagonal of M x M by the crucial property that
differential operators preserve supports. On the other hand, properly supported bidistributions need not preserve supports,
though they still map compactly supported sections to compactly supported distributions. The amount by which the support
of the image grows depends on the size of the support of the bidistribution in M x M.

Once we have introduced distributional sections, we can extend to them many operators that were previously defined
only on smooth functions. For instance, any linear differential operator f: I"(F) — I"(E) between vector bundles F — M
and E — M can be extended to act on distributions, f: I''(F) — I''(E) oreven f: I'/(F) — I/(E), according to the
following formula:

(flal ) = —(o, f Y1), (72)

forany ¢ € I (I?*) and ¢ € I/(F), where f* is the formal adjoint of f and (—, —) is the natural dual pairing between
sections and distributions. Since this natural pairing is non-degenerate, it suffices to define f on the larger domain. Any other
operator defined on smooth sections for which the above formula applies can also be extended to distributions, possibly with
a restriction on their supports.

In particular, the operators of a differential complex (F,, f,) can be extended to distributional sections. Then we can
consider the cohomology of the complex in distributional sections, Hi(FC’(F.), f+), which may a priori be different from its
cohomology in smooth sections H'(F,, f,) = H'(I"(F,), f.), and similarly with compact supports. Below we shall see some
sufficient conditions for the cohomologies in smooth and distributional sections to coincide.

A crucial concept in the general theory of differential complexes is that of a parametrix [27, Ch. 2]. Let the vector bundles
F; with differential operators f;: I'(Fi_;) — I'(F;) constitute a differential complex (F,, f,) on M. Then, a parametrix is a
sequence of bidistributions G; € I'/ (Fi_; K 1?,.*) such that

idi — Qi = Giyq 0 fir1 + fi 0 Gj, (73)

where id;: It (F;)) — I¢(F)) is the identity map and Q; € I' (Fi11 X Ié*) CIl(F B Ij',.*) is a smooth bidistribution. We say
that the parametrix is properly supported if each G; is a properly supported bidistribution. Obviously, if each G; is properly
supported, then so is each Q;.

Proposition 7. Let (F,, f,) be an elliptic complex on an oriented manifold M. (i) Then,for any open neighborhood U C M x M of
the diagonal M C M x M, there exists a properly supported parametrix G; € I'/ (Fi_; R F;") with support supp G; € U. (i) Then
also, the cohomologies of smooth and distributional sections are isomorphic:

H'(I/(F,),f,) = H'(F..f,) and H'(I'(F,),f,) = H.(F., f.). (74)

Proof. (i) The existence of a parametrix for any elliptic complex follows from Corollary 2.1.11 and Theorem 2.1.12 of [27].
The support of an existing parametrix can be restricted arbitrarily close to the diagonal since Gf, defined by Gf‘ [¥] = xGi[v],
is a parametrix as long as G; is a parametrix and x € C*°(M x M) is properly supported with x = 1 on a neighborhood of
the diagonal.

(ii) By the defining Eq. (73), they are cochain homotopic to the identity operator, with respect to the cochain homotopy G;.
Further, being by hypothesis smooth and by (i) properly supported, they define smoothing operators, Q;: I''(F;)) — I¢(F)
and Q;: I'/(F}) — I'(F;), when extended to distributions. It is then straightforward to see that the Q; and the inclusions of
smooth sections in distributional ones (well defined because M is oriented) constitute a homotopy equivalence between
the complexes of smooth (I"(F,), f,) and distributional (I/(F,), f,) sections, and similarly for compact supports. Thus, as
desired, these complexes have isomorphic cohomologies. O

Proposition 8 (Serre, Tarkhanov). Given a differential complex (F,, f,), that is not necessarily elliptic, on an oriented manifold M
that is countable at infinity (there exists an exhaustion by a countable sequence of compact sets), let (F}, f}) be its formal adjoint
complex. The following are algebraic (the topologies may not agree) isomorphisms of vector spaces

H'(F., f)* S H(I'(FH, ), H'(F.,f) = H'(I'(F)), ", (75)
Hi(Fo, f)* = H(IU(FD), £, Hi(Fo, f) = H(IU(FD, £, (76)

where the cohomology vector spaces are endowed with the natural Hausdorf{f locally convex topology of a quotient of a subspace
of the corresponding space of sections (be it smooth or distributional) and the topological duals are taken with the strong topology.

Proof. The original result of Serre [56] appeared in the context of the Dolbeault differential complex in the theory of several
complex variables. A detailed discussion and proof of the result for general differential complexes can be found in Sections
5.1.1 and 5.1.2 of [27]. In particular, the desired conclusion can be found in Remark 5.1.9 thereof. Further conditions under
which some of the duality isomorphisms are also continuous, and not merely algebraic, can be found there as well. O

Combining the two preceding propositions, it is easy to see that for any elliptic complex (subject to a countability
condition on M) we have the Poincaré-Serre duality relation H'(F,, f,) = Hci (Fr, fO*.
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3.4. The Calabi cohomology and homology

Below, we finally make use of the background information summarized in Sections 3.1-3.3 and its consequences for
the Calabi and its formal adjoint complexes, (C,, B,) and (C,, B}), which were introduced in 2. Namely, we make precise
the identification between their cohomologies and the sheaf cohomologies of the Killing and Killing-Yano sheaves, X and
K%Y, introduced in Section 3.1. The hope created by this identification is that the difficult problem of solving systems of
differential equations, which appear in these complexes, can be replaced by the equivalent and potentially easier problem of
computing sheaf cohomologies. The latter problem is potentially easier because of the many available methods of computing
sheaf cohomology. Some of which will be discussed in Section 4.

First, we introduce the basic definitions of Calabi cohomology and homology. Let us denote the cohomology of the Calabi
complex (Calabi cohomology) on a pseudo-Riemannian manifold (M, g) of constant curvature as

HC'(M, g) = H'(C,, B,) = H(I'(C.), B.). (77)
Let us also denote the cohomology of the formal adjoint Calabi complex with compact supports (Calabi homology)
HG(M, g) = H(C., B}) = H'(I(C.), BY). (78)

The naming convention will be justified later by the generalized Poincaré duality relation in Corollary 11. Similarly, we
define the cohomology of the Calabi complex with compact supports (Calabi cohomology with compact supports) as

HC/(M, g) = H.(C., B,) = H'(I'.(C,), B,) (79)

and the cohomology of the formal adjoint Calabi complex (locally finite Calabi homology) as
HC! (M, g) = H'(C.. B)) = H'(I'(C.), B). (80)

The following proposition is the main technical tool that we use to establish all other results in this section.

Proposition 9. Consider a pseudo-Riemannian manifold (M, g) of constant curvature and dimension n. The corresponding Calabi
complex (C,, B,) is elliptic, formally exact and locally exact (except in degree 0). The same is true for its formal adjoint complex
(C., B}) (except in degree n).

Proof. In principle, we would need quite a bit of machinery for a full proof. Instead, we give a sketch of the main ideas
and refer to the literature for technical details. The Calabi complex is actually an instance of a second Spencer sequence
construction [15,16,14,11] applied to the Killing operator B; = K. This fact is demonstrated in the papers [9,10,8]. These
papers make use of the general construction and properties of the differential complex constituting a second Spencer
sequence demonstrated in [15,16]. In fact, the resulting differential complex gives a formally exact compatibility complex
for the Killing operator, which is also an elliptic complex. This holds since the Killing operator K is itself elliptic (has injective
symbol, which follows from the property of being of finite type, cf. Section 2.4) and formally integrable (contains all of its
integrability conditions) on a constant curvature background.

A more elementary argument for ellipticity can be made on representation theoretic grounds (Appendix A.1). The fibers of
the tensor bundles C;M carry irreducible representations of GL(n). Further, as mentioned in Remark 1, the principal symbols
of the differential operators B; are all GL(n)-equivariant maps oB;: Y¥'T* ® C;_; — C; or equivalently opBi: G4 — G,
for p € T*. By Schur’s lemma, the symbol map o B; is then an isomorphism when restricted to an irreducible summand
of the tensor product representation. The well-known Littlewood-Richardson rules [29,42] for tensor products of GL(n)
representations then show that the G irreps have been chosen precisely such that the symbol sequence o,B; is exact for
p # 0. This representation-theoretic line of argument is a special case of the construction of what are known as BGG
resolutions [28].

Finally, local exactness (except in degree 0) can be established by checking, for the Killing operator, a sufficient condition
known as the §-estimate [27, Sec. 1.3.13]. Equivalently, we can simply invoke Proposition 2, since, being of finite type, the
Killing operator is equivalent to a flat covariant operator (Section 2.4).

A more elementary proof of local exactness was given in the original article by Calabi [ 1]. He relied on the well known local
exactness of the de Rham complex and its relation to the simplified form of the complex in the flat (zero curvature) case. The
non-zero curvature case was handled by embedding it in a flat space and then restricting and extending the relevant sheaves
with respect to this embedding. Unfortunately, unlike the more sophisticated argument above, this simpler argument is
unlikely to generalize, when the Calabi complex is replaced by a more general one.

To finish the proof, we note that the properties of formal exactness and ellipticity are obviously preserved by taking
formal adjoints, so that they apply equally well to the formal adjoint Calabi complex (C,, B}). The formal adjoint complex
then serves as the formally exact compatibility complex for the Killing-Yano operator B} = KY, which is also regular and
of finite type on constant curvature backgrounds, as discussed in Section 2.4. Thus, repeating the same arguments as above
establishes local exactness (except this time in degree n) for the adjoint complex as well. O
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Corollary 10. There is a formal homotopy equivalence between the Calabi complex (C,, B,) and the twisted de Rham complex
(A*M ® Vi, Dy) resolving the Killing sheaf, #°(C,, B,) = X. The same is true (up to a trivial renumbering) of the formal adjoint
complex and the twisted de Rham complex (A*M ® Viy, Dxy) resolving the Killing—Yano sheaf, #"(C,, BY) = X ¥Y.

Proof. We already know that both the Calabi and twisted de Rham complex associated to the Killing operator are formally
exact, locally exact (Propositions 2 and 9) and both resolve the Killing sheaf, since the operators K and Dy are equivalent
(Section 2.4). Thus, by Lemma 3, there exists a formal homotopy equivalence (realized by differential operators) between
the two complexes. Noting that the exact same argument (with trivial changes) applies to the formal adjoint Calabi complex
and the Killing-Yano sheaf concludes the proof. O

Corollary 11. Provided the manifold M is countable at infinity (there is an exhaustion by a countable sequence of compact sets)
or is of finite type (has a finite “good cover”), we have the following generalized Poincaré duality isomorphisms

HC'(M, g) = HG(M, )", HC/(M, g)* = HC/' (M, g), (81)
HC'(M, &) = HG(M. g), HCL(M, g) = HC] (M, g)", (82)
where isomorphisms are taken in the algebraic sense and duality is meant in the topological sense, as described in Proposition 8.

Note that in the case when all cohomology vector spaces are finite dimensional, the distinction between algebraic or
topological isomorphisms and duals is irrelevant.

Proof. There are two ways to establish the desired duality isomorphisms, each relying on slightly different conditions on
M, reflected in the hypotheses. We should note that both require an orientation on M. The existence off a non-degenerate
metric on M implies that it is orientable. We then simply fix an orientation arbitrarily.

The Mayer-Vietoris argument (Proposition 6) establishes the duality isomorphisms

H'(A®M ® Vi, Dx) = H:(A*M ® Vi, Dy)* (83)
and H'(A*M ® Viy, Dky) = HL{(A®M ® V}iy, Dyy)*. (84)

Under the finite type condition on M, an easy modification to the Mayer-Vietoris argument (Propositions 5.3.1 and 5.3.2
of [49]) also shows that each of these cohomology groups is finite dimensional, so the reverse duality isomorphisms hold
as well. Finally, the formal homotopy equivalence of Corollary 10 translates these isomorphisms into the desired duality
relations for Calabi cohomology and homology.

The Poincaré-Serre argument, applies by virtue of the ellipticity of the Calabi and its formal adjoint complexes
(Proposition 9) and the hypothesis of countability at infinity. Combining the results of Propositions 7 and 8, easily establishes
the desired duality isomorphisms directly. O

Corollary 12. Assume the same hypotheses on M as in Corollary 11. The Calabi cohomology and homology, assuming they are
finite dimensional, the following identities hold (with respect to algebraic duals):

HC'(M, g) = H'(X), HCI(M, g) = H" (X Y)", (85)
HG(M, g) = H'(X)* HCY (M, g) = H™(xY). (86)

Note that we do expect the relevant cohomology and homology spaces to be finite dimensional in most applications. If
the cohomology vector spaces happen to be infinite dimensional, then the correct (topological and algebraic) isomorphisms
can be deduced from Corollary 11 and Proposition 8.

Proof. By Proposition 9 and Corollary 10 we already know that the Calabi and its formal adjoint complexes are locally
exact differential complexes that respectively resolve the Killing and Killing-Yano sheaves, X and X Y. Then, Lemma 3
establishes the isomorphisms HC'(M, g) = H(X) and HC/ (M,g) = H"(X%). Finally, the duality isomorphisms of
Corollary 11 establish the rest of the desired identities. Note that we have added the finite dimensionality hypothesis only to
avoid explicitly specifying a topology on the relevant cohomology vector spaces, so that the topological and algebraic duals
coincide. O

4. The Killing sheaf and its cohomology

In this section we concentrate on possible effective ways of computing the Killing sheaf cohomology (or rather the
cohomology of any locally constant sheaf) of a pseudo-Riemannian manifold (M, g) of constant curvature. For us, effective
is used somewhat loosely and we take it to mean roughly to either consist of finitely many steps involving only finite-
dimensional linear algebra or to reduce to calculation that has already been done in the literature. In particular, any such
method would be more effective than the brute force approach of trying to solve the systems of differential equations
appearing in the Calabi complex. Since the interest in the cohomology of the Killing sheaf may extend beyond the constant
curvature context, we always discuss the more general situation, specializing to the constant curvature case when necessary.
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There are two main possibilities, either the manifold M is simply connected or it is not. They are discussed respectively
in Sections 4.1 and 4.2. In the simply connected case, the sheaf cohomology can be expressed completely in terms of the
de Rham cohomology. The non-simply connected case is more complicated, where several complementary but potentially
overlapping methods may be used. None of them, unfortunately, gives a complete solution.

Crucial to the discussion that follows (see Appendix D for relevant notation and concepts related to G-bundles) is the
notion of the monodromy representation of the fundamental group # = (M) of a manifold with respect to a flat
connection D on a vector bundle V — M (cf. Section 2.4). Let us identify 71 (M) = (M, x) for some x € M. The connection
D gives rise to a notion of parallel transport on V. Since the connection is flat, the parallel transport along a curve connecting
X,y € M depends only on the homotopy class of the path with its endpoints fixed. Therefore, since parallel transport acts
linearly, parallel transport along loops based at x € M induces a representation py : @ — GL(V), where V = V, is the typical
fiber of V. — M, called the monodromy representation. Another common term is the holonomy representation. However,
we reserve the term holonomy for the same concept associated specifically to the g-compatible Levi-Civita connection on
M.IfV — M is a vector G-bundle, then there necessarily is an associated representation of the structure group on V,
oy : G — GL(V). When the connection D preserves the G-bundle structure, parallel transport and hence monodromy factors
through the associated representation. Hence py = oy o p, where p: m — G is the monodromy representation of 7 in the
structure group.

Recall also that for any manifold M there exists a unique (up to diffeomorphism) connected, simply connected universal
cover M — M, where the projection map is a | surjective local diffeomorphism. In fact, M — Misan- principal bundle
over M. The principal bundle action of 7 on M by is called action by deck transformations. Note that M = M /m. Deck
transformations, being diffeomorphisms, commute with the de Rham differential. Hence the action by deck transformations
descends to de Rham cohomology. We call it the deck representation A': m — GL(H!(M)). The projection to M pulls the
bundle V — M back to V. — M and the connection D to D. Since the universal cover is simply connected, the pulled back
bundle trivializes, V = V x M. Therefore, we have the isomorphism H{(AM QV, D) = H"(I\~/I) ® V. It is not hard to see
that the two sides are isomorphic not only as vector spaces but also as representations of the fundamental group 7, with
the right side transforming as the tensor product of the deck and monodromy representations A’ ® py.

Let us fix the assumptions that (M, g) is connected and that its Killing sheaf X is locally constant, then concretize the
above ideas to this case. Recall from Section 2.4 that X, is then resolved by the twisted de Rham complex associated to the
flat vector bundle (Vy, Dx). The typical fiber Vi of Vg — M consists of the germs of local Killing vector fields. Each local
Killing vector field extends to a global one, and hence to an infinitesimal isometry, on the universal cover (M, &). Thus, we
can identify V with the Lie algebra g of the Lie group G = lsom(A71, g) of isometries of (1\71, 2).

Infinitesimal isometries act on each other by the formula £,v = [u, v], which corresponds to the infinitesimal adjoint
representation ad: g — End(g). This representation integrates to the adjoint representation Ad: G — GL(g), which is
how finite isometries act on Killing vector fields. Also, it is clear by construction that deck transformations act on M, 2)
by isometries. Let us denote this representation of the fundamental group # = (M) by isometries as p: 7 — G. As
described in Appendix D.3, this information is equivalent to specifying a flat principal G-bundle P — M with monodromy
representation p of v in G. Further, it is clear that Vi = gp is the vector G-bundle over M associated to P with respect to the
adjoint action Ad of G on g and that Dy is the connection associated to the flat principal connection on P. The monodromy
representation of 7t on Vi is then the composite adjoint monodromy representation py = Ad, = Ad o p.

4.1. Simply connected case

The simplest case is when the manifold M is simply connected, that is, its fundamental group = = 1 (M) is trivial. Let
the locally constant sheaf & have stalk F so that it defines a flat vector bundle (F, D), with F the typical fiber of F — M
(Sections 3.1 and 2.4). We know that the twisted de Rham differential complex (A*M ® F, D) is an acyclic resolution of .
Hence their cohomologies agree. On the other hand, since M is simply connected, we can choose a global D-flat basis frame
for F and identify the twisted de Rham complex with rk F = dim F copies of the standard de Rham complex. This argument
proves

Theorem 13. Let (M, g) be a connected, simply connected pseudo-Riemannian manifold with locally constant Killing sheaf Xg,

resolved by the twisted de Rham complex (A*M ® Vi, Di). Let g = Vi be the Lie algebra of isometries of (M, g). Then the
following isomorphisms hold:

H'(X,) = H'(A*M ® Vi, Dx) = H'(M) ® g. (87)
In particular H*(K;) = gand H'(X,) = 0.
4.2. Non-simply connected case

The non-simply connected case is of course more complicated and we can offer only partial results, which we summarize
in this paragraph. The simplest sub-case is when the fundamental group 7 = (M) of the pseudo-Riemannian manifold
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(M, g) is finite (Section 4.2.1). The Killing sheaf cohomology is then the m-invariant subspace of the de Rham cohomology
of the universal covering space. If the fundamental group is not necessarily finite, we still have the following general result
for the degree-1 cohomology of constant curvature spaces. We can equate dim H 1(JCg) to the dimension of the space of
possible infinitesimal deformations of the metric that preserve the constant curvature condition as well as the value of the
scalar curvature itself. That observation was already made in the original work of Calabi [ 1] and in fact prompted his interest
in a resolution of the Killing sheaf K. This space of infinitesimal deformations can also be computed as the degree-1 group
cohomology of & with coefficients in a certain representation on the Lie algebra of isometries of the universal cover of M
(Section 4.2.2). Another result helps compute higher degree cohomology groups. The Killing sheaf, being locally constant,
defines a local system or a system of local coefficients on M, a concept well known in algebraic topology. A general result from
the theory of local systems is that the aforementioned group cohomology computes higher Killing sheaf cohomology groups
up to the degree of asphericity of M (Section 4.2.3). Finally, there is a general method for completely computing the Killing
sheaf cohomology based on a presentation of the manifold M as a finite simplicial set (Section 4.2.4).

4.2.1. Finite fundamental group

The basic idea here is to take advantage of the complete decomposability of representations of a finite group and then
apply Schur’s lemma. As will be clear from the proof, it is the complete decomposability that is important not the finiteness
of 7. So the same result actually holds under suitably weaker hypotheses.

Theorem 14. Let (M, g) be a connected pseudo-Riemannian manifold with fundamental group = = 71(M) and Killing sheaf
Kg, resolved by the twisted de Rham complex (A*M ® Vi, Di). Let g = Vi be the Lie algebra of isometries of the universal cover

(M , &). If 7 is finite, we have the following isomorphisms:
H'(X) = (H' (M) ® 9)", (88)

where the superscript 7w denotes the i -invariant subspace with respect to the representation A' @ Ad,, the tensor product of the
deck and composite adjoint monodromy representations. In particular HO(J{g) =g .

Proof. Consider the spaces of sections £2; = I” (AiM ® \7,<), where \7K — M is the pullback of Vx — M along the universal
covering projection M — M. Let D denote the pullback of the Dg. As we have already discussed at the top of Section 4,
this pulled back bundle is trivial, Vg = g X M. Moreover, by simple connectedness of M and Theorem 13, we have the
isomorphism H' = H'(£2;, Dx) = H'(M) ® g.

As also discussed at the top of Section 4, the spaces £2; carry representations of the fundamental group 7, which
also descends to the cohomologies H'. Since = is finite, it is well known that any representation thereof is completely
decomposable [60], that is, any subrepresentation has a direct sum complement subrepresentation. So, the subspace
£27 C $£2; invariant under the action 7 (every element of 7 acts as the identity operator) has a direct sum complement

27, so that £2; = 27 @ $27 . This direct sum induces the short exact sequence

0 o 2 QF 0. (89)

1 1

It is straightforward to note that, by construction of the universal cover M— M , the wr-invariant subcomplex (£277, f)K) on
M is in fact cochain isomorphic to the complex (I"(A*M ® Vi), Dx) on M. Therefore the desired cohomology groups are
H'(A*M ® Vi, Dy) = H'(227, D).

The complement .Q,” naturally does not contain any non-zero vectors invariant under the action of 7. In representation
theoretic terminology, these two complementary subspaces are disjoint. By Schur’s lemma [61], the only equivariant map
(intertwiner) between any two disjoint representations is the zero map. Note that the differentials Dk and the maps in the
short exact sequence (89) are in fact 77 -equivariant. By the general machinery of homological algebra (Appendix B) the short
exact sequence (89) induces the long exact sequence

0 H? HO HY j

[»H}, H' H!

where Hi. = Hi(£27, Dy), H. = H'(227, Dy) and all the maps are also 7r-equivariant. It is clear that the representations
carried by sz and Hf% are also disjoint. Therefore, the maps connecting the rows of diagram (90) are all zero. In other words,
each of the rows becomes a short exact sequence on its own. Invoking again complete decomposability of representations
of 7, we can write H' = H], @ H. and hence identify H. = (H')" with the subspace of H' on which 7 acts trivially.

(90)
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Collecting the above arguments together, while recalling the sheaf cohomology identity H i(]Cg) = Hi(A*M ® Vg, Dy),
we obtain the isomorphism Hi(JCg) = (Hi(M) ®g)”. Noting the special cases H® (M) =RandH' (M) = 0,asin Theorem 13,
concludes the proof. O

4.2.2. Degree-1 cohomology

Consider a 1-parameter family of n-dimensional pseudo-Riemannian manifolds (M, g(t)) where each g(t), for t in
some neighborhood of zero, has constant curvature, with scalar curvature independent of t: Rlemann tensor equal to
T ])g(t) ® g(t). Let g(0) = g and g(0) = h. Then the linearization of the identity R[g(t)] — T 1)g(t) ©gt) =
at t = 0 will give (cf. Section 2.2)

. 2 1
R[h] kn(n D goh = 2C2[h] =0. (91)
In other words, h is a Calabi 1-cocycle. It is possible that not every Calabi 1-cocycle gives rise to an actual 1-parameter family
of deformations, since there may be algebraic obstructions® to solving for higher order terms in the expansion parameter
t. However, at the infinitesimal level, there are no other conditions and we can identify infinitesimal deformations with
Calabi 1-cocycles. If the deformation family g(t) is trivial, induced by a 1-parameter family of diffeomorphisms of the
manifold M, then it is well known that h = K[v] for some 1-form v (vector field generating the diffeomorphism family,
with index lowered by the metric g), in other words a Calabi 1-coboundary. It is easy to see that Calabi 1-coboundaries can
be identified with infinitesimal trivial deformations. Therefore, the Calabi cohomology vector space HC'(M, g), and hence
the Killing cohomology vector space H' (Kg) isomorphic to it, is in bijective correspondence with the space of infinitesimal
deformations of the metric g within the space of constant curvature metrics of scalar curvature k, modulo infinitesimal
diffeomorphisms.

There is another way to look at this infinitesimal deformation space. It is well known that the only geodesically complete,
simply connected, constant curvature spaces are the pseudo-Euclidean (k = 0), pseudo-spherical (k > 0) and pseudo-
hyperbolic (k < 0) spaces [63, Sec. 2.4]. In Riemannian signature, these are respectively the ordinary Euclidean, spherical
and hyperbolic spaces. In Lorentzian signature, these are respectively the Minkowski, de Sitter and anti-de Sitter spaces.
Thus, the elements of a family (M, g(t)) of geodesically complete, constant curvature, pseudo-Riemannian manifolds of
fixed scalar curvature k all have isometric universal covers (1\71 , &). Moreover, since the action of the fundamental group
m = m1(M) on its universal cover via deck transformations is by isometries, there is an injective group homomorphism
m — G = Isom(M, &), so that we have a subgroup p(n) C G that acts on M properly and discontinuously [63 Sec. 1.8].
Conversely, for any subgroup of 7/ C G that acts on M properly and dlscontmuously the quotient (M, g’) = (M g)/m’ will
be a manifold of the same constant curvature, but with fundamental group 7’ = 71 (M’). So, we have already notlced that all
(M, g) with constant curvature arise in this way. Of course, any two subgroups 7/, 7" C G that are conjugate, 7’ = ar’a™!
for some a € G, give rise to isometric quotients. In fact, we have just argued that the infinitesimal deformations of the
representation p: m — G, up to conjugation by G, are in bijection with infinitesimal constant curvature deformations of
the metric (M, g). It is well known that the deformations of the representation p are in bijection with certain degree-1
group cohomology of the fundamental group 7. On the other hand, we have already seen that deformations of the constant
curvature spaces are parametrized by the Killing sheaf cohomology H' (Kg). Thus, computing the group cohomology may
be an effective way of computing the Killing sheaf cohomology, at least in degree-1. The details of the definition of the
representation p are described at the top of Section 4 and are also subsumed by the more general discussion below.

This connection between the degree-1 Killing sheaf cohomology, deformations of the geometry and group cohomology
of the fundamental group 7 extends far beyond the case of manifolds of constant curvature. We base what follows on the
remark at the top of Section 4 and the contents of Appendix D. If (1\71, g) is the universal cover of (M, g) and G = lsom(1\71, 2)
with Lie algebra g, then there is a naturally defined flat principal G-bundle P — M. Then, the infinitesimal deformations
of this flat principal G-bundle are in bijections with H' (Kg), the degree-1 Killing sheaf cohomology group. That is because
the flat vector bundle (Vi, Dx), whose twisted de Rham complex resolves the Killing sheaf, is isomorphic to the associated
bundle gp — M with connection D induced by the flat principal connection on P. Recall that the fibers of gp transform
under the adjoint representation Ad: G — GL(g) and that parallel transport with respect to the flat connection on P defines
arepresentation p: m — G of the fundamental group # = 1 (M). Their composition Ad, = Ado p, as already mentioned at
the top of Section 4, is known as the composite adjoint monodromy representation. In the case of spaces of constant curvature,
the infinitesimal deformations of the flat principal bundle P — M are the same thing as the infinitesimal deformations of
the given constant curvature metric, fixing the value of the curvature.

Theorem 15. Given the notations and hypotheses of the above paragraph, the following isomorphisms between the Killing sheaf
cohomology and group cohomology of m with coefficients in Ad,, hold:

Ho(K,) = H(r,Ad,) = ¢", H'(Xg) =H'(7,Ad)). (92)

3 The study of these obstructions follows the general ideas outlined by Kodaira and Spencer [12,13]. See also the related phenomenon of linearization
instabilities [62].
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This result is a direct consequence of Proposition 17 of Appendix D. Unfortunately, we cannot use the same methods
to establish isomorphisms between the group and sheaf cohomologies in higher degrees. See, however, Section 4.2.3.
The connection between group cohomology of 7= and deformations of a flat principal bundle is well known, cf. [64]. The
connection between, specifically, the cohomology of the Killing sheaf, infinitesimal deformations of the corresponding
principal bundle, and group cohomology seems to be less well known, but is mentioned explicitly in [65, App. A.2].

4.2.3. Cohomology with local coefficients

We have just noted, in Section 4.2.2, a geometric relation between degree-1 locally constant sheaf cohomology and
cohomology of the fundamental group. A more general connection between the cohomology of a locally constant sheaf, or
equivalently cohomology with coefficients in a local system [66, Ch. VI], and group cohomology of the fundamental group
has also been noticed in pure algebraic topology. In fact, that is how the notion of group cohomology first arose.

The original goal was to calculate the cohomology of a space (with or without coefficients in a non-trivial local system)
in terms of data specifying its homotopy type. Following some early work by Hurewicz, Hopf and Eilenberg, Eilenberg and
MacLane [67] introduced what are now known as K(1, 7r) spaces (topological spaces with 7; = w7 and 7; = 0 for all
i > 0) and computed all of their cohomology groups by introducing an algebraic construction based on the knowledge of
the group ;7. We now call this construction group cohomology [68]. They further showed that the same construction works
also for any topological space M, not just a K(1, ), for the cohomologies in degree-i, with 0 < i < p, as long as the space
M is p-aspherical, 7r; = 0 for 0 < i < p. This result, applied to the Killing sheaf gives the following

Proposition 16. Let (M, g) be a connected pseudo-Riemannian manifold with locally constant Killing sheaf X, and universal

cover (M, §). Denote G = Isom(M, &) the group of isometries of the universal cover and let g be its Lie algebra. The fundamental
group m = m1(M) acts on g via the composite adjoint monodromy representation Ad,: m — GL(g). If the manifold M is
p-aspherical, meaning m;(M) = 0 for 0 < i < p, then we have the following isomorphisms:

H'(Xg) = H'(7,Ad,) for0<i<p. (93)

For higher degree cohomology there are other contributions to the homology groups. There is still a homomorphism
H(w,Ad,) — H'(X,), but it need no longer be an isomorphism [46, Sec. 1.4.2].

Later, Postnikov [69,70] proposed a full solution for algebraically determining all the cohomology groups of a space based
on its homotopy type. Postnikov’s method encodes the full homotopy type of a space in terms of their homotopy groups
and certain additional algebraic data known as a Postnikov system or tower. This construction is currently more commonly
known in its topological form [66, Ch. IX]. For p-aspherical spaces and cohomology in degree i, with 0 < i < p, Postnikov’s
construction coincides with group cohomology. In general, the two constructions do differ in degrees higher than the degree
of asphericity.

Unfortunately, both Postnikov’s encoding of the homotopy type and his algebraic reconstruction of the cohomology are
rather complicated and do not appear to have gained much popularity. They seem to be fully described only in his original
monograph [70] or its translation [7 1], both being rather obscure references. At the moment, it is not clear to us what is the
modern state of the art in terms of reconstructing the cohomology of a space with coefficients in a local system in terms of
the space’s homotopy type.

4.2.4. Simplicial set cohomology

The last mathematical tool, which we will discuss, that can aid in the computation of the cohomologies of a locally
constant sheaf is simplicial cohomology with local coefficients. The idea is to substitute the underlying manifold M with
a combinatorial structure like a simplicial complex or a simplicial set. Then, provided the combinatorial model is finite, the
corresponding cohomology theory reduces to the computation of the cohomology of a finite dimensional cochain complex,
and thus to finite dimensional linear algebra. We defer to the discussion in [72, Sec. 1.4.7-10] for technical details.

Adisadvantage of this method is that finite combinatorial models only cover the case of compact manifolds. Non-compact
manifolds require either an infinite combinatorial model or a non-trivial extension of the formalism. Another inconvenience,
besides the need for an explicit decomposition of M into simplices, is the need to define a discrete analog of parallel
transport on the simplicial model to reproduce the composite adjoint monodromy representation Ad,,. That is usually done
by associating a copy of g to each vertex of the simplicial model for M and explicitly assigning a coherent set of linear
isomorphisms between these copies to the edges connecting them, such that the composition of the isomorphisms of the
edges along a closed loop is equal to the Ad, action of the corresponding element of 7. These choices may be simplified if
all vertices could be collapsed into a single one, which is allowed for simplicial sets. Such a construction is always possible
when M is compact and results in a so-called reduced simplicial set [73].

5. Application to linearized gravity

Recently, the symplectic and Poisson structure of linear classical field theories has been studied by the author within
a very general framework [18,17] (see also [74-76] for related work), which admits in particular any linear field theory
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whose gauge fixed equations of motion can be formulated as a hyperbolic PDE system with possible constraints and residual
gauge freedom. Certain sufficient geometric conditions need to be satisfied for a field theory to fit into that framework. The
framework can then precisely characterize the degeneracies of the presymplectic and Poisson tensors on the solution space
of the theory. These sufficient conditions require the gauge generator and the constraint operator to fit into differential
complexes and the degeneracies of the presymplectic and Poisson tensors are then characterized using the cohomology of
these complexes. Once known, these presymplectic and Poisson degeneracies are known to be of importance in classifying
the charges, locality, superselection sectors and quantization of the corresponding classical theory.

The well known examples of Maxwell electromagnetism and Maxwell p-forms [20,21,24] fit into this framework
[18, Sec.4.2],invoking the well known de Rham complex. Linearized gravity on a constant curvature Lorentzian manifold also
fits into this framework, with the role of the de Rham complex replaced by the Calabi complex or, as appropriate, the formal
adjoint Calabi complex. For linearized gravity on an arbitrary background, we would need to make use of different differential
complexes. The Calabi complex would be replaced by complexes defined by the property that they (at least formally) resolve
the sheaf of Killing vectors on the given background (cf. Section 3.2). The corresponding formal adjoint complexes would
play a role as well. This connection to the Killing sheaf, even without explicitly knowing the needed differential complexes,
shows that the Killing sheaf cohomology plays a similar role both in the constant curvature context and more generally. Thus
the ability to compute the Killing sheaf cohomology in as many circumstances as possible (as discussed in Section 4) should
take us a large part of the way towards understanding the presymplectic and Poisson degeneracies of linearized gravity on
general backgrounds. Unfortunately, about half the desired information would still be missing, since it is not clear which
sheaf cohomology theory would control the cohomology of the formal adjoint differential complex. In the case of constant
curvature, we were able to identify it as the cohomology of the sheaf of rank-(n — 2) Killing-Yano tensors, which is resolved
by the formal adjoint Calabi complex (Section 2.3). It is currently not clear how to identify its analog in the case of a general
background, without knowing the full differential complex that (formally) resolves the sheaf of Killing vectors.

Now, specialized to the case of linearized gravity on a constant curvature background (M, g), the analysis of [18,17]
concludes that the presymplectic and Poisson tensors are actually non-degenerate (with spacelike compact support for
solutions and compact support for smeared observables) if and only if the following two conditions are satisfied: (global
recognizability) a certain bilinear pairing between degree-1 Calabi cohomology with spacelike compact supports and degree-
1 Calabi homology, (global parametrizability) a certain bilinear pairing between on-shell degree-1 Calabi cohomology with
spacelike compact supports and on-shell degree-1 timelike finite Calabi homology.

The descriptions of off-shell or on-shell Calabi cohomologies with spacelike compact supports, HC}. or HC', ; , and of off-

shell or on-shell timelike finite Calabi homology, HCff or HCiD’tf go beyond the scope of the current work. However, they
are defined and studied in detail in [77] (similar ideas appear also in [24]). In fact, the results of [77] show how to express
these non-standard cohomologies in terms of the standard ones with unrestricted or compact supports, and similarly for
homology. Recall also (Section 3.4) that the latter are isomorphic to appropriate cohomologies (or their linear duals) of
the Killing or Killing-Yano sheaves, K, or X¥Y,. Using all of these results we are able to translate the non-degeneracy
requirements as follows: (global recognizability) a certain bilinear pairing between

HCL(M, g) = H" (M, X Y,)* (94)
and HC(M,g) = H'(M, X,)* (95)
is non-degenerate, (global parametrizability) a certain bilinear pairing between

HCY (M. ) = H'™' (M, K Y,)" @ H' (M, KYy)"

and HC"'(M,g) = H'(M, Xz)* & H(M, X,)*

is non-degenerate. Notice that we have succeeded in expressing the vector spaces on which these pairings are defined purely
in terms of Killing and Killing-Yano sheaf cohomologies.

Checking non-degeneracy of course requires an explicit expression for the required bilinear pairings. Such expressions
can be obtained from the general framework of [18,17]. However, there are two cases were we do not need such detailed
information, and these are the ones we shall content ourselves with here. For instance, if all the relevant cohomology vector
spaces are trivial, then the only possible, trivial bilinear pairing is automatically non-degenerate. On the other hand, if the
paired vector spaces have different dimensions, then every possible pairing between them must be degenerate.

We conclude this section by listing several well known Lorentzian backgrounds for which the methods of Section 4 allow
us to determine all or a few of the cohomologies of the Killing sheaf. For the reasons discussed above, we make note of the
Killing-Yano sheaf cohomologies only for constant curvature backgrounds.

The easiest case is that of simply connected spacetimes. Then, the Killing sheaf cohomology is just the de Rham cohomol-
ogy tensored with the Lie algebra of global isometries (Section 4.1), with an analogous result for any other locally constant
sheaf. Many of the well known exact solutions are in fact defined on simply connected underlying manifolds, including
Minkowski space, black hole solutions and cosmological solutions. A few explicit examples are listed in Table 2. Note that
only the Minkowski and de Sitter spaces are of constant curvature, so that the Calabi complex could be defined on them. For
these backgrounds, it makes sense to also compute the Killing-Yano sheaf cohomologies H' (X Y). However, since we know



154 I. Khavkine / Journal of Geometry and Physics 113 (2017) 131-169

Table 2

A list of some well known, simply connected solutions of (cosmological) vacuum Einstein equations, together with their
topology and non-vanishing dimensions of Killing or Killing-Yano sheaf cohomologies. Note that b° always counts the
number of independent global Killing vectors, and similarly for c°. The Tangherlini solutions generalize the Schwarzschild
one to higher dimensions and the Myers-Perry solutions do the same for Kerr [78]. For the latter, N counts the number
of rotational symmetries, which varies depending on the variant of the solution. We only consider the exterior regions for
black hole solutions.

Spacetime Topology b = dim H'(X) ¢ = dimHi(XY)
Minkowski R" B = @ o — n(n2+1>
Open FLRW R" o = @
de Sitter R x §™1 B0 = pr-1 = n(n2+1) O 1o n(";])
Closed FLRW R x S™1 po = pn-1 = (n;])n
Schwarzschild R? x §2 P =p =4
Tangherlini R? x "2 O — pn—2 — (n—2>2<n—1)
Kerr R? x §? PO —p=2
Myers-Perry R2 x §"2 B =p2=1+N
Table 3

Known values of b = dim Hi(JCg) for a generic spatially homogeneous spacetime (M, g) with given topology
and symmetry properties. See text for more details.

M (M) Bianchi sym. Additional sym. b b!
R x T3 73 R3 1 3 6
R x T3 73 VII(0) 1 2 4
R x T3 73 R3 S0(2) 3 6
R x T3 VA R3 SO(3) 3 5

that the number of linearly independent rank-(n — 2) Killing-Yano tensors on these spaces is the same as the number of
linearly independent Killing vectors (Section 2.3), the cohomology vector spaces are isomorphic, H (X Y) = H'(X).

In the non-simply connected case, we can rely on the results of Sections 4.2.1-4.2.3, according to which we can equate the
Killing sheaf cohomologies with the group cohomology of the fundamental group with coefficients in the composite adjoint
monodromy representation, at least up to the degree of asphericity of the underlying spacetime manifold. Unfortunately,
there does not seem to exist a comprehensive list of exact solutions of Einstein’s equations indexed by spacetime topology.
So it takes some effort to find explicit examples of exact solutions on non-simply connected spacetimes. A rich source of
examples comes from quotients of simply connected spacetimes (such as those mentioned in the preceding paragraph) by
a discrete, freely acting subgroup 7 of the isometry group. The quotient is a manifold because the action of 7 is free and
the metric descends to the quotient because the action of 7 on the original spacetime is by isometries. The group 7 then
becomes the fundamental group of the quotient.

A nearly exhaustive study of possible quotients of 4-dimensional cosmological solutions (meaning spatially
homogeneous ones) has been carried out in [79-81]. A complete presentation of the results is rather complicated and
is relegated to the original references. A particular cosmological solution (M, g) is identified by (a) the topology of the
spacetime M, (b) the topology and isometry group of the universal cover M, £),(c)anumber of continuous metric parameters
specifying g, and (d) a number of continuous moduli (or Teichmiiller parameters) specifying the quotient class. There may
also be additional discrete parameters, but we ignore them here, since they do not affect the number of continuous
parameters. According to the discussion of Section 4.2.2, the number of moduli (denoted by Ny, in [81]) is in fact equal* to
b! = dimH! (Kg). We shall not specify any metric parameters, since, as long as they take generic values they do not affect
the number of moduli. For simplicity, we only consider the examples with toroidal spatial topology M = R x T3, where
T3 = S! x S' x S'. Hence, the fundamental group is 771 (M) = Z3 and the universal cover is R*. The (identity component)
of the isometry group of (M, g) is then a semidirect product of a 3-dimensional transitive Bianchi group and an additional
connected Lie group. Let us concentrate on the cases of either Bianchi type I = R3 or VII(0). Under these conditions, we
can read off all the remaining possibilities and information form Table IV of [81]. They are summarized in Table 3. Note that
b° = dim HO(JCg) counts the number of independent global Killing vectors on (M, g). The number of independent Killing

vectors on (M, g) counts the dimension of the Bianchi group (always 3) and the dimension of the additional symmetry
group. The number of independent Killing vectors not broken by compactification to T> can be deduced from the explicit

4 The space of moduli may not always be a smooth manifold, but may have algebraic singularities. Still, the number of moduli is the dimension of the
generic subset of the moduli space, which is a smooth manifold. This dimension is also equal to b! = dim H'!(.X). At singular points of the moduli space,
b! may actually exceed the number of moduli, so at those points a more careful analysis is needed.
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presentation of the isometry groups Isom(M, £) and the discrete subgroups effecting the compactification, which for the
examples given in Table 3 in [81, Sec. 3]. Many more examples can be read off from Tables IV, VII and Section 5.3 of [81].

It appears difficult to locate literature on explicit calculations that are equivalent to computing higher Killing sheaf
cohomologies for other non-simply connected spacetimes.

6. Discussion and generalizations

We have reviewed in detail the algebraic, geometric and analytical properties of the Calabi differential complex [1].

In Section 2 we have defined the nodes of the complex in terms of Young symmetrized tensor bundles and given explicit
formulas for the differential operators between them, verifying through explicit calculations that they in fact constitute
a complex (Appendix A). Such explicit formulas are otherwise difficult to extract from the existing literature, especially in
terms of tensor variables, as opposed to moving coframe variables used in Calabi’s original work. Further, our formulas work
for pseudo-Riemannian backgrounds of any signature, generalizing from the standard purely Riemannian context. We have
also identified a differential operator cochain homotopy (Egs. (2),(11)-(16)) that generates a cochain map from the complex
to itself with a Laplacian-like principal symbol. This cochain homotopy map may be new. However, its lower order terms
coincide with well known geometric operators known from the theory of linearized gravity (General Relativity). Another
interesting and likely novel observation involved the formal adjoint complex (Section 2.3), whose initial differential operator
turned out to be equivalent to the rank-(n — 2) Killing-Yano operator, in analogy with the Killing operator in the original
complex.

In Sections 3 and 4 we showed that the Calabi complex is elliptic and locally exact. Hence, it resolves the sheaf of Killing
vectors on the given constant curvature pseudo-Riemannian manifold. The same is true for the formal adjoint complex and
the sheaf of rank-(n — 2) Killing-Yano tensors. Thus the cohomology of the Calabi complex could be expressed in terms of
the Killing sheaf cohomology, while that of its formal adjoint in terms of the Killing-Yano sheaf cohomology. When a sheaf
is locally constant (covering the relevant cases on constant curvature pseudo-Riemannian manifolds), its cohomology can
be effectively computed in many circumstances using tools from algebraic topology, thus enabling effective computation of
the Calabi cohomology. These methods were reviewed in Section 4, specialized to the Killing sheaf.

Finally, in Section 5, we discussed a physical application that motivated this work. Jointly, the results collected in this
work, together with those of [77,18,17] imply that knowledge of Killing and Killing-Yano sheaf cohomologies allows some
degree of control over the degeneracy subspaces of the presymplectic and Poisson structures within the classical field theory
of linearized gravity on constant curvature backgrounds.

Unfortunately, the above results do not apply directly to linearized gravity on arbitrary Lorentzian manifolds, only those
that have constant curvature and where the Calabi complex is defined. However, the Calabi complex serves as a case study
for the more general situation and the same results partially generalize to general backgrounds. In particular, we can already
make the following conclusions. In general, the Calabi complex will have to be replaced by a different differential complex,
which will likely depend on some of the algebraic characteristics of the Lorentzian manifold (such as its isometries and the
algebraic type of the curvature tensor and its derivatives). This complex would be identified, as was the Calabi complex
[9,10], by the property of being a formally exact compatibility complex of the Killing operator. Such a complex is known to
exist under general conditions and also have the property of being elliptic, since the Killing operator is itself elliptic [ 15,16].
Further, under a generic condition, it can be shown to be locally exact (Section 3.2). The local exactness property connects the
cohomology of this complex to that of the Killing sheaf, which can be effectively computed, at least in many circumstances,
when the sheaf is locally constant. Unfortunately, one piece of the puzzle remains incomplete. The connection between
the cohomology of the formal adjoint complex and sheaf cohomology depends on the knowledge of the initial operator in
that differential complex, which is the adjoint of the final operator of the differential complex resolving the Killing sheaf. In
the Calabi case it is equivalent to the Killing-Yano operator. However, since the differential complex is expected to change
depending on the Lorentzian manifold, so is this initial operator. Thus, it is not clear which sheaf cohomology will replace
the Killing-Yano sheaf in the general case.

Hence, in future work, it would be very interesting to investigate these differential complex resolutions of the Killing
sheaf, especially computing their differential operators explicitly. Besides the general existence results [15,16], such a
complex has already been constructed for locally symmetric spaces (VRpcge = 0) [9,10]. Also, heuristic arguments suggest
that they could be partially constructed by linearizing the so-called ‘ideal’ characterizations of certain exact families of
solutions of Einstein’s equations. These include Schwarzschild [82], Kerr [83] and some perfect fluid [84] solutions. An ‘ideal’
characterization consists of a number of tensor fields, locally and covariantly defined using the metric and its derivatives,
which vanish iff the given metric is locally isometric to a particular geometry from the desired family. For instance, the
vanishing of the Riemann tensor R is an ideal characterization of the flat geometry, while the vanishing of the corrected
Riemann tensor R — R (Section 2.2) does the same for a constant curvature geometry. It should be clear from these examples,
that the linearization of the tensors that constitute such an ideal characterization gives an operator whose composition with
the Killing operator is formally exact. At the moment it is not completely clear what geometric interpretation can be given
to subsequent differential operators in the desired formally exact differential complex.

Finally, one can easily imagine situations where the number of independent solutions to the Killing equations changes
over the background pseudo-Riemannian manifold. The Killing sheaf is then no longer locally constant and many of the
techniques described in this work are no longer applicable. In those cases, perhaps some insight can be gained from the
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theory of constructible sheaves [85, Ch. 4], [48, Ch. VIII], which are allowed to deviate from being locally constant in a
controlled way.
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Appendix A. Young tableaux and irreducible GL(n) representations

A.1. Basic background

AYoung diagram of type (r1, 2, . . .) with k cells consists of a number of rows of cells of non-increasing lengths rj, i1 1 <13,
such that ), r; = k. Example:

type (3,3, 1) or (3%, 1), diagram

Given a Young diagram with k cells, an instance of the corresponding GL(n) irrep can be realized as the image of the space of
covariant k-tensors after two projections: assign an independent tensor index to each cell of the diagram, symmetrize over
each row, anti-symmetrize over each column. The composition of these operations is called a Young symmetrizer, which we
will denote by Y?, where d = (ry, >, . ..) is the type of the Young diagram. It will be convenient for us to group the indices
of a symmetrized tensor by the columns of the corresponding diagram, separating them by a colon. For instance, we write
bgpe-de corresponding to the filling

d .
e

‘(‘\ o Q

Here’s an example of a simple Young symmetrizer:

1
Y(Z'])[t]ab:c = Z(fabc ~+ teba — thac — tabe)- )

Different permutations of tensor indices filling a Young diagram create distinct Young symmetrizers, unless the
permutation preserves the columns. The images of the Young symmetrizer for given diagram type with k-cells are all
isomorphic as GL(n) representations, but are not necessarily all identical as subspaces of the space of covariant k-tensors.
The reason for this observation is that the space of covariant k-tensors is a reducible GL(n) representation that decomposes
into a sum of irreps corresponding to all possible diagram types with k-cells, but with, in general, non-trivial multiplicities.
Both the dimension and the multiplicity of each occurring irrep can be computed with the so-called hook formulas. The hook
length for a given cell is the number of cells constituting a hook with vertex at the given cell, extending to the right and
down. Multiplicity: k! divided by the product of the hook lengths for each cell. Dimension: the product of shifted dimensions
for each cell, divided by the product of hook lengths for each cell; the shifted dimensions of the cells are obtained by placing
n in the top left cell, then always increasing by 1 to the right and decreasing by 1 down. Example:

hook lengths |2 | 3|2 |, shifted dimensions (n = 4) | 4|2 |6 |
421 3[4]5
1 2
7! 4.5.6)(3-4-5)(2
multiplicity: 21, dimension: ( ) )2) _

(5-3-2)4-2-1)(1) (5-3-2)4-2-1)(1)

Note that when the number of rows exceeds n, the corresponding representation becomes zero-dimensional. This clearly
follows from the dimension formula and from the more elementary observation that there do not exist non-trivial fully
antisymmetric tensors of rank greater than n, the dimension of the fundamental representation of GL(n).

By construction, it is clear that every Young symmetrized subspace of covariant k-tensors is fully antisymmetric in the
indices corresponding to each column of its Young diagram. However, this subspace will actually be even smaller and thus
satisfy more identities. A complete set of identities selecting an irreducible GL(n) sub-representation of the space of covariant
k-tensors identified by a diagram of type (r4, . . ., ;) filled with indices a}'{ (k being the row number and i the column number)
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consists of (i) intracolumn exchange identities and (ii) intercolumn exchange identities. The exchange of any two indices
within a column changes the tensor by a sign. All such exchanges constitute the intracolumn identities. Let us define a two-
column exchange as follows. Fix two columns i < j and select the top k indices of column j. A two column-exchange consists
of a swap between a set of k indices from column i and the top k indices of column j, without altering the internal order
the substituted set of indices. For a fixed choice of such i, j, k an intercolumn identity consists of the equality of the tensor
with unpermuted indices with the sum over all corresponding two-column exchanges. All such exchange identities with
consistent choices of i, j, k constitute the intercolumn identities.

There already exists a special notation for antisymmetrization of a group of indices: inclusion in square brackets,
[ailag ---]. Let us introduce a special notation for the sum over all two column exchanges: fixing integers i < j and k, we

shall enclose the indices of column i in curly braces, {a"lag ---}, as well as the top k indices of column j, {Ct"1 e aL}aLH e
We give explicit examples of intracolumn and intercolumn identities for Young diagrams of type (2, 2) and (2, 2, 1):

1
Tabied = Tlabl:cd = E(rab:cd — Thaxcd) (97)
1
Tab:cd = Tab:[cd] = E(rab:cd - rab:dc), (98)
Tab:cd = T{ab}:{c}d = Tcb:ad ~+ Tac:bds (99)
Tab:cd = T{ab}:{cd} = Tcd:ab> (100)
1
babc:de = b[abc]:de = g(ba[bc]:de + bb[ca]:de + bc[ab]:de)a (101)
babe:de = babc:[de]» (102)
babc:de - b(abc}:{d)e - bdbc:ae + badc:be + babd:cev (]03)
babc:de = b(abc}:{de} = bdec:ab + bdbe:ac + bade:bc- (104)

It is remarkable, upon noticing the identity rop.cg — T{ab):{c)d = 3Tab:c1d» that according to Eqs. (97)-(100) a tensor rgp.cq With
Young symmetry type (2, 2) has the same algebraic symmetries as a Riemann curvature tensor (antisymmetry in ab and
cd, interchange of ab with cd, and the algebraic Bianchi identity). This fact is well-known [86], but not often mentioned in
textbooks on relativity.

A.2. Special algebraic and differential operators

Now, suppose that we are working on an n-dimensional pseudo-Riemannian manifold (M, g), with Levi-Civita connec-
tion V. As in Section 2.1, the Young symmetrizes introduced above define vector bundles of Young symmetrized covariant
tensors YIT*M — M, where d stands for a Young diagram. We define special linear algebraic and differential operators,
already briefly discussed in Section 2.2, between these Young symmetrized tensor bundles occurring in the Calabi com-
plex. Each of the corresponding Young diagrams has at most two columns, where the first column usually has at most n
cells and the second column has at most two cells. The operator trace (tr) removes one row of cells, metric exterior product
(g ® —) adds one row of cells, left or right exterior derivative (d; and dg) adds one cell to the left or right column respec-
tively, and left or right divergence (6, and dg) removes one cell from the left or right column respectively. The name of each
of these operators should be suggestive of their form, with the main complication being to maintain appropriate Young
symmetry.

In principle, the Littlewood-Richardson decomposition rules uniquely fix the principal symbols of each of these operators
up to a scalar multiple, with the Levi-Civita operator canonically converting a first order principal symbol into a first
order operator. In practice, it takes a bit of work to find explicit formulas for them, given that a naive application a
Young symmetrizer produces unmanageably large expressions. Moreover, the existence of the intracolumn and intercolumn
symmetrization identities introduces non-uniqueness into possible explicit expressions. Below, we give explicit formulas for
these operators. In case of ambiguity, the choice was dictated by practical convenience. Then, in Appendices A.3 and A.4 we
show by explicit calculation that they satisfy the required symmetrization identities and thus carry the correct Young type.

tr[bla;-apb = bayaen’s (105)

(& O Oayapbe = U&blaytay-—al:c — &clay tay-—ayl:b) s (106)
di[bla; apbe = IVia, bay-..ar)ibes (107)
8Iblayapbe = Vaay-apbe + 217 VDipia, -apiclas (108)
drltlay-aibe = 2Viptiayeaiie) + 20— D7 Vb tiay--aiiels (109)
8r[blayapp = V bay...apbe- (110)
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Let us give an explicit example of (106) for | = 2, which appears in the formulas for the constant curvature Riemann ten-
sor (124) and for the linearized Riemann curvature operator (8):

go h)a1a2:bc = ga1bhazc - gazbha]c - ga1cha2b + 8ayc8ayb> (111)
(& © 8ajapibe = 2(8a;b8arc — Zazb8ayc)s (112)
(Vv O] h)alazzbc = Vvalbhazc - vvazbhmc - VVa]chazb + Vvazchcqb’

1
where VVy = V(avb) = E(VaVb + ViVo). (113)

In the last equation we used the © operation to define another differential operator of definite Young type. This property
follows directly from that of (106).

A.3. Preservation of Young type

Each of the operators (105)-(110) maps tensors of one Young type into another one, as is indicated by the index notation
described in Appendix A.1. Below we explicitly demonstrate that, by showing that the result of applying one of these
operators to a tensor of a given Young type always satisfies the required intracolumn and intercolumn identities.

First, we list some key identities satisfied by the idempotent antisymmetrization and column exchange operations. They
follow from straightforward, though possibly lengthy, application of their definitions. Here, a tensor tg,...q is assumed to
be fully antisymmetric. Also, to simplify the notation for nested operations, we use the notation {- - - }f‘, where the braces
necessarily enclose the indices ay, ax+1, . - ., a;, though perhaps also others, to mean that we apply the appropriate column
exchange operation to these g; indices as if they appeared in the order {a; - - - a;}.

I+ 1)p[ata1..4gl] = Palay--q) — Pla)tia;-ap}» (114)
Pivytia;--a) = Paytbay--a T Pibytayfaz-ay)» (115)
Ptatiar -~} = —Pipilatar—a}s (116)
Pwlcytia;a) = Pa;dic)thiay-—a) + Pipleyta;faz-ap)» (117)
(Pv taya:c’ — Pertiayanb) 5fb5§} = Piytiay--an:c — Pic)tiay--a):bs (118)
(tb’[almal}:c’a - tb’[almal):c’a) 8?[,85} = _2(1 - l)t[blay-»a,:\c]a (119)
Piontiar-an = Pota;qp = (L = DPpytia;ap (120)
Pib)diic)ta,a))! = Pici9btiar-a) + (Ppdey — AP tiayap)» (121)
b/ /
(p({b/]t{ayual}},]:c’ = P bayap))] :b’) 810y = 2L = Dpipitayapie) = 20 = 2)Pip) Liay-apkiel (122)
Ptia)lia, —ap-tbey = Plartiar-abe + 2Pibitiar-a:icla = 2Pibilay-aplcla- (123)

Next, we show how the above key identities can be used to explicitly demonstrate that the required symmetrization
identities are satisfied. We try to indicate which of the key identities are used and where, while also silently making use of
the symmetrization properties of the Young type tensors on which the operations are being performed.

For the trace (105), the intracolumn identities are obvious, so there is only one intercolumn identity to check:

tr[b]{a1-~a1}:{b} = b[al-ual}c:{b}c (115)
= b[alwalc}:{b}c - b{alma,b}:cc = balwalc:bc
= tr[b]a]-~»a1:b~
For the metric exterior product (106), the intracolumn identities are obvious, so there are two intercolumn identities to
check:
(& O Oayeap:ipre = LE&w)ar tay--aily:c — &ctlay bag-ay:(py)  (114)
= _l(l + 1)(g[b[a1ta2~-al]]:c - gc[[altazma[]:b]) + l(gb[01 tazmal]:c - gc[01 taz--»aﬂ:b)
= (g O] t)a1»~a,:bc,
(g O] t){almal}:{bc} = l(gb’{[al tazmal]}:c’ - gc’{[a1 tazmal]}:b’)a?b(sg} (]]8)
= 1 b)(1a; tay-ayly:c — leMlartay-ayp)  (114)
= _l(l + ])(g[b[altazma,]]:c - g[c[a1 tazma,]]:b) + l(gb[altazmal]:c - gc[altaz--»al]:b)
= (g O [)a1~-a1:bc~

The double anti-symmetrizations vanished because of the identities giqp) = 0 and tig,...q;.q;) = 0, with the latter following
from a combination of (114) and an intercolumn identity. Also, we have used the fact that piq, ta,...q:» i a tensor of the
corresponding Young type, which follows from the identities in the paragraph below.
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For the left exterior derivative (107), the intracolumn identities are obvious, so there are two intercolumn identities to
check:

di[bliay--ap:tpre = Vijay baye-apystpre (114)
= —I(l+ 1)V, bay...ap:p1c + V[0, bay-..qi:bc = di[blay...apbes
di[bliay-ap:tbe) = IVijay bay-apystoey  (114)
= Viaybay--ap:tbe) = VitanPrayapyaipey (117)
= Varbiay-apitper + Vobiay-aparicy = Vitanbiayanzvey = Vitbiayapzayiey (123), (121)
= Va,bay-apbe + Vobay--apare — Vebiayaparivy — Viay)biag-aryibe
= 2Vitv) biay--ayiciar + 2Vipibay-apicias
— (Viybiay-apare’ — Vebiayapay)8.85  (118)
= IViaybay apbe = 2V} Dtay apriciar + 2Viicyibiay-ayia by
= Vi, bay.ap:bc = dr[blay-qbe-
For the left divergence (108), the intracolumn identities are obvious. It remains to check the two intercolumn identities:
8u[bliay--ap:tvic = V(atay-aetpie + 1 Djiar-apca = I befay-apyp)a)
= V%bjaay--ap:(blc + bbay-apca (115)
— "N+ Dbypay-aca + 1 'boayapea (114)
— I""bicayap:tpya + I 'boayapea)  (115)
= V*(bag, apbe + 21 'bipjay-apicia) = Silblay-apbes
81[bliay--apy:ibey = V“(ba(ar.‘a,};{bc} (117)
+ I (b (ayapic'a — berfayapra)85p05)  (119)
= V“(b{aal.,.a,];{bcl + bpgay-aiicya (115)
— I"'(1 = 1)(bbay-apca — beay-arba))
= V%(baay-apbe + bipas-ayicla = beay--apba — (1 = 17" (bbay--apca — beay--arba))
= V%(baay-apbe + I "bbay-apca — 1 Beay-apba)
= 8[blay-qp:be-
For the right exterior derivative (109), the following rewriting makes the intracolumn identities obvious:
dr[blay.apbe = Vobay-are — Vebayooary + (= D7 (Vigybiayap:c — Vieybiayoagn)  (114)
= Vpba,apc — Vebayoapp — (L= D711+ 1)(Vipbayac — Vicbay.ab)
+ (1= 17" (Vpbay-apc — Vebayapb)-
There are also two intercolumn identities to check:
dr[blia;-aptbie = Vinybiay-ape = Vebiay-appr + E—= D7 (Vi biiay -ane — Vierbiay apy-e)
= Vipybiay-apie — Vebayapp + U= 17 IVyba,..qe — Vipybiay.-ape  (120)
— (1= D)7 "Vpbpp,qpqey (121)
— (= D)7 (Vebayay — Virbayauc)885 (118)
= Vbbaape — Vebagapp + (= 1) (Vinybiag-ac — Vieybiay-a)b)
= dg[bla;-ap:be>
dr[bay--apstse) = (Virbiayapc’ — Verbiayap)86,8  (118), (122)
+ (1= D7 (Viwbiay e = Viierbiar--ang)3635
= Vinbiay-ap:c = Vieybiag-ayp + (Vbba,.ape — Vebay.app)
— (=D = 2)(Vinybiag-ayc — Vieybiaya)b)
= Vb, ..arc — Vebayapp + U= D7 (Viybiayape — Vieybiay-an:n)
= dg[bla;ap:be-
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For the right divergence (110), the intracolumn identities are obvious, so there is only one intercolumn identity to check:

Sr[bliay-ap:ipy = Vbiayapy:ipye = Vbay-apbe = Sr[blay.apib-

A.4. Composition identities

Below, we list identities between some possible compositions of the operators (105)-(110). These will be instrumental
in the following Appendix A.5, where they will be used to explicitly define the operators involved in the Calabi complex (2)
and the necessary identities between them. We do not show the necessary explicit calculations, as they are lengthy but
straightforward. It suffices to make use of the key identities (114)-(123), as explicitly illustrated in Appendix A.3.

Recall that V denotes the Levi-Civita connection on a pseudo-Riemannian space of constant curvature with metric g and
dimension n. The Riemann tensor on this space is defined by the convention 2V, V0. = Rap:c%wq and is explicitly equal to

k

et (124)

_ A )
Rap:cd = E(g O &)ab:cd = AMEac8bd — Lad8bc), With A =
such that k = g%Rg.c” is the curvature constant.
The simplest composition identity is of two left exterior derivatives (I > 4):
d; o d;[blg;...qpbe = 0. (125)

The principal symbols of these operators augment the left index column of the argument and antisymmetrize over it, thus
composing to zero, as in the case of the de Rham differential. This means that, at worst, the result of the composition of the
operators is of order zero and proportional to the background curvature R given in (124). Now, note that the background
curvature is GL(n)-equivariantly composed only out of the metric and the composition d; o d; is also an equivariant
operator (taking into account the transformation properties of the covariant derivative and the metric). Then the result of
the composition (Young type (2, 2, 12)) must be equivariantly composed only out of the metric g (Young type (2)) and the
argument b (Young type (2, 2, 1%)). However, according the Littlewood-Richardson rules [29,42], there is no non-trivial
combination of that kind. Therefore, the composition of these operator must vanish.

Next, we show the relation between the compositions §; o d; and d; o §;, along with some auxiliary identities involving
the curvature. These formulas hold when the length of the left index column of the outputis! > 2.

2V1eVibaaied = (R D)ab ay--a:cds (126)
(R - b)ab ayapcd = Rabe(e)*Diay-a:ca + Ravcbay-aped + Rab:a®bay-apce
= AMZatb) — &b(a))biay-ap):cd + M&acbay--ai:bd — &bcbay--ap:ad)
— A(8adba,.apbe — 8bdba;--apac); (127)
(4 DR - b)ap ay-aca = =1+ DAZappbaa:cd
— (I 4+ DA(gpba,..a1:0d — &drpbay-—-aptiac)»
(L+ DR b)a ay e = — 1M — 1) 4 2)Abg, arbe + (—)'A(E O tr[b])a, abe-
I+ DR D) ay-atca — (+ DR D)ic ayarba = 0;
8 0 di[bla;..q:bc = Obgy..qpbe — di © 81[blay..apbe + Ildgo Srblay--ap:be
— (I(n = 1) + 2)Abg,.qbe + (—=)'A(g O tr[b])a; apbe- (128)
The main identity that will be useful in Appendix A.5 is the following:
(8 0 dy +d; 0 8)[blay..apbe = Dbay...qrbe + I~ dg © Sr[ba;-aphe
— (I(n = 1) + 2)Aba,..qppe + (—)'A(& © tr[b])a, .qphc- (129)
The composition §; o d; has a special form when the length of the left index column of the outputis | = 2:
ViaTaaybe = —(VieTiagaz)ba + Vip)Tiararica)s (130)
(R 1)% ayayica = —(1 — DATqyaybc + A(@bay Tl ayic — Gbay tr{Tlayic)s
(R-1)% ayayca — R 1) ayapba = —2(0 — DATayayne + A€ O tr[rDayayhes
(R 1% ayat:ca — R T)%c ayayliba = 0

1
80 dL[r]alazzbc = Drayay:bc + EdR ° ‘SR[r]alaZ:bc —2(n— 1))\ra1azzbc +A(Ego tr[r])alaz:bc- (131)

Next, we show the relation between the compositions tr od; and d; o tr:

tr ody[bla,-.qp = di © tr[bla,..app + (—)'8rlbla,. app- (132)
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Next, we show the relations between the compositions d; o dg, dg o d; and the operator (VV © —), along with some
auxiliary identities involving the curvature. Note that below we make use of the notation [- - - ]| which denotes idempotent
antisymmetrization of the indices a; - - - a;, as if they were given in that position and ignoring any other indices appearing
within the same brackets.

2v[avb]ba]~~-alzc = (R . b)ab ay--apcs (133)
(R . b)ab ap---apc — Rab:{d}db{al--»al}:c + Rab:cdbalma,:d
= )\(ga(b} - gb{a})b{almal}:c + }\(gacbalmalzb - gbcbalma,:a); (]34)

IR - B)bja; ay--ac = —2A&biasbay-ap:c + A& © D)ay-apbes
2I(R - b)pjiay ay--apic) = — (U — 2)A(€ O b)ayqpbe
IR - b) by{1a; ay-aly:c = — 1 A8biaybay-atic + 2(g @ b)ay...apibe
2I(R - D) by it1ay ay--ay:ic] = — (1 — 2)A(& O b)gy-ape,
Qbay ay-aie = (R D)ay by (az-aye = —(R - D)pay ayeapie + P AZayibbay-ayic — A€ © D)payewayares
I(R - b)[al{b} (ap-a)lfc ~ IR - b)laﬂf} {ayal} b = 1Qb1ay ay--ai1:c — 1Qctay ay-apb
=2(I = 2)A(g © b)a;--apbe;

_ I(1-2)
dR ° dL[b]almal:bc = (l - 1) ll(vv O] b)almal:bc - m)‘(g O] b)almalsza (]35)
l
dpo dR[b]a1~~a1:bc =(VV O b)a1~~a1:bc + Ek(g O] b)a1-~a1:bc- (136)
The main identity that will be useful in Appendix A.5 is the following:
I"'dgod, — (I — 1)7'd; 0 dg = —A(g © b)ay...qpihe- (137)

A.5. Calabi complex and its homotopy formulas
Below, we use the special differential operators introduced earlier in Appendix A.2 to explicitly define the differential
operators B, E; and P; that make up the Calabi complex and its homotopy formulas, as discussed in more detail in Section 2.2:
Bi[v]ap = Vavp + Vpug,
BZ[h]alaZ:bc = (VV O] h)alazzbc + A(g O] h)alazzbu
Bl[b]a1~~»alzbc = dL[b]a1~~a1:bc (l > 3)7
1
Eilhl = V'hep — S Vatrlhl,

E2 [b]a:b = tr[b]a:ba
Ere1[blayaibe = (8 — (=)' 'dg o tr) [blay.qupe (1 > 2).

Explicit formulas for B; and E; with low [ have been given in Section 2.2.

Further, we make use of the identities given in Appendix A.4 to show that these operators satisfy the required identities,
namely B;; o B; = 0. The identities B, o B; = 0 and B3 o B, = 0 have already been shown to follow in Section 2.2 from the
usual transformation properties of the Riemann curvature tensor under diffeomorphisms and from its Bianchi identities.
The identities B, o By = 0 for | > 2 then follow directly from the composition identity d; o d; = 0in Eq. (125).

Again, appealing to the identities of Appendix A.4, we give the homotopy formulas P, = Ej; o Bj1 + Bjo E; forl < 2:

1
ao&wh=V%%w+VW0—5%aWw>

Py = 0Ovg + A(n — 1)vyg,
(Ez 0By + By o Ep)[h]ap = (VV O h)ac:bc +AEg0o h)ac:bc

1 1
+V, <VChb;C — EVb tr[h]) +Vp (V”ha;C — EVG tr[h])
Py = I]hab - 2)Lhab + 2A8a tr[h]s

1
(E3oB3+ By 0 EZ)[r]alazzbc =dL0 dL[r]a1a2:bc - EdR oftr OdL[r]alazzbc

+ (VV © tr[r])alazzbc + )“(g O tr[r])alazzbc
P, = Dra]az:bc - 2(” - l)A-ralaz:bc + 2}‘-(g O] tr[r])alaz:bc~



162 I. Khavkine / Journal of Geometry and Physics 113 (2017) 131-169

Finally, the same set of identities also implies the following formulas for P, with | > 2:
(Ery1 0By +Bo El)[b]a1~~a,:bc =(od +dro 5L)[b]a1-~a1:bc
— () (I"'dgotrod, — (I — 1)7"d; o dg o tr) [blay...qpbe
P = Elba1~-~a,:bc —(In-10+ Z)Abalma,:bc + (_)IZ)V(g O] tr[b])zﬁma,:bc-

Explicitkformulas for P, with low [ have also been given in Section 2.2. Recall that, as in Eq. (124), we have used the notation

= n(n—1)"°
A.6. An adjoint operator

Here we derive Eq. (31), which according to the general formula (23) implies that —n~1§; is the formal adjoint of d; when
acting on tensors of Young type cq,...qy:bc-

aay---an:bc aay---an:bc aay---an:bc
Va(c 2t bazman:bc) = " vabaz-»»an:bc + (Vac 2 )bazu-an:bc

aay---an:bc ay---an:bc
= V[abazu-an]:bc + (SL[C] 2 bazman:bc

1
bay---an:ca cay---an:ba
- n ](Vac 2ot — VaC 2t )baz-»»an:bc

1
aay---an:bc ay---an:bc
= EC 2 dL[b]aaz--~an:bc + & [c] ™ buz--~an:bc

- m(b[az~-an:b]cvucba2 a"m'f'b[azmam:c]bvacm2 a,,.ba) (114)

1 . ey
= — "2y Blagy aype + 81T bay v (138)
We have simply used the definitions of the d; and §; differential operators as well as the fact that the contraction of two
tensors, one of which being totally anti-symmetric in a subset of indices, allows the insertion of an anti-symmetrization over
the corresponding indices of the second tensor. Finally, some of the anti-symmetrizations annihilated the corresponding
tensors, due to their intercolumn identities and the application of the identity (114).

Appendix B. Homological algebra

Below we introduce some basic notions from homological algebra. A standard text on the subject is [87], where more
details can be found along with complete proofs.

Let A;, also denoted A,, be a sequence of vector spaces (real vector spaces, for our purposes) with linear maps A; — A1
between them. If each successive pair of maps A;_; — A; — A1, composes to zero, this sequence is called a complex (of
vector spaces) or a cochain complex, with an element a € A; being referred to as a cochain (of degree i), and the maps A; — A1
referred to as cochain differentials. Any complex gives rise to cohomologies

Hi(A) = ker(A; — Aiy1)/im(Ai_; — A). (139)

If all the cohomologies vanish, H!(A,) = 0 or the image of each map is equal to the kernel of the subsequent map, the
complex is called exact or an exact sequence. Given two complexes A, and B,, the vertical maps in the diagram

A; A e
l J (140)
B; Bits e

are called cochain maps provided they make the diagram commute. Furthermore, the diagonal maps in a diagram like

d d d
: A; Air1 e
) B ¢
. - 5 -
,(i/ lh s J’“ (141)
. .
K 4 K g ol
‘ B; Bit1

are called cochain homotopies. The homotopy maps induce vertical cochain maps by the formula h = d§ + 4d. It is a basic
fact that cochain maps A, — B, naturally induce maps in cohomology H'(A,) — H'(B,). Of course, identity chain maps
induce identity maps in cohomology and zero chain maps induce zero maps in cohomology. Also, two cochain maps induce
the same map in cohomology when their difference is induced by a cochain homotopy.
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A short exact sequence

0 A, B, C. 0 (142)

between complexes A,, B, and C, consists of cochain maps between them such that each instance of

0 Ai B; G 0 (143)

is an exact sequence of vector spaces. Another basic fact of homological algebra is that a short exact sequence of complexes
induces the following long exact sequence in cohomology

Hi(A,) Hi(B,) H'(C,)
U i (144)

[» H*'(A,) — H*'(B)) — HH(C,) ——— - -+

where the maps H'(A,) — H!(B,) and H'(B,) — H'(C,) are induced by the cochain maps from the short exact sequence
and the connecting maps H'(C,) — H**'(A,) are induced by the cochain differential.

Finally, another standard result is the so-called 5-lemma (or a simple variant thereof). It states that the central vertical
map in the commutative diagram

A, A_q Ao A Ay
N
B_, B_; By By B,

is an isomorphism, provided that the top and bottom rows are exact sequences and all the other vertical maps are
isomorphisms themselves.

Appendix C. Jets and jet bundles

In this appendix, we briefly introduce jet bundles, fix the relevant notation and discuss differential operators in the
context of jets. For simplicity, we restrict ourselves to fields taking values in vector bundles. However, the discussion could
be straightforwardly generalized to general smooth bundles. More details, as well as a coordinate independent definition,
can be found in the standard literature [88,89].

Given a vector bundle F — M over a connected n-dimensional smooth manifold M, the k-jet bundle J*F — M is a
vector bundle whose defining characteristic is that for any (possibly non-linear) differential operator f: I'(F) — I'(F’)
of order k, there exists a canonical factorization f[u] = f o j‘u for any section u: M — F, where the k-jet prolongation
j*: I'(F) — I'(J*F) is composed with a smooth bundle map f: J*F — F’, which by a slight abuse of notation we denote
using the same symbol as the original differential operator. Composing the differential operator f with an I-jet prolongation
canonically defines a new differential operator p;f : J"**F — J'F’ called its I-prolongation, jif[u] = pf o j*u. Given a
trivializable restriction F; — U of F to achart U ¢ M with local coordinates (x') and fiber-adapted local coordinates (x', u®),
there is a corresponding adapted chart J*F;, C JF with adapted local coordinates (x', uf), where I = i; - - - i; runs through
multi-indices of orders |[I| = [ = 0, ..., k. In these coordinates, the k-jet prolongation is given by j*u(x) = (¥, 9;u®(x)),
while the I-prolongation is given by p/f[u]l(x) = (¥, &f°[u](x)), where flu]l(x) = (!, f’[u](x)) in fiber-adapted local
coordinates (x', v?) on F’. For any | > k, discarding the information about all derivatives of order > k defines a natural
projection J'F — J¥F. The projective limit J°F = l(ir_nkqoo]kF defines the oco-jet bundle. The oco-jet prolongation j*° and

oo-prolongation p. are defined in the obvious way. By composing with the natural projection J*F — J*F, the differential

operator f also canonically defines the smooth bundle map f : J*F — J*F i> F’, which is again denoted by the same symbol
f. Conversely, due to the projective limit construction, any smooth bundle map f: J*F — F’ can only depend on finitely
many coordinates of its domain, which means that there exists a k > 0 such that this bundle map canonically factors as

f:J®F — J*F EN F’, with the smallest such k being the order of f.

Given vector bundles F — M,E — M and a differential operatore: I"(F) — I'(E), we write down the partial differential
equation (PDE) e[y] = 0, with ¢ € I'(F). Sometimes it is convenient to refer to F — M as the field bundle and toE — M as
the equation bundle. We will only consider linear PDEs below, where the differential operator e is linear. We denote the local
spaces of solutions by 4. (U), where U C M is open and v € I" (F|y) belongs to $.(U) iff e[v/] = 0 on U. The PDE is said to
be of order k if it can be written as e[1/] = e(j*y), where on the right-hand side we have a (linear) bundle map e: J*F — E.

In adapted coordinates (x', u®) on F, the PDE e[¥/] = 0 has the form e’ (x)3;1(x) = 0. When the PDE is of order k, the
coefficients ef (x) vanish for multi-indices with |I| > k. The coefficients of the highest order derivatives, e/ (x) with |I| = k, in
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fact transform as a tensor under coordinate changes and define a linear bundle map oe: FQ S¥T*M — E called the principal
symbol of e. If we fix (x, p) € T*M, then the corresponding linear map oy pe = oe(x) - p®*: FkM — ExM can also be referred
to as the value of the principal symbol of e at (x, p).

The PDE e[v/] = 0 is equivalent to the PDE ¢/[y/'] = 0, with ¢’ : J* F/ — E’, if they have isomorphic solution spaces. That
is e[y/] = 0 implies that '[f[¥/]] = 0 and €'[¢/'] = 0 implies that e[f'[v/']] = O, for some differential operators f and f'. In
fact, it can be shown that the two PDEs are equivalent precisely when they fit into the following diagram, where arrows are
differential operators and the bundle labels stand in for the corresponding spaces of sections,

q
F“—SE

fﬂf gﬂg , (146)

[:4

F/ ﬁ E/

where differential operators satisfy the following identities:
edof=goe, flof =id+qoe, (147)
eof =g o, fof =id+q oe. (148)

The reason we can express equivalence in this way, at least when all the differential operators are linear, follows from linear

algebra on jets. If we replace the operators e, €, f and f’ by the corresponding jet bundle maps, prolonged to the appropriate

order, it follows from basic linear algebra that there exist jet bundle maps that ostensibly correspond to the operators g,

g’, g and q'. It then follows from a deeper analysis of the properties of linear PDEs [16,44,90] that once these differential

operators are defined using prolongations of sufficiently high order, the appropriate identities hold at all higher orders. As

a simple example, note that the equation e[v/] = 0 and its prolongation pye[y/] = 0 are equivalent, with f = f" = id.
Consider vector bundles E, F, G — M and linear differential operators

f: I'G) — I'(F) and e: I'(F) —» I'(E), (149)

of respective orders k and [, such that e o f = 0. We say that the composition of e and f is formally exact if the composition
pk*t™Me o p™f of jet bundle maps is exact in the usual linear algebra sense (the image of p™f is equal to the kernel of p**™e).
Formal exactness is a powerful hypothesis. For instance, it implies that certain differential operators factorize through either
eorf [16,11]. Namely, if g is any differential operator such that g of = 0, then there must exist another differential operator
g’ suchthatg = g’oe. Similarly, if g is any differential operator such that eog = 0, then there must exist another differential
operator g’ suchthatg =f o g’.

Appendix D. Deformations of flat principal bundles

The material below requires some familiarity with the theory of G-principal bundles [91,92,46,93]. Its main point is
to show how one can reduce the computation of the degree-1 cohomology space of a certain locally constant sheaf on a
manifold M to the computation of the degree-1 group cohomology of the fundamental group = = (M) with coefficients
in a certain corresponding representation. This reformulation is a significant simplification because group cohomology
calculations can often be reduced to finite dimensional linear algebra and many explicit calculations of that sort have
already been performed and are available in the literature. The connection between these sheaf and group cohomologies is
established by noticing that both of them describe equivalence classes of infinitesimal deformations of flat principal bundles.
Unfortunately, this argument is not sufficient to establish an isomorphism between these sheaf and group cohomologies in
higher degrees, but degree-1 is already interesting because it is the one relevant in the physical application we have in mind
(Section 5).

We briefly recall some basic facts about principal G-bundles [91,92,46,93]. The total space of the principal bundle P — M
has fibers that are right principal homogeneous spaces of the group G. A right principal homogeneous space is defined by the
possession a free, transitive action of G. Thus, any principal homogeneous space is diffeomorphic to the manifold underlying
the Lie group G and, if any particular point is identified with the unit element of G, the action of G coincides with right-
multiplication. The fiber-wise right action of G on P allows us to construct so-called associated bundles. If F is a left G-
space, with action p: G — Aut(F), then we define the corresponding associated bundle, denoted sometimes F, or Fp,
as P x, F = (P x F)/G, where the quotient identifies the points (pg, f) = (p, g&f).p € P,f € F, g € G.In particular, we can
define the associated bundles Gp = P xaq G and gp = P xaq g, Wwhere Ad denotes respectively the adjoint action of the Lie
group on itself and its Lie algebra, Ad(b)a = bab~! and Ad(b)ox = bab™!, witha, b € G and « € g. When convenient and
for simplicity of notation, we shall implicitly treat Lie group and Lie algebra elements as if they were faithfully represented
as matrices.

The principal G-bundle P — M is called flat when it is endowed with a flat connection or a notion of flat parallel transport,
which are compatible with the structure group action. The details of these notions are discussed in the next subsections.
The arguments presented therein roughly establish the following
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Proposition 17. Let P — M be a flat principal G-bundle and &# = m (M) be the fundamental group of M. We can define the
following structures associated to it: (a) the sheaf ¥, of locally flat sections of the associated bundle gp — M, (b) the twisted
de Rham complex (A*M ® gp, D), and (c) the monodromy representation p: m — G. Then the following cohomology groups
(respectively the sheaf, twisted de Rham and group cohomologies) are all isomorphic, by reason of each being isomorphic to the
space of equivalence classes of infinitesimal deformations of the flat principal G-bundle structure of P — M:

H'(M, F,) = H'(A°M ® gp, D) = H' (7, Ad,). (150)
We defer to the standard references [92,46,93] for detailed proofs.

D.1. Flat principle bundle cocycle

There are multiple ways to construct a principal G-bundle over a manifold M. The one that will be important for us here
defines also a bit more structure than principal bundle itself, it also defines a flat connection thereon. We shall refer to these
structures as flat principal G-bundles. It is well known that this data can be specified as follows. Let U = (U;) be an open
cover of M and (U, V) — tyy € G an assignment of a structure group element to every ordered pair of opens U,V € U.
Each ty v is called a transition map. The transition maps define a principle G-bundle with a flat connection if they satisfy the
following cocycle identities,

tyvtv,u = id, (151)

tU.VtV,WtW,U = ld (]52)

A change of trivialization is an assignment U +— ay € G for every open U € U. The modified transition functions
tyy = au tu.va, ' define an equivalent flat principal G-bundle.

Next, we describe infinitesimal deformations of a flat bundle cocycle t; y. Namely, suppose that t; v (s) is a smooth 1-

parameter family of flat bundle cocycles, with ty v (0) = ty y. Let us denote the derivative ats = 0 as ty,y = ty vty v, with
Ty.v € g.Then, the defining relations (151) and (152) impose the following constraints on the infinitesimal deformation ty v :

yy = —fv_,bl'v,ufv,u, (153)

Ty + tU,VTV,WtJ.:/ —twyu =0. (154)
On the other hand, suppose that ay(s) is a smooth 1-parameter family of trivialization changes, with ay(0) = id. Let us
write the derivative at s = 0 as ay = —oy. The induced infinitesimal deformation in the transition functions ty y(s) =
ay(s)ty va, ' is

Tyyv = —oy + tU,VGthzl‘w (155)

The point of the above calculations is to show that infinitesimal deformations of the flat principal bundle cocycle, up
to infinitesimal trivialization changes, correspond precisely to the cohomology classes of a certain sheaf. To complete the
argument, we need only introduce the basic definitions of Cech cohomology, which is known to compute the cohomology
vector spaces of a corresponding sheaf [47,48]. We will take the sheaf to be %, where #;(U) consists of the locally flat
sections of the bundle gp — M, associated to the flat principal G-bundle P — M. Let us now fix an open cover U = (U;) of
M such that each U; is contractible and any multiple intersection of the U; is also contractible. On a manifold, any open cover
can be refined to such a good cover [49, Thm.5.1]. In particular, the flat principal bundle cocycle can always be refined to a
good cover. The good cover hypothesis ensures that the Cech cohomology spaces are in fact isomorphic to the actual sheaf
cohomologies.

We define a Cech g-cochain ¢ as an assignment {0/ qu+1) > Oy € FUin - N Ui,,,) to every ordered
(q + 1)-tuple of opens from U. By local flatness, for any U € U, F,(U) = Fg = g (cf. Section 3.1). It is convenient to
think of a Cech cocycle Oiy-igyq AS taking values in g = #,(U;). This means that o;... and o;... restrict to the same element of
FUiNU; N -- ) only if 0. = Ad(ty, v,)0o;... = (tui,‘/j)(rjm(tlji,]‘,j). We shall only need the Cech differential to be defined on
0- and 1-cochains:

(80)ij = gjluny; — Giluiny;

= Ad(ty,y))oj — o

= tui,ujajt;ifuj — o, (156)
(af)ijk = ‘L}'l<|uimujmuk - Tik|u,nujnuk + Tij|u,~mujnuk

= Ad(ty,u) Tk — Tik + Ty

—1
= tUiJ-’jT_fktU,-,l}]- — Tik + Tjj. (157)
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The space of closed Cech g-cocycles modulo the Cech coboundaries then is isomorphic to the sheaf cohomology group in
degree g, which in our case is H1(F;).

It should now be clear, from Eqgs. (154) and (155), that the infinitesimal deformation of the flat bundle cocycle defines a
Cech 1-cocycle Tj = Tu,.y; and an infinitesimal change in trivialization defines a Cech coboundary 7 = (80)y, with o; = oy;.

D.2. Flat connection on a principal bundle

Another, ultimately equivalent, way to specify a principal bundle with a flat connection is as follows.

A principal G-connection on a principal G-bundle P is a g-valued 1-form w on the total space P (an element of 21(P) ® g)
such that (i) w is Ad-equivariant (Rjw = Ad(a~")w, where R;: P — P is the action of a € G on P by right multiplication)
and (ii) w(B) = B for any vertical vector 8 € TP. Recall that vertical vectors are those annihilated by the tangent map of the
projection P — M and that the vertical subspace of TP at any point of P may be naturally identified with g, which we have
used in the preceding definition. The defining condition on the form w is clearly linear inhomogeneous. Thus, the space of
all principal G-connections forms an affine subspace of £2'(P) ® g. So, the difference A = &’ — @ between any two principal
connections belongs to the subspace of 2!(P) ® g that is Ad-equivariant and horizontal (annihilates vertical vectors). This
subspace is in fact isomorphic, by pullback along the projection P — P/G = M, to the space of sections I"(A'M ® gp) of the
associated bundle A'M ® gp — M. In fact, we can identify the spaces of sections I' (APM ® gp) with the Ad-equivariant,
horizontal subspaces of £2P (P) ® g. The first order differential operator DA = dA+ [w A A] (see below for notation) preserves
these subspaces and hence can be projected down to a first order differential operator D: I'(APM ® gp) — I'(APTIM ®gp),
which we shall refer to as the twisted differential (cf. Section 2.4).

The curvature §2 of a principal G-connection w is defined to be the following g-valued 2-form on P:

1
2 =dw+ E[a)/\w], (158)

where the bracketed wedge product is definite to satisfy [(A ® &) A (u @ B)] = A A u ® [o, Bl forany A, u € 2'(P)
and o, B € g. Since £2 is Ad-equivariant and horizontal, we can equally write £2 € I'(A*M ® gp). The twisted differential
D is not nilpotent, D?> # 0. However, its square is C°(M)-linear and so is a differential operator of order 0. In fact, we can
compute it to be

D’A =[R2 AA] (159)

forany A € I'(APM ® gp). If 2 = 0, then the connection is said to be flat. This is a sufficient condition for the twisted
differential to become nilpotent, D> = 0. A necessary and sufficient condition would simply be that the curvature £2 takes
values in the center of g, upon local trivialization of gp.

Given any two flat connections w and &', their difference can be represented by a sectionw’ —w = A € I'(A'M ® gp)
(or rather its pullback to P) that necessarily satisfies the following equation:

0=do + %[a)’ Aw'] (160)
=d(a)+A)+%[(a)+A)/\(a)+A)] (161)
:dA—f—[a)/\A]—i—%[A/\A] (162)
= DA+ %[A AAL (163)

Where the last expression can be interpreted as computed on M rather than on P. Equating this last expression to zero
gives a differential equation on sections A € I'(A'M ® gp) identifying those that parametrize the space of flat principal
G-connections (relative to w, which defines the twisted differential D).

An automorphism of a principal G-bundle P — M is a bundle map f: P — P that covers the identity on M and is
equivariant with respect to the right action of G [94,93]. It is a standard fact that such maps can be expressed as functions
as: P — G that are Ad-equivariant (where Ad is the left action of G on G by conjugation) with respect to the right action of
G on P. In turn, the set of such maps is in bijection with the space of sections of the associated bundle Gp = P x pq G. Since
the map f: P — P is an automorphism, the pullback connection f*w is considered equivalent to the original one. Given its
equivariance, the map f corresponds to a section af € I"(Gp). Equivalently, given a section a € I"'(Gp), we can define the
corresponding automorphism map f;: P — P. It is not hard to compute that

ffo=Ad@@ Yo +a 'da. (164)

Naturally, the pullback f*w of a flat connection w is also a flat connection.
Next, we describe infinitesimal deformations of a flat principle G-connection. Given a flat connection described by a g-
valued 1-form w on P, any smooth 1-parameter family of principal connection can be written as w + A(s), with A(0) = 0,
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where A(s) can, for fixed s, be considered as a section of the associated bundle A'M ® gp — M. This family consists of flat
connections if and only if the equation DA(s) + %[A(s) A A(s)] = 0is satisfied, where D is the twisted differential defined

by w. If A(0) = A, then the preceding identity imposes the condition DA = 0 on this infinitesimal deformation. Also, if
a(s) € I'(Gp), with a(0) = id and a(0) = o € I'(gp), defines a smooth 1-parameter family of automorphisms fy5): P — P,
then the corresponding infinitesimal deformation of the original flat connection is equal to A = do — [«, w] = Der.

It should now be clear that infinitesimal deformations of a given flat principal G-connection, up to infinitesimal
automorphisms of the underlying principal G-bundle, are in bijections with the cohomology vector space H'(A® ® gp, D) of
the twisted de Rham complex defined by the original flat connection.

D.3. Monodromy representation

A connection, in the sense of Ehresemann, can be defined as a splitting of the tangent space of P into Ty P = TyM @ g, for
(x, a) € P, with the g summand canonically identified with the subspace of vertical vectors, such that the splitting is smooth
in x and equivariant in a. The TyM summand is called the horizontal subspace of T ,P. This formulation leads naturally to the
idea of parallel transport. Given a point (x, a) € P and a smooth curve y : [0, 1] — M such that y(0) = xand y(1) = 1,
there exists a unique lift  of y to P such that 7 (0) = (x, a) and the tangent vector y is always horizontal. With x and y fixed,
the endpoint (y, b) = y(1) defines b as the image of a parallel transported along y. Since the splitting of TP is equivariant
with respect to the right action of G on P, so is parallel transport. It is easy to see that parallel transport does not depend
on the parametrization of y, is well defined also when y is piecewise smooth, and respects concatenation, a,,, = a, a, for
y (1) = n(0) and yn being the concatenated curve. In particular, if y is a closed curve based atx € M (y(0) = y(1) = x),
then the effect of parallel transport is equivalent to the right action on the fiber P, by some element a,, € G.

Let 7 = m1(M, x) be the fundamental group of M based at some point x. The connection splitting of TP is called flat
when the parallel transport along any closed contractible curve y is trivial, a, = 1id, and thus the group element a,
effecting parallel transport along a closed curve y based at x depends only on its homotopy type [y] € 7. In other words,
parallel transport defines a homomorphism p: 7 — G, o([y]) = a,, which we call the monodromy representation of the
fundamental group of M in the structure group of P — M (cf. the introduction to Section 4).

Thus, any flat principal G-bundle gives rise to a representation p: w — G.Two isomorphic flat principal bundles give rise
to equivalent monodromy representations, where two representations p’ and p are equivalent if there exists an element
a € G such that p’([y]) = ap([y])a”!. Conversely, any homomorphism p: 7 — G allows us to construct a flat principal
G-bundle with a monodromy representation equivalent to p. Namely, consider the universal cover M — Masa principal -
bundle and define the total space of the corresponding principal G-bundle as P = M x » G. A flat connection can be defined

on the trivial principal G-bundle M xG using the construction of Appendix D.1 applied to a cover by contractible open sets
and transition maps defined by p. This flat connection then projects down to P.
Next, we describe infinitesimal deformations of a fixed monodromy representation p. Let p;: # — G be a smooth

1-parameter family of monodromy representations, with p(s) = p and ps(a) = t(s)p(a) for some t: w — g. The
representation property ps([y1[n]) = ps([¥])ps([n]) imposes the following constraint on the infinitesimal deformation:
t(lyD) + p(yDr Doy~ — (¥lnD) = 0. (165)
A family of trivial deformations is given by ps([y]) = asp([y])a; ! for a smooth 1-parameter family a; € G, with ap = id
and ap = —o € g. The corresponding infinitesimal deformation of the representation is given by
t(ly]) = —o + p(lyDopyD™". (166)

The point of the above calculations is to show that these infinitesimal deformations can be identified with certain group
cohomology classes. To see that, we need to introduce some basic definitions [87, Ch. 6], [68]. Group cohomology is defined
given a group and a representation thereof. We will give the definitions by directly taking the group to be 7 and the
representation to be the composite adjoint representation of 7 on g, Ad, = Adop: m — GL(g). The vector space C?(;r, Ad,,)
of p-cochains consists of functions o : 77 — g, where 7P = m x --- x m is the p-fold product. The cochain differentials
8: CP(m,Ad,) — CPT1(m, Ad,) are defined by the formula

So([yils -y [yps1)) = D" ol ... D) + Ad, (Do (2], - - [Vpsa])
p
+ Y (D% Iyl ). (167)
q=1

For 0- and 1-cochains, we have the following explicit formulas:

So(lyD) = —o +Ad,([y Do

=—o + p(lyDopyD~". (168)
St([y1, [nD) = t(y]) + Ad,([y Dz (n]) — ty1n))

=t([yD) + pUyDrAnDpdyD ™" — (¥ 1nD. (169)
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It is worth noting that the degree-0 group cohomology is isomorphic to the subspace of the representation on which the
group acts trivially, H(r, Ad,) = ¢”.

It should now be clear from Eqs. (165) and (166) that infinitesimal deformations of a monodromy representations
p: m — G, up to deformations by conjugation, are in bijection with the group cohomology H! (rr, Ad,) of the group
with coefficients in the composite adjoint representation of 7 on g.
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Cohomology with Causally Restricted
Supports

[gor Khavkine

Abstract. De Rham cohomology with spacelike compact and timelike com-
pact supports has recently been noticed to be of importance for under-
standing the structure of classical and quantum Maxwell theory on curved
spacetimes. Similarly, causally restricted cohomologies of different differ-
ential complexes play a similar role in other gauge theories. We introduce
a method for computing these causally restricted cohomologies in terms
of cohomologies with either compact or unrestricted supports. The calcu-
lation exploits the fact that the de Rham—d’Alembert wave operator can
be extended to a chain map that is homotopic to zero and that its causal
Green function fits into a convenient exact sequence. As a first applica-
tion, we use the method on the de Rham complex, then also on the Calabi
(or Killing—Riemann—Bianchi) complex, which appears in linearized grav-
ity on constant curvature backgrounds. We also discuss applications to
other complexes, as well as generalized causal structures and functoriality.

1. Introduction

Recently, a number of works on the structure of classical and quantum field the-
ory on curved spacetimes [5,6,15,19,31,34,36,47] have made use of de Rham
cohomology with spacelike compact supports. It appears in the characteri-
zations of the center of Poisson (or quantum) algebra of observables of the
Maxwell field and also of the degeneracy of the bilinear pairing between space-
like compactly supported solutions and compactly supported smearing func-
tions (see Proposition 1 for a specific statement). Similar considerations ap-
pear in more general field theories [34,36], though involving cohomologies of
complexes that are different from the de Rham one. One example is the Cal-
abi complex, which appears in linearized gravity on constant curvature back-
grounds [36, Sect. 4.4] (see Proposition 10 for a specific statement). Note that
cohomologies with timelike compact supports as well as on-shell cohomologies
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(restricted to solution spaces of some particular hyperbolic differential oper-
ators) have also appeared in the same contexts. We shall loosely refer to all
of these variations as causally restricted cohomologies or cohomologies with
causally restricted supports.

It was noticed long ago [1] that non-trivial spacetime topology can influ-
ence in a non-trivial way the construction of the classical and quantum field
theories. However, these effects had not been systematically investigated until
recently. This may explain why neither the standard literature on differential
geometry and topology, nor the literature on relativity seem to have consid-
ered! cohomologies with supports restricted by causal relations (like spacelike
or timelike compactness). So, given their growing importance, they deserve
independent investigation, which is the subject of this work. We introduce a
method that allows us to compute the causally restricted cohomologies of a
differential complex, provided that complex is equipped with extra structure
similar to that found in Hodge theory [27,33]. The essentials of this method
are illustrated on the case of the de Rham complex. Then, other applications
and implications are discussed.

In Sect. 2, we briefly outline some well-known geometric properties of the
de Rham complex on a Lorentzian spacetime, as well as some basic facts of
homological algebra. These properties form the core of our method and are
reminiscent of the structure found in Hodge theory. Our method of computing
causally restricted cohomologies is then illustrated in Sect. 3 and is used to
express the various causally restricted de Rham cohomologies in terms of the
standard de Rham cohomologies with unrestricted and compact supports. Sec-
tion 4 applies the same method to the Calabi differential complex. The Calabi
complex plays a role in linearized gravity on a constant curvature background
analogous to that of the de Rham complex for Maxwell theory. Its structure is
briefly introduced and shown analogous to that highlighted in Sect. 2. Then,
in Sect. 4.4, its causally restricted cohomologies are computed in analogy with
Sect. 3. Section 5 discusses a few related questions that have appeared in the
study of gauge theories in the framework of locally covariant classical and
quantum field theory. In particular, Sects. 5.1 and 5.2 deal with the behavior
of the causally restricted cohomology groups under changes of causal structure
and under embeddings, and Sect. 5.3 briefly describes how the methods applied
to the de Rham and Calabi examples could be generalized to other differential
complexes that arise in the study of general field theories with constrains and
gauge invariance [34,36]. Finally, Sect. 6 concludes with a discussion of our
results.

It should be mentioned that results very similar to those in Sect. 3 have
been obtained independently in a recent work [5], though by different methods.

1 A notable exception is [39], which, as a byproduct of a different investigation, computed a
few low degree cohomology groups with spacelike compact supports or restricted to solutions
of the wave equation, but only on Minkowski space.
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Those methods are very specific to the de Rham complex, including its invari-
ance properties under topological homotopies. Such strong invariance proper-
ties certainly do not hold for other differential complexes. So it is noteworthy
that the content of our Sects. 4 and 5 goes beyond [5] in several directions.

2. Preliminaries

Fix an n-dimensional smooth manifold M (n > 2) with a Lorentzian met-
ric g such that (M,g) is an oriented, time-oriented space, globally hyper-
bolic spacetime [4,32,43,52]. Recall that, according to the Geroch splitting
theorem, there exists a diffeomorphism M = R x ¥ (non-unique, of course)
where the corresponding projection t: M — R is a Cauchy temporal func-
tion [8,9,25]. Let QP(M) denote the linear space of differential p-forms on M
and let d: QP(M) — QPTL(M) denote the de Rham differential, which together
form the de Rham complex

0—— QM) 25 or(m) —4s ... 4 0onm) ——o0, (D

This sequence of maps being a complex means that each pair of successive
maps compose to zero, dod = 0.
Its cohomology in degree p is defined and denoted by

p _ ker(d: QP(M) — Qrti(M))
HY (M) := im(d: QP~H(M) — QP(M))

The cohomology of any other complex is defined in a similar way. It is well
known that this de Rham cohomology is isomorphic, H?P(M) = HP(M,R), to
the singular cohomology of M with coefficients in R [11, Theorem 15.8], to
the Cech cohomology of M with coefficients in R [11, Theorem 8.9], and to
the sheaf cohomology of M with coeflicients in the sheaf of locally constant
R-valued functions [11, Proposition 10.6], all of which being isomorphic are de-
noted by H?(M, R). If we replace QP (M) in (1) with Q2(M), the linear space of
differential p-forms with compact support, the corresponding de Rham coho-
mology of M with compact supports, which satisfies the following isomorphism:
HP(M)* =2 HP(M,R). That isomorphism is implemented by a non-degenerate
bilinear pairing between QP (M) and Q2P (M),

s = [ anp 2)

which descends to a non-degenerate bilinear pairing between HP(M) and
HP?(M). This result is known as Poincaré duality [11, Remark 5.7].

Using the Hodge star operator *x: QP(M) — Q" P(M) associated to
the metric g, we can define the de Rham co-differential § = *dx: QP(M) —
QP~1(M). Next, we define the so-called de Rham-d’Alembertian or wave op-
erator (J: QP (M) — QP (M),

0= ds + 6d. (3)
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This operator differs from the simple tensor d’Alembertian V,V® by terms of
lower differential order. From its very definition, we see that the
d’Alembertian is a cochain map from the de Rham complex to itself, dCJ = [d,
which is moreover cochain homotopic to zero, with the co-differential § the cor-
responding cochain homotopy. That is, it induces the zero map from HP (M)
to itself. The following diagram illustrates the discussion:

0—— QM) —sotm) —4s ... L 0n (M) ——0
o /5// o 27 5.~ lu ;o (4)
K’ K’ -~

0—— QO(M) s o' (M) —4 .. s an () —— 0
where the rows constitute (de Rham) complexes, the solid arrows commute,
and the dashed arrows illustrate the cochain homotopy. This is an important
observation that will be used in an essential way in Sect. 3. Note that the
formula (3) is analogous to the formula for the Hodge-de Rham Laplacian in
Riemannian geometry. There, the observation that this Laplacian is homotopic
to zero lies at the foundation of Hodge theory [27,33].

The causal structure on M defined by the Lorentzian metric g allows us
to restrict the supports of differential forms in other ways as well. Recall that,
for a subset S C M, by J*(S) we denote the subset of M that can be reached
from S by piecewise smooth, future (+) or past (—) directed causal curves,
while J(S) = JT(S)U J(S). A closed set S C M is said to be retarded if
S C JT(K) for some compact K, advanced if S C J~(K) for some compact
K, spacelike compact if it S C J(K) for some compact K, past compact if
SN J™(K) is compact for every compact K, future compact if SN J¥(K)
is compact for every compact K, and timelike compact if S is both past and
future compact [2,46]. Timelike compactness is also equivalent to the property
of having compact intersection with every spacelike compact set. Let QX (M),
with X = 4+, —, sc, pc, fc or tc, denote the linear space of differential p-forms
with, respectively, retarded, advanced, spacelike compact, past compact, future
compact or timelike compact supports. For brevity, we refer to these spaces as
space of forms with causally restricted supports.

Of course, since differential operators preserve supports, [1 also restricts
to O: Q2(M) — QP(M). By the same reasoning, the spaces of forms with
causally restricted supports are also preserved by both d and . We define
de Rham cohomology with causally restricted supports in the obvious way
and denote it by H% (M), with X = +,—, sc, pc, fc or tc. Let QF (M) and
QF, (M) denote the kernel of the wave operator [, also known as its solution
spa’ce, in the spaces of forms with corresponding supports. Finally, by the
cochain map property, the de Rham differential restricts to the kernel of the
wave operator, hence defining the de Rham cohomology groups HY (M) and
Hp (M) of solutions.

The specific way in which these causally restricted cohomologies are of
importance in Maxwell gauge theory is summarized in the following proposi-
tion. For definiteness of notation let us fix a x € C°°(M) that is 1 in the future
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of a Cauchy surface ¥ and 0 in the past of another Cauchy surface 3_. The
following is a special case of the general result [36, Theorem 3.2].

Proposition 1. Mazwell gauge theory [36, Sect. 4.2] induces a symplectic form
on QE’SC(M) [36, Definition 3.10] that is non-degenerate when (a) the bilinear
form on Hl (M) x H?=*(M) induced by (o, ) = [,, @ A B is non-degenerate
and (b) the bilinear form on Hﬁ,SC(M) induced by (o, B)o = [,, a A+0(x3)
is non-degenerate (where * denotes the Hodge dual).

From the proof of that proposition it also follows that degeneracies in (a)
and (b) can imply degeneracies in the corresponding (pre-)symplectic struc-
ture.

The wave operator on a globally hyperbolic Lorentzian manifold is well
known to be Green hyperbolic. That is, it has advanced and retarded Green
functions denoted, respectively, G4 and G_, Gi: Q2(M) — QL (M). Since
O commutes with d, then so do G4 and G_. The form f = Gi[a] is the
unique solution of I8 = « with, respectively, retarded or advanced support.
The domain of definition of the Green functions can be extended, in a unique
way, to Q% (M) for X =+, —, pc or fc. Then, the maps

O: QF (M) — Q3 (M), Gx: Q5 (M) — Q5. (M) (5)

are mutually inverse bijections, whenever X = + and Y = + or pc, or X = —
and Y = — or fe. The combination G = G4 —G_ is known as the causal Green
function and fits into the following, in our terminology Green-hyperbolic, exact
sequences [2,3,26,34, 36|

0—— p(M) —25 op(m) —S— ar (M) —E or (M) —— 0,

(6)
00— QF (M) —2 QP (M) —S— QP (M) —=— QP(M) — 0.

(7)

Note that, according to the above formulas, we can represent the space of
solutions with spacelike compact or unrestricted support either as

QP (M) = ker 0 € Q% (M) (8)
or O (M) = G[Qy.(M)] = QF (M) /005, (M), (9)

with X = sc and Y = ¢, or X empty and Y = tc, respectively. On the other
hand, we have trivial solution spaces QE’X (M) = {0} when X =+, —,pc or
fe.

The existence of the Green-hyperbolic exact sequences will allow us to
later make use of the following elementary result of homological algebra [11,
p. 17]. Let A®* = (AP, d) be a cochain complex, and similarly for B® and C*. It
is well known that a short exact sequence of cochain maps (maps commuting
with the differentials d),

0 AL g9 e 0, (10)




I. Khavkine Ann. Henri Poincaré

induces a long exact sequence in cohomology,

00— HO(A%,a) L go(pe a) 2 go(ce,q)
) U

(11)

L H(4%a) Y gre a) 9 gres,q) 4

The maps [f], [g] are induced by the corresponding cochain maps, while the
[d] maps are induced by the differentials of the complexes (hence our notation
for them) and are known as connecting homomorphisms.

3. Computation of Cohomology Groups

In this section, we state and prove our main results on de Rham cohomology
with causally restricted supports. We rely essentially on the properties of the
wave operator and its Green functions, as summarized in Sect. 2. The impor-
tant properties are that the wave operator [J is cochain homotopic to zero, and
the way its range and kernel are characterized using the causal Green function
G. In particular, we do not explicitly rely on the invariance properties of the
de Rham complex under topological homotopies.

Theorem 2. De Rham cohomology HY (M), with X =+, —, pc or fe, is trivial.

Proof. Let X = +, —, pc or fc. Then, as was noted in Sect. 2, the wave operator
is a cochain map of the corresponding de Rham complex into itself, is invertible
[Eq. (5)] and cochain homotopic to zero [Eq. (3)]. Thus, it induces a map in
cohomology that is both invertible and equal to zero, which can only mean that
all the cohomologies are trivial. More concretely, given any closed o € Q% (M),
the identity d(6Gx[a]) = Gx[(dd + dd)a] = « shows that it is also exact. [

Theorem 3. We have the isomorphisms

HP(M) = HYH(M), HE = HP(M)® HYH(M), (12)
H} (M) = HP"Y (M), and HE(M)=HP(M)® HP~'(M), (13)

with the convention that all cohomologies vanish in degree p forp < 0 orp > n.

Proof. Recall again from Sect. 2 that both the wave operator [J and its causal
Green function G commute with d and hence constitute cochain maps between
the de Rham complexes with appropriate supports, inducing maps in cohomol-
ogy. Moreover, since OJ is cochain homotopic to zero [Eq. (3)], it induces the
zero map in cohomology.

Let us start with spacelike compact supports. We can break the exact
sequence in (6) into two short exact sequences of complexes:

0 —— Q2(M) — 2= Q2(M) —S— Q) | (M) —— 0, (14)
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Because O always induces the zero map, [[J] = 0, the corresponding long exact
sequences in cohomology [cf. Eq. (11)] break up into the following short exact
sequences:

0 —— mr(M) —s B2 () 9 g () —— 0, (16)
0 —— He () —s B2 () s 5 (M) —— 0, (17)

again with the convention that any H% (M) vanishes for p < 0 or p > n. Since
we are dealing with real vector spaces, any exact sequence splits, giving us the
isomorphisms

HE(M) & HEFH(M) = HE (M) = HIZH(M) & HE (M),

Given that H?(M) and H_'(M) both vanish (M is non-compact and there
are no forms in degree p = —1), plugging p = 0 into the above isomorphism
implies H%,(M) = H}(M). Proceeding by induction on p, we can check that
H?,(M) = HP*(M) for all p. Thus, we obtain the isomorophisms

HE (M) = HEH(M), (18)
Hp (M) = HE(M) & HZFH (M), (19)

Applying the same argument to the exact sequence (7), we obtain the
isomorphisms

HY, (M) = HP™H(M), (20)
HE(M) = HP(M) & HP (M) (21)
This completes the proof. O

Let X C M be a Cauchy surface. Recall that, by the smooth Geroch
splitting theorem, we can always smoothly factor M = R x X. This observation
results in

Corollary 4. We have the isomorphisms
HE(M) = HE(Y), Hp (M) = HE(S) ® H7H(S) (22)
HL(M) = HPN(S), and HH(M) = HP(S) @ HPH(S),  (23)
with the convention that all cohomologies vanish in degree p forp < 0 orp > n.
Proof. The splitting M = Rx 3 shows that M is homotopic to ¥. Hence, by the
homotopy invariance of de Rham cohomologies with unrestricted supports, we
have the isomorphism H?(M) = H?(X). On the other hand, Poincaré duality

induces the isomorphism HP?(M) = HP~1(X). Therefore, the desired conclu-
sion follows directly from these identities in combination with Theorem 3. [J

Finally, knowing the respective de Rham cohomologies with spacelike
and timelike compact supports, we have the following generalization of the
Poincaré lemma.
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Corollary 5. The non-degenerate bilinear pairing between QP (M) and
Q) 7P(M) descends to a non-degenerate bilinear pairing between HE (M) and
H]"P(M). There exists also a mnon-degenerate bilinear pairing between
H%,SC(M) and HY P (M).

Proof. A consequence of Theorem 3 is that HP, (M) = HPT'(M) and
H,. P(M) = H"P~Y(M). So, the usual Poincaré duality establishes that
HP (M)* = H,. P(M). The isomorphism can be exhibited by bilinear pair-
ing, which descends from the standard bilinear pairing between QP (M) and
Q. P(M), tracing its effect throughout the proof of Theorem 3. Its non-
degeneracy is also a consequence of the Poincaré lemma applied to HP (M)
and H""P(M).

It also follows from Theorem 3 that Hf (M) = HE(M) & HYTH(M)
and HYP(M) = H"P(M) @ H"P~'(M). Again, the usual Poincaré dual-
ity establishes the isomorphism HE _ (M)* = H{""(M). The isomorphism
can be exhibited by a bilinear pairing between Qf , (M) and Qf"(M) =
QL P (M)/OQL P (M), defined by the latter identity and the self-adjointness
of [0 with respect to our pairing between forms. Again, tracing this pairing
through the proof of Theorem 3 and appealing to the standard Poincaré du-
ality establishes its non-degeneracy. 0

As already discussed in Sect. 1, the importance of knowing the above
cohomology groups is important for understanding the (pre)symplectic and
Poisson structure of classical field theories, as emphasized in [5,6,34,36,47].
The same result as Corollary 4 was obtained independently in [5]. As a matter
of fact, the method of [5] can be seen as a special case of our homological
calculation, as discussed more explicitly at the end of Sect. 5.1.2.

4. Calabi or Killing—Riemann—-Bianchi Complex

In [34,36], it was pointed out that the construction of the symplectic and
Poisson structures on the phase space of field theories with constraints and/or
gauge invariance can be done using a general framework, provided a given
field theory satisfies certain geometric conditions. These conditions include
the existence of certain differential complexes that extend the operators that
constitute the constraints and that generate the gauge transformations. For
Maxwell (and similar) theories, all of these complexes are invariably part of
the de Rham complex [36, Sects. 4.2-.3]. On the other hand, for linearized
gravity, one has to use something different. Unfortunately, the explicit form
of these differential complexes is not currently known for linearized gravity
on an arbitrary background [36, Sect. 4.4]. However, in the special case of
constant curvature backgrounds, the answer is known and it is the so-called
Calabi complex [13]. It is likely that, once an explicit understanding of the
corresponding differential complexes for more general backgrounds is achieved,
the general framework of [34,36] would supersede recent covariant treatments
of the quantization of linearized gravity like [18,30].
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The Calabi complex provides a fine resolution [12, Sect. I1.9] of the sheaf
of Killing vectors, similarly to how the de Rham complex provides a fine res-
olution of the sheaf of locally constant functions. The cohomology of a sheaf
(a rather abstract object) is isomorphic to the cohomology of the complex of
global sections of a fine resolution of the same sheaf (a more concrete object),
which is what makes fine resolutions significant [12, Theorem II.4.1]. As such,
the Calabi complex has been studied in some literature on the deformation
of constant curvature geometric structures [7,13,16,23,24,29,44]. Because its
structure is substantially different from the de Rham complex, we summarize
some of its relevant properties in Sects. 4.1 through 4.3 before concentrating on
its causally restricted cohomologies in Sect. 4.4. Many of these properties are
scattered throughout or are simply not available in the existing literature. We
defer a fuller discussion of the Calabi complex, which collects these properties
and their proofs, to [35]. However, all that we really need for the purposes of
Sect. 4.4 is the existence of differential operators listed in Sect. 4.2 and the
identities between them. Since these differential operators are explicitly given,
the identities can in principle be verified by direct calculation.

4.1. Tensor Bundles

We will present later a differential complex whose nodes are sections of ten-
sor bundles that are not so easy to express in conventional notation. So, let
us introduce the following short-hands. We denote the cotangent bundle by
VM = T*M and the bundle of metrics (symmetric, covariant 2-tensors)
by S?M = S?T*M. Let RM C (T*)*M denote the sub-bundle of covari-
ant 4-tensors that satisfy the algebraic symmetries of the Riemann tensor
(R(abyea = Rav(ca) = Rabed — Redab = Riavea = 0). Next, we let BM C (T*)°M
denote the target bundle of the Bianchi operator V|, Rpc)qe. At this point it
is convenient to notice that the fiber of each of these bundles carries [20] an
irreducible representation of GL(n), with n = dim M. In fact, it is easiest to
describe the remaining tensor bundles in terms of the irreducible GL(n) rep-
resentation carried by their fibers. So let C;M C (T*)'*2M (with C standing
for Calabi) denote the sub-bundles of covariant (I + 2)-tensors with the cor-
responding irreducible representations listed in Table 1, which also lists their
fiber ranks. It is consistent for us to assign CoM = VM, C1M = S2M and
CoM = RM and C3M = BM. Recall that, on an n-dimensional manifold, the
largest rank of a fully antisymmetric tensor is n. So the bundles C; M become
trivial (zero fiber rank) for [ > n.

The table below lists the tensor bundles of the Calabi complex, the cor-
responding irreducible GL(n) representations (labeled by Young diagrams),
and their fiber ranks, for dim M = n. The rank is given by the famous hook
formula, which is the following fraction. The numerator is the product of the
following numbers: place n in the top left cell, increase by 1 to the right and
decrease by 1 down, until all cells are filled. The denominator is the product of
the following numbers: fill a given cell with the number of cells constituting a
hook with vertex at the given location, extending to the right and down [21].
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TABLE 1. It is conventional to label irreducible GL(n) repre-
sentations by Young diagrams [21]

Bundle Young diagram Fiber rank
VM = CoM l:‘ n

207 o (n+1)
S2M = CiM I:]j mr
RM = CyM n?’-1)

12

n?(n?-1)(n—2)

BM = CsM .

1 n®(n®—1)(n=2).--(n=l+1)
M = 2(z+1)z<172)7

Recall that a Young diagram with k cells of type (r1,72,...) consists of a number of rows
of non-increasing lengths r;, ;41 < 74, such that }°, r; = k. Given a Young diagram with
k cells, an instance of the corresponding irreducible GL(n) representation class can be
realized as the image of the space of covariant k-tensors after two projections: assign an
independent tensor index to each cell of the diagram, symmetrize over each row,

antisymmetrize over each column

Given two S?M tensors, we can construct an RM tensor out of them
using the formula

(9 ®© h)abcd = gachbd - gbchad - gadhbc + gbdhac~ (24)

In fact, the above formula represents a GL(n)-equivariant map between S2® .52
and R (where we use the bundle prefixes to stand in for the corresponding
irreducible representations). The decomposition of the S? ® S? tensor product
has only one copy of R, so by Schur’s lemma such a map is unique, up to an
overall rescaling. The same argument can be repeated for the tensor product
S52®Y, where Y corresponds to any other Young diagram. This tensor product
decomposes into irreducible subrepresentations without multiplicities. Then
the projection onto any of the subrepresentations Y’ is well defined up to a
rescaling. If we fix sections g of S2M and h of Y M, these projections define a
bilinear operation between g and h with the result a section of Y’ M. We use
the following explicit formulas:

(9 © t)abe:de = +gadtve:e + Gvdtea:e + Gedtabie
— Yaelbe:d — Goelea:d — Jeelabids (25)
(9 © t)abed:ef = +Yaetved:f — Goeteda:f + Jeetdab:f — Jdelabe: f
— Gaftocd:e T+ gvftedaze — Jeftdab:e T gdftabe:e- (26)
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Note that a tensor with indices written as in f4pc.qe has the symmetry type
(2,2, 1), while ¢4p.q corresponds to the symmetry type (2,1,1), and so on. The
colon : is used purely as a visual aid to separate groups of indices belonging
to different columns of a Young diagram.

The metric gqp, itself, an S2M tensor, can now be used to produce an
RM tensor,

(g O] g)ab:cd = 2(gacgbd - gchad)» (27)
which is obviously covariantly constant. In fact, a constant curvature spacetime
must have (covariant) Riemann tensor, Ricci tensor and Ricci scalar of the
following form

_ k _ k _
abed = —7 - \Yac — YbcYad ) ac = —Yac, =k. 2
Rapea nln —1) (Gacgvd = gocGad),  Rac = - Gac, R (28)

We have decorated these quantities with a bar to indicate the fact that we
shall fix a constant curvature background metric g and consider perturbations
on it. For our purposes, we also require that the Lorentzian manifold (M, g)
is globally hyperbolic.

We should note that solutions of Einstein equations (including a possible
cosmological constant term) with constant curvature include Minkowski space
(k = 0), de Sitter space (k > 0) and anti-de Sitter space (k < 0). There is
(up to isometry) a unique simply connected version of each of these cases [32,
Sects. 5.1-2]. Other examples may be obtained by taking quotients thereof
with respect to a discrete subgroup, thus changing the topology. The list of
possibilities is thus exhausted by considering open subsets of such quotients.
Some examples will not be globally hyperbolic (like anti-de Sitter space or
quotients of Minkowski space with respect to timelike translations) and thus
excluded from part of our discussion.

4.2. Differential Operators

Now, we introduce a number of differential operators between the tensor bun-
dles that we have defined. For convenience of notation, we denote the space of
sections of a bundle by the same symbol as the bundle itself. These operators
fit into the following diagram:

B, B>

0 CoM CLM CoM--- B soM——0

J By J By .- J E, .-~ J
Po Pie P 7 Py 7 P,
K v’ K’ (29)

0 CoM oM 2y cooMm-. By oM —— 0.

All the solid arrows commute and the rows constitute (cochain) complexes.
The vertical maps are then necessarily cochain maps. They happen to satisfy
the identities P, = Ej+1 o Biy1 + B; o Ej, which means that they are null-
homotopic, with the E; supplying the corresponding cochain homotopy.
Below, we give explicit formulas for all these differential operators in
dimension n = 4. More details can be found in [35], which draws from the
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earlier works [7,13,16,23,24,29,44]. As we shall see, for low indices they are

well known in the relativity literature. However, the relations between them in

terms of fitting into the above diagram do not seem to have been fully noted.
The Calabi differential complex is given by

Bl [U]ab = Vavb + Vb’Ua, (30)

BZ [h]ab:cd = (V(avc) hbd - V(bvc)had - V(avd) hbc + V(bvd) hac)

b5 (00 B (1)

Bs[r]abe:de = 3V[aTve):de = VaTbe:de + ViTea:de + VeTabides (32)
By[blabed:er = 4V [abved)ier (33)
= Vabbed:ef — Vibeda:ef — Vebdavief — Vababeiefs (34)
Bi[blay--aybe = V(g bagai)ibe (1> 3), (35)

where (a; ---a;) and [a; - - - q;] denote, respectively, complete idempotent sym-
metrization and antisymmetrization of a group of indices [52, Egs. 2.4.3-4].
Recall also that the colon : is used purely as a visual aid to separate groups of
indices belonging to different columns of the Young diagrams in Table 1. The
details showing that these operators have the desired symmetry properties and
indeed define a complex, B;, 1 o B; = 0, which is moreover elliptic,? can be
found in [35].

It is interesting to note the following relations with well-known differential
operators in relativity. The Killing operator is K[h] = Bj[h]. The linearized

Riemann tensor is FR[h] = —3Bs[h] + kﬁ(y ©® h), where the all covariant

non-linear Riemann tensor is expanded as R[g + Ah]ap:cd = Rapred + )\R[h]ab;cd
(convention of [52]). The background Bianchi operator is B[r] = Bs[r], with
B[R] = 0. Finally, though the name is not standard, it is meaningful to call
By [b] a higher Bianchi operator. Thus, it would also make sense to refer to the
Calabi complex as the Killing—Riemann—Bianchi complex. This complex also
happens to be locally exact?® [13,35]. Thus, according to the general machinery
of sheaf theory, the Calabi complex provides a fine resolution of the sheaf of
Killing vectors (or Killing sheaf) Iy on the Lorentzian manifold (M, g) [35,
Sect. 3]. This observation immediately gains us the following:

Proposition 6 (Calabi [13]). The (unrestricted) cohomology HC'(M,g) = ker
Byjt1/im By of the Calabi complex is isomorphic to the sheaf cohomology H*®
(M,Ky) of the sheaf of Killing vectors on any spacetime (M,g) of constant
curvature.

Calabi’s proof was rather elementary and relied on the specific structure
of this complex. Unfortunately, his method does not generalize easily to other

2 A complex of differential operators is elliptic if the corresponding complex of symbol maps
is exact for every non-zero covector.

3 A differential complex on a manifold M is locally exact if every € M has a neighborhood
such that the complex restricted to it becomes exact. For example, this condition is fulfilled
for the de Rham complex thanks to the Poincaré lemma.



Cohomology with Causally Restricted Supports

differential complexes. So, we discuss below a different method to get local ex-
actness, which relies mostly on the ellipticity of the Calabi complex, a property
which is expected to be shared by other complexes of interest.

Next, we give explicitly the homotopy differential operators
Ei[h]a = D[R]y = VPhap — %Vah, (36)
Ea[r]a:p = tr[r]apb = rach®, (37)
Es[blab:cd = Veab:ca + %Ve(bcab:de — bdab:ce)
- %(vcbabe:de — Vabape:c*)
- %(Vabcbe:de — Vabape:c*
+ Vibace:d® — Vibbade:c), (38)
Eublabe:de = Vb papede + %vf(bdabc:ef — beabe:df)
+ %(vdbabcf:ef — Vebaves-a')

1
+ é(vabdbcf:ef - vabebcf:df

+ vbbadcf:ef - vbbaecf:df
+ vcbabdf:ef - Vcbabef:df)y (39)
El+1[b]a1---a1:bc - vabaal-ual:bc + Z_lva(bbaln-a,:ca - bcal-ual:ba)

—1)¢
( I ) (vbbalmala:ca - vcbal-uala:ba)

(71)1 a a
- l(l — 1) (v{b}b{almal}a:c - v{c}b{al---al}a:b )

for (I > 2), where (40)
1

p{b}t{al“-al} = Z(_1)i+1paitaa1~~&i~-az (&z omitted).
=1

Their desired Young symmetry properties are demonstrated in [35]. Again, we
find the following relations with classical differential operators from relativity.
The de Donder operator is D[h] = Ej[h]. The trace from the Riemann to

the Ricci tensors is given by Rup = Rae:p® = E2[R]ap. The higher homotopy
operators E; do not seem to be part of the classical literature. However, they
are essentially modified divergence operators and are thus reminiscent of the
de Rham co-differentials.

Finally, the cochain maps P, = Ej+1 0 Bjy1 + B;o E; (with the edge cases
Py = Fy 0By and P, = B, o E,) are given by

1
PO[U]a = v, + kﬁvaa (41)
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B 2 Jab tr[h)
Py[h]ap = Ohgp kn(n — 1)hab + an(n —1) (42)
2 .
P2 [r]ab:cd = |:”’"ab:cd - kaab:cd + ka7 (43)
n n(n—1)
(3n — 7) (g © tr[b])abc:de
P. bac:e:Dbac:e*kibac:efzk—a 44
3[blabe:d be:d n(n — 1) e n(n—1) (44)
. (417, — 14) (g © tr[b])abcd:ef
P4[b]abcd:ef = |:’babcd:ef k n(n — 1) babcd:ef + 2k ’/l(’fl — 1) ) (45)
B (In—1?+2)
Pl[b]al---al:bc - Dbal---alzbc k n(n — 1) balmal:bc
_\ (9 © tr[b])a, --a;:be S
+ (oL ecerte 15 5 (46)

where we have defined the traces as tr[h] = h.®, tr[r]ap = Taes®, tr[blape =
bave:c®, trD]abe:d = bavee:d®s and tr[bla,...q;:0 = bay--ara:p® The required null-
homotopy identities P, = Ej41 o Bj41 + By o E; (including the edge cases
Py =FE,0B; and P, = B, 0o E,,) are demonstrated in [35]. These identities for
Py[v] and P, [v] are well known and are tightly linked with the de Donder gauge
fixing condition in linearized gravity [18,52]. The higher cochain maps and the
corresponding identities appear to be new. Though, the identity for Py[r] is
related to the non-linear wave equations satisfied by the Riemann and Weyl
tensors on any vacuum background, sometimes known as the Lichnerowicz
Laplacian [40, Sect. 1.3] (see also [14, Sect. 7.1], [41, Exr. 15.2], [10, Eq. 35]).

4.3. Cohomology with Unrestricted and Compact Supports

Let us denote the cohomology of the Calabi complex by HCY% (M, g), where
X =¢,+,—, fc, pc, sc, tc or empty, according to the conventions of Sect. 2. As
in the case of the de Rham complex in Sect. 3, we will later relate the coho-
mology with causally restricted supports to that with unrestricted or compact
supports. It remains still to find a means to calculate these cohomology groups.
We will state some results in that direction below, referring to [35] for a fuller
discussion.

An important observation is that each of the P, operators is wave-like,
that is, it has the same principal symbol as the wave operator [, with respect
to the background Lorentzian metric g. This observation has a dual role. First,
this means that each of the P, operators is Green hyperbolic [2,3], while being
cochain homotopic to zero, opening the door to using the methods of Sect. 3
to compute the cohomology with causally restricted supports.

The second role is more subtle:

Remark 1. Note that the principal symbols of the B; maps in the Calabi
complex are actually GL(n)-equivariant and so do not actually involve the
background metric g. On the other hand, the principal symbols of the cochain
maps P, do depend on g. This dependence comes purely from the cochain
homotopy operators E; = E} and the identity P, = P/ = EiL]+1 oBi41+BjoE},
where we have used the subscript g to indicate that the background metric
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was used for covariant differentiation and index raising. On the other hand,
we are completely free to define a different set of cochain maps P/ = Elgfl o
Bi41+ Byo EJ", which now depend on a different metric gz with Riemannian
signature. It is crucial to note that the principal symbol of P/* depends only
on the principal symbols of the Ef* and Bj. So, in fact, it is equal to the
principal symbol of P, but with the Lorentzian metric g replaced by the
Riemannian metric gg. In other words, each of the P/" operators is elliptic,
since its principal symbol coincides with the Laplace operator A, .. Of course,
PP would differ much more radically from the formulas we have given for P/
in the terms of subleading differential orders.

The ellipticity of the complex (together with a subtler property known
as a d-estimate, discussed in more detail in [35,51]) results in the following

Proposition 7. Let us denote by I'(C; M) the space of smooth sections of the
tensor bundle CyM — M. (a) The cohomology HC®*(M, g) of the Calabi com-
plex (T(CiM), By) is isomorphic to the cohomology H®(M,K,) of the sheaf
Ky of Killing vectors on (M, g). (b) If (M, g) is a simply connected, constant
curvature Lorentzian manifold, then H*(M,K,) = H*(M) ® V,, where Vj is
the vector space of all Killing vectors and H®(M) is the de Rham cohomology
group.

Killing vectors (or rather covectors in our notation) are solutions v €
T(T*M) of the Killing equation K[v]as = Vaup + Vpvg = 0. On simply con-
nected, constant curvature n-dimensional spacetimes, dim V, = (”‘2"1) Note
also that the simple connectedness condition implies that H'(M) = 0. The
precise definition of a sheaf and its cohomology is not of particular importance
for the moment. For present purposes, it suffices that the above result, at the
very least, answers the question of what HC® (M, g) is for the simply connected
versions of Minkowski (R"), de Sitter (R x S"~! for n > 3, R? for n = 2) and
anti-de Sitter (R™) spacetimes. The proof, together with a partial discussion
of the non-simply connected case, can be found in [35].

It remains to discuss Calabi cohomology with compact supports
HC?2(M, g). First, we note that the chain complex (I'(C;/ M), B;') formally ad-
joint to the Calabi complex has the interesting property that equation B:[b] =
0 is equivalent to the (rank-(n — 2)) Killing—Yano equation Y [w]ape,...c, =
V (aWh)ey-..c,» Where a solution with wpe,...c,] = Wpey...c, 18 called a (rank-
(n—2)) Killing—Yano tensor on (M, g). We define Calabi homology HC;(M, g)
as the cohomology of this adjoint complex (I'.(C} M), B}) with compact sup-
ports and also locally finite Calabi homology as the cohomology of the adjoint
complex (I'(CfM), Bf) with unrestricted supports. Since taking formal ad-
joints preserves the homotopy identities and ellipticity, appealing to the same
arguments as above (again, including a d-estimate [35,51]) we also have

Proposition 8. (a) Locally finite Calabi homology HC’llf(M,g) is isomorphic
to the cohomology H*(M,KY,) of the sheaf KY 4 of Killing—Yano tensors on
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(M, g). (b) If (M, g) is a simply connected, constant curvature Lorentzian man-
ifold, then H*(M,KYq) = H*(M) @ Wy, where W, is the vector space of all
Killing—Yano tensors and H*(M) is the de Rham cohomology group.

On simply connected, constant curvature n-dimensional spacetimes,
dim W, = (”;‘1) [49]. Furthermore, using Remark 1 and some general results
from the theory of elliptic differential complexes (see Example 5.1.11 of [51],
which relies on the results of [48]), we have the following generalized Poincaré
duality isomorphisms [35]:

Proposition 9. When finite dimensional, Calabi homology is the linear dual
of Calabi cohomology, HC)(M,g) = HC'(M,g)*, while Calabi cohomology
with compact supports is the linear dual of locally finite Calabi homology,
HCL(M,g) = HCllf(M, 9)*. In both cases, the duality can be exhibited via
the non-degeneracy of the pairing descended from the natural pairing between
the chains and cochains of corresponding complexes.

4.4. Cohomology with Causally Restricted Supports

Recall that, in Sect. 2, we defined de Rham cohomologies H% (M) with causally
restricted supports X = 4, —, sc, tc, pc or fec by restricting the de Rham com-
plex to forms with supports indicated by X, with the on-shell cohomologies
HE (M) and HY , (M). Substituting the Calabi complex for the de Rham com-
plex and the P bperators for the d’Alembertians [J, by direct analogy we can
define the causally restricted Calabi cohomologies HC% (M, g), HCL(M, g)
and HC%D’SC (M, g). We can use the same definitions also in the case of the ad-
joint Calabi complex, with slightly altered notation. Let the causally restricted
Calabi homology HC;*(M, g) be the cohomology of the complex (I'y (C; M),
Bj) where the pair (X,Y) is one of retarded (+, fe), advanced (—, pc) , space-
like locally finite (sif, tc), timelike locally finite (¢lf, sc) , future locally finite
(fif,—) and past locally finite (plf,+). Similarly, we define the on-shell Calabi
homologies HC’IP’lf (M, g) and HCOP*¥ (M, g) as the cohomologies of the com-
plexes (ker P NT(C; M), Bf) and (ker P NT's.(C; M), B}), respectively. The
above (X,Y) pairs are chosen specifically so that there is a bilinear pairing
between Calabi homology HCX (M, g) and Calabi cohomology HCY (M, g),
which descends from the natural pairing between the corresponding spaces of
sections of C}M and C;M.

The specific way in which these causally restricted cohomologies are of
importance in linearized gravity is summarized in the following proposition.
For definiteness of notation let us fix a x € C°°(M) that is 1 in the future of
a Cauchy surface ¥4 and 0 in the past of another Cauchy surface ¥_. The
following is a special case of the general result [36, Theorem 3.2].

Proposition 10. Linearized gravity on a constant curvature background [36,
Sect. 4.4] induces a symplectic form on I'p ¢.(C1M) [36, Definition 3.10] that
is non-degenerate when (a) the bilinear form on HCL.(M,g) x HCy(M,g)
induced by (o, ) = [,, - 3 is non-degenerate and (b) the bilinear form on
HCp (M) induced by (o, B)p = [}, a - Pi[xB] is non-degenerate.
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From the proof of that proposition it also follows that degeneracies in (a)
and (b) can imply degeneracies in the corresponding (pre-)symplectic struc-
ture.

With the above discussion in mind, we can see immediately that we are in
a situation very similar to that of Sect. 3, with the de Rham complex replaced
by the Calabi complex (or its adjoint complex) and the wave operators O re-
placed by the operators P, (or P}*), which have wave-like principal symbols and
are Green hyperbolic. So, repeating the arguments of Sect. 3, we immediately
have the following

Theorem 11. Consider a globally hyperbolic, constant curvature Lorentzian
manifold (M,g). The Calabi cohomology HCY (M, g) with the causally re-
stricted supports X = +,—,pc or fc is trivial. Moreover, for the cases X =
sc, tc, we have the isomorphisms

HC!.(M,g) = HCI*'(M,g), HCp,.(M,g) = HCLM,g)dHCI (M, g),
(47)

HC} (M,g) = HC""'(M,g), HCH(M,g) = HC'(M,g)eHC''(M,g),
(48)

with the convention that all cohomologies vanish in degree l forl <0 orl > n.
Similarly, the Calabi homology HC;X(M,g) with the causally restricted sup-
ports X = +,—, plf or fif is trivial. Moreover, for the cases X = tif, slf , we
have the isomorphisms

HCltlf(Mv g) = Hlel(M,g% HC%—_’,tlf(Ma g) = HCI(M’ g)@Hlel(M“q),

(19)

(M, g),
(50)

HCM (M, g) = HCF

Y (M,g), HCL ,(M,g)= HC! (M, g)@HC},

I+1

again with the convention that all cohomologies vanish in degree I for 1 < 0 or
I>n.

The Calabi cohomology with spacelike compact support in degree [ = 1
is important in understanding the symplectic and Poisson structure of the
classical field theory (and of course the quantization) of linearized gravitons
on a background of constant curvature. This was pointed out explicitly in [36,
Sect. 4.4] as a special case of a more general phenomenon (also discussed
in [34]).

Remark 2. Using the above theorem and the results of Sect. 4.3, we can assert
that for n-dimensional Minkowski space HC!_ vanishes in all degrees except
l =n —1, while HC'}D’SC vanishes in all degrees except | = n,n — 1. For n-
dimensional de Sitter space HC', vanishes in all degrees except | = n — 1,
while H Cﬁ’,sc vanish in all degrees except [ = 0,n — 1,n. Similar remarks
apply to Calabi homologies.
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5. Notes and Generalizations

5.1. Generalized Causal Structures

The notion of a causal structure on a manifold or even a topological space
(in the sense of a partial order on events) can be generalized quite far beyond
the context of Lorentzian geometry [22,37]. We will stick with the context of
differential geometry, where a natural generalization consists of introducing
at every point of a manifold an arbitrary convex cone in the tangent* bun-
dle. Such a manifold could be called a conal manifold [34,38,42,50]. Various
notions generated by the causal structure on Lorentzian manifolds survive al-
most without modification on conal manifolds, including spacelike and timelike
compactness. The main question we will try to answer in this section is the
following: is it possible to use the methods of Sect. 3 to compute causally re-
stricted cohomologies on a conal manifold? We shall see that the answer is yes,
even if the conal manifold is not Lorentzian.

5.1.1. Conal Manifolds. Before dealing with spacelike and timelike compactly
supported forms, let us introduce the basics of conal manifolds and causal
relations on them. Let M be a smooth manifold and C C T'M be an open
subset, such that C, = CNT,M is an open, convex cone in T, M that does not
contain any affine line. It can be shown that the interior C® of the polar dual
(or convex dual) cone T)M D C; ={peTiM |VYv € Cy: p-v > 0} satisfies
the same conditions, with C® = U,epC®. The pair (M,C) or (M,C?®) is
called a conal manifold, with C' (or C®) called the tangent (or cotangent) cone
distribution or cone bundle. For example, the subset of non-vanishing, future-
pointing, timelike vectors on a Lorentzian manifold with a time orientation
satisfies the above conditions. In general, the cones C, need not even have
elliptic cross sections, thus not be associated to any Lorentzian metric. The
cones of future pointing timelike vectors of linear symmetric hyperbolic PDE
systems also satisfy the same properties [34, Sect. 4.1]. Sometimes, it is also
convenient to admit degenerate cases where the cones are not open or contain
some affine lines, but some special care must be taken in those situations.
Given a conal manifold (M, C) we can define a chronological order re-
lation on the points of M. Namely, z < y if there exists a smooth curve
~:[0,1] — M, such that y(0) = z, v(1) = y and #(t) € C for all t € [0,1]. It
can be shown that the chronological order relation It C M x M is open and
transitive. We can also define the reverse chronological order, I~, and chrono-
logical influence, I = I™ U I, relations in the obvious way. We avoid defining
the analog of the causal order relation usually denoted by JT, simply because
we have not made any hypotheses about the regularity of the set of causal vec-
tors (C, C T,M). Given any set K C M, we denote by I*(K) the set of all
points of M that, respectively, chronologically precede ore are preceded by the
points of K. In general, I*(K) is not closed, even if K is. So, for convenience

we define Ti(K) = I*(K). We also use the notation I(K) = IT(K)U I (K)

4 One could equally do so in the cotangent bundle, and produce a tangent cone by convex
(or polar) duality.
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and I(K) = T+(K) UI (K). Note that T C M x M need not be transitive
as relations.

The definition of a Cauchy surface ¥ C M is the usual one, every inex-
tensible smooth curve with timelike tangents must intersect X exactly once.
It has recently been shown that the smooth version of the Geroch splitting
theorem [8,9,25] generalizes to conal manifolds [17]. So, globally hyperbolicity
can be simply characterized by the existence of a Cauchy surface. Also, the
results of [46] should also directly carry over to conal manifolds. Finally, we
define the notions of advanced, retarded, spacelike compact, timelike compact,
future compact and past compact exactly in the same way as in Sect. 2, with
the exception that we use the relations I+ and I instead of the relations J*
and J.°

5.1.2. Cohomology with Causally Restricted Supports. Let M be a globally
hyperbolic conal manifold and g an auxiliary globally hyperbolic Lorentzian
metric that induces another conal structure on M that is “slower” than the
original one. That is, @ (M) C Q4 (M), which also implies that QF. (M) C
QP (M), while Q?Cg,pcg(M) 2 Qf (M), and hence Q. (M) 2 QF.(M). Any
conal manifold admits a nowhere vanishing vector field (contract each cone to a
ray and select a vector from it), which is moreover everywhere future directed.
So, the existence of such an auxiliary Lorentzian metric follows from the same
known, general arguments that show the existence of Lorentzian metrics on
manifolds of vanishing Euler characteristic (i.e., admitting a nowhere vanishing
vector field) [4,43]. The “slowness” requirement is implemented by making sure
that the Lorentzian timelike cones closely hug the directions singled out by the
above everywhere timelike vector field.

Let G4 denote once again the advanced and retarded Green functions of
the wave operator [, defined with respect to g. Then it is easy to see that
the Green functions are still well defined and injective as maps Gy : Q2 (M) —
QOF (M). Appealing to the same logic as in the standard proofs® [2,3,26,34,36],
we can extend the Green functions to bijective maps G : QF (M) — QF (M)
and G: QF (M) — QF (M), from which it is straightforward to establish

fe,pe fe,pe
exactness of the following sequences, with G = Gy — G_:

0 —— QB(M) —2— QF (M) —S— Q2 (M) —2— Qr_ (M) —— 0,
(51)
0— QF (M) —25 QF (M) —S— or(M) —2 Qr(M) —— 0,

(52)

5 We are not concerned with possible minor inconsistencies this substitution introduces in
the case of Lorentzian manifolds with ill-behaved causal structures. In any case, we shall
only apply these notions for globally hyperbolic spacetimes, where these differences do not
appear.

6 Pick an exhaustion of M by compact sets and adapt a sequence of smooth “step functions”
to this exhaustion. Precomposing G4+ with multiplication by these step functions gives a
sequence of operators which converges to an operator with the desired extended domain.
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where the supports are restricted by the given conal structure on M and not by
that induced by the auxiliary Lorentzian metric g. Note that the proofs would
make use of the hypothesis that the given conal structure is globally hyperbolic,
specifically in the construction of explicit splitting maps that demonstrate
exactness [36, Lemma 2.1]. Thus, repeating the arguments Sect. 3, we establish
the following generalization of Theorems 2 and 3.

Theorem 12. Consider a globally hyperbolic conal manifold M. Its de Rham
cohomology HY% (M) with causally restricted supports X = +,—,pc or fc is
trivial. Moreover, we have the isomorphisms

HP(M) = HY (M), HE = HP(M)® HYH(M), (53)
HP (M)~ HP"Y (M), and HE(M)=HP(M)a& HP"'(M), (54)

with the convention that all cohomologies vanish in degree p forp < 0 orp > n.

It should be clear from the preceding discussion that there is nothing
inherently special in our use of the d’Alembertian [J;, when it comes to the
calculation of de Rham cohomologies with causally restricted supports on a
globally hyperbolic conal manifold M. It is merely one of multiple possible
auxiliary hyperbolic differential operators that can serve the same purpose.
Here are the key required properties for such an operator h: (a) h must be a
cochain map that is homotopic to zero with respect to the de Rham complex,
(b) it must possess retarded and advanced Green functions, (c) these Green
functions must be causal with respect to the given conal structure on M.
In fact, the conclusion of our Theorem 3 was reached independently in the
recent paper [5] by following an argument structurally similar to ours, with
the d’Alembertian replaced by the Lie derivative £, with respect to a complete
timelike vector field v. It is clearly (Green) hyperbolic [2,3,34,36] with Green
functions simply given by integration (into the future or past) along the flow
lines of v. Moreover, it is cochain homotopic to zero because of the well-known
magic formula of Cartan: £, = t,d 4 d,.

5.2. Functoriality

Recall that ordinary de Rham cohomology is defined on any finite dimen-
sional manifold and the pullback of differential forms along a smooth map
between manifolds induces a map between their cohomologies (in the direc-
tion opposite the original smooth map). This observation has the following
well-known formalization: de Rham cohomology in degree p, H?(—), is a con-
travariant functor’ from the category of smooth manifolds to the category
of real vector spaces. The same cannot be said for de Rham cohomology
with compact supports, HP(—), because the pullback of a compactly sup-
ported form need not be compactly supported itself. This pullback problem is

7 We shall not delve here into the details of category theory. It suffices to say that any
statement that we shall make involving functors and categories will be simply a very terse
transcription of some other property that will be spelled out in more elementary terms. More
details about the functorial properties of de Rham cohomology can be found in [11].
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fixed by considering only proper® smooth maps between manifolds. So, given
a proper smooth map f: M — N, pullback along it induces a contravari-
ant map between de Rham cohomologies in degree p with compact support,
f*: H?(N) — HP(M). If the map f satisfies a different restrictive condi-
tion, namely that it is an open embedding, it is possible to define a covariant
pushforward map f.: HP(M) — HP(N): we can identify M with its image
f(M), an open subset of N, and extend by zero any compactly supported
form defined M to all of N. In short, de Rham cohomology with compact
supports, H?(—), defines a contravariant functor on the category of smooth
manifolds with proper maps as morphisms, when paired with the pullback,
while it defines a covariant functor on the category of smooth manifolds with
open embeddings as morphisms, when paired with the pushforward.

A natural question is the following: do similar properties hold, and under
what precise conditions, for de Rham cohomologies with causally restricted
supports? For instance, this question was briefly raised, but without any defi-
nite answer, in [5]. In fact, it is straight forward to present causally restricted
cohomologies as functors, provided we modify the domain category by adding
generalized causal structures to manifolds (as in Sect. 5.1) and by modifying
the notion of a proper map with respect to the causal structure.

Consider two conal manifolds M and N, with a smooth map f: M — N
between them. We call the map f reflectively spacelike-proper if the preim-
age of any spacelike compact set is also spacelike compact, while we call it
reflectively timelike-proper if the preimage of any timelike compact set is also
timelike compact. When the map f is an open embedding, we also introduce
the terminology monotonically spacelike-proper for the case when the image
of any spacelike compact set is itself spacelike-compact and monotonically
timelike-proper for the case when the image of any timelike compact set is
timelike compact. We should note that the above terminology is partly in-
spired by some general notions from the theory of partially ordered sets. A
map f: M — N between two partially ordered sets (M, <) and (N, <) is said
to be monotonic if z < y implies f(x) < f(y) and, on the other hand, it is said
to be order-reflecting if f(z) < f(y) implies z < y. The following theorem is a
straight forward generalization of the previous arguments for the simpler case
of compact supports.

Theorem 13. Let CMang. and CMan,. be the categories of conal manifolds
with, respectively, reflectively spacelike-proper and reflectively timelike-proper,
smooth maps as morphisms, while the CMan$, and EMan;, categories have, re-
spectively, monotonically spacelike-proper and monotonically timelike-
proper open embeddings as morphisms. Then, de Rham cohomologies with
spacelike and timelike supports, HE.(—) and HY.(—), are contravariant func-
tors on €Mang, and EMany,, respectively. Similarly, HY.(—) and HE,(—) are
covariant functors on €Many, and EMan?_, respectively.

sc?

8 A continuous map is proper if the preimage of any compact set is compact.
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Proof. The proof is a direct parallel of the above arguments for the case with
compact supports, since the definitions have been specifically adapted to that
argument. O

To show that the definitions of spacelike- and timelike-proper maps are
in some sense natural, we give a couple of examples.

Lemma 14. Let M be a manifold and two conal structures on it, C C C' CTM
(C is “slower” than C") (Sect. 5.1). The identity map is a reflectively spacelike-
proper from (M,C") to (M,C) and reflectively timelike-proper from (M,C') to
(M, C").

Proof. Let K C M be any compact subset. Then, by hypothesis, the C-
influence set is smaller than the C’-influence set, I (K) C I/ (K). Therefore,
any C-spacelike compact set is also C’-spacelike and hence the identity from
(M, C") to (M, C) is reflectively spacelike-proper. On the other hand, if U C M
is C’-timelike compact, then we have the inclusion I¢(K)NU C Io/(K)NU,
the latter being compact. Therefore, U is also C-timelike compact and the
identity from (M, C) to (M, C") is reflectively timelike-proper. O

Lemma 15. Let (M,g) and (N, h) be two globally hyperbolic Lorentzian man-
ifolds and f: M — N an open isometric embedding, such that the image of
a Cauchy surface of M is a Cauchy surface of N. Then, f is monotonically
timelike-proper.

Proof. Let U C M be timelike compact. According to [46], this is equivalent
to U being contained between two Cauchy surfaces in (M, g), say £1,32 C M.
This means that the image, f(U) is contained between f(31) and f(X2), with
the latter, by hypothesis, being Cauchy surfaces in (N, h). Thus, f(U) is also
timelike compact and the map f is monotonically timelike-proper. O

5.3. Other Differential Complexes

Our interest in computing the de Rham and Calabi cohomologies with
causally restricted supports has was motivated by their importance in un-
derstanding the geometric structure of classical and quantum field theories [5,
6,15,19,31,34,36,47]. Namely, for a general class of linear field theories, one
can formulate sufficient conditions for the non-degeneracy of the theory’s Pois-
son structure and the completeness of compactly supported smeared fields as
physical observables in terms of the cohomologies of corresponding differential
complexes. Non-linear field theories can be studied in terms of their lineariza-
tions about arbitrary background solutions. To Maxwell electrodynamics cor-
responds the de Rham complex [36, Sect. 4.2]. To linearized gravity on constant
curvature backgrounds, corresponds the Calabi complex [36, Sect. 4.4]. Simi-
larly, to Yang—Mills linearized about a flat connection corresponds a twisted
de Rham complex.

Each of these examples can be treated using the methods presented in this
paper. Few other explicit examples of differential complexes corresponding to
other field theories of physical interest seem to be known. In particular, they
do not seem to be known for linearized gravity on non-constant curvature
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backgrounds and, perhaps, not even for Yang—Mills linearized about non-flat
connections. On the other hand, there are strong abstract reasons to believe
that such differential complexes do indeed exist [28,44,45].

If such a differential complex also shares the apparently crucial property
of admitting cochain homotopies that generate hyperbolic and elliptic cochain
maps (cf. the Ef, P?, Ef* and P/" maps of Sects. 4.2 and 4.3), then its
causally restricted cohomologies can be related to those with unrestricted and
compactly supported ones, as in Theorems 3 and 11.

If, in addition, such a differential complex could also be seen as resolving
a locally constant sheaf, its unrestricted cohomologies could be computed by
algebraic means, without actually solving complicated systems of differential
equations, as in Sect. 4.3. The latter requirement is closely related to the initial
differential operator in the complex having only a finite dimensional space of
solutions (being of finite type), as is the case for the locally constant (de Rham)
and Killing (Calabi) conditions.

The compactly supported cohomologies could also be obtained if the cor-
responding formally adjoint complex satisfied similar requirements, as illus-
trated in Sect. 4.3 by the appearance of the locally constant sheaf of Killing—
Yano tensors.

6. Discussion

We have shown how to compute the de Rham cohomology with causally re-
stricted supports (retarded, advanced, past compact, future compact, spacelike
compact and timelike compact) on a globally hyperbolic Lorentzian space-
time, using special properties of the d’Alembert wave operator and its Green
functions. The result (Theorems 2, 3; Corollary 5) expresses these causally
restricted cohomologies in terms of the standard de Rham cohomologies of
the spacetime manifold, with either unrestricted or compact supports. These
results, confirm the independent similar results of the recent work [5]. How-
ever, since our method does not rely on the strong invariance properties of the
de Rham complex under topological homotopies, we have also obtained fur-
ther results. In particular, our method is also applicable to the Calabi complex
(Theorem 11). The Calabi complex appears in linearized gravity on constant
curvature backgrounds in a way similar to the de Rham complex in Maxwell
theory. These results answer some questions that have naturally arisen in re-
cent investigations of classical and quantum gauge theories on curved space-
times.

Finally, we have also made comments about other questions that have
naturally appeared in these investigations. Namely, we discussed the covariance
of causally restricted cohomologies under specific types of morphisms between
spacetimes, adapted to their causal structure, and under changes of the causal
structure itself.

We have presented almost the bare minimum of information about the
Calabi complex that is needed to obtain our results. A fuller discussion of this
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interesting complex, including relevant geometric properties that are difficult
to locate in or are absent from the current literature, is deferred to future
work [35]. In the future, it will also be interesting to find the analogs of the
Calabi complex on more general Lorentzian backgrounds, which would con-
sist of differential complexes resolving the sheaf of Killing vectors on a given
background. However, we conjecture that the Hodge-like structure that we
have used to compute causally restricted cohomologies will be shared by all of
them.
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Abstract

In general relativity, an IDEAL (Intrinsic, Deductive, Explicit, ALgorithmic)
characterization of a reference spacetime metric g, consists of a set of
tensorial equations 7[g] = 0, constructed covariantly out of the metric g, its
Riemann curvature and their derivatives, that are satisfied if and only if g is
locally isometric to the reference spacetime metric go. The same notion can be
extended to also include scalar or tensor fields, where the equations T'[g, ¢] = 0
are allowed to also depend on the extra fields ¢. We give the first IDEAL
characterization of cosmological FLRW spacetimes, with and without a
dynamical scalar (inflaton) field. We restrict our attention to what we call
regular geometries, which uniformly satisfy certain identities or inequalities.
They roughly split into the following natural special cases: constant curvature
spacetime, Einstein static universe, and flat or curved spatial slices. We also
briefly comment on how the solution of this problem has implications, in
general relativity and inflation theory, for the construction of local gauge
invariant observables for linear cosmological perturbations and for stability
analysis.
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1. Introduction

In this work, we are interested in an intrinsic characterization of homogeneous and isotropic
cosmological spacetimes (also known as Friedmann-Lemaftre—Robertson—Walker or FLRW
spacetimes), either with or without the presence of a scalar field (aka inflationary space-
times). By a spacetime (M, g), we mean a smooth manifold M with a Lorentzian metric g.
While ‘intrinsic’ generally does preclude direct reference to the form of the spacetime met-
ric in a special coordinate system, it is a vague enough term to have multiple interpreta-
tions. To be specific, we refer to an IDEAL’ or Rainich-type characterization that has been
used, for instance, in the works [6, 12, 14, 15, 20, 27, 33]. It consists of a list of tensorial
equations (T,[g] =0, a=1,2,...,N), constructed covariantly out of the metric (g) and its
derivatives (concomitants of the Riemann tensor) that are satisfied if and only if the given
spacetime locally belongs to the desired class, possibly narrow enough to be the isometry class
of a reference spacetime geometry. This notion has a natural generalization (7,[g, ¢] = 0) to
spacetimes equipped with scalar or tensor fields (¢), with equivalence still given by isometric
diffeomorphisms that also transform the additional scalars or tensors into each other. A nice
historical survey of this and other local characterization results can be found in [22].

An IDEAL characterization neither requires the existence of any extra geometric struc-
tures, nor the translation of the metric and of the curvature into a frame formalism. Thus, it
is an alternative to the Cartan—Karlhede characterization [31, chapter 9], which is based on
Cartan’s moving frame formalism. Intrinsic characterizations, of various types, have been of
long standing and independent interest in geometry and general relativity. But, in addition,
they can be helpful in deciding when a metric, given for instance by some complicated coordi-
nate formulas, corresponds to one that is already known. In this regard, an IDEAL characteri-
zation is especially helpful if one would like to find an algorithmic solution to this recognition
problem. In numerical relativity, the near-satisfaction of the tensor equations T,[g] ~ 0 may
signal the local proximity of a numerical spacetime to a desired reference geometry. In addi-
tion, the approach to zero of T,[g] — 0 could be used to study either linear or nonlinear stabil-
ity of reference geometries, in an unambiguous and gauge independent way.

The following particular application should be noted. By the Stewart—Walker lemma
[32, lemma 2.2], the vanishing of a tensor concomitant 7,[g] = O for a metric g implies that
its linearization T,[h] (T,[g + €h] = T,[g] + €T.[g] + O(¢?)) is invariant under linearized dif-
feomorphisms. Thus, any quantity of the form 7, [h] defines a gauge invariant observables in
linearized gravity, when Einstein or Einstein-matter equations are linearly perturbed about a
background solution g. A straight forward argument shows that an IDEAL characterization
provides a list 7, [, a=1,...,N, of gauge invariant observables that is also complete (it
suffices to check that T,[g + h] do not approach zero at O(h?) or higher order). That is, the
joint kernel of T, [h] = 0 locally consists only of pure gauge modes (7 = L,g for some vector
field v). The use of such local observables (given by differential operators) can be advanta-
geous both in theoretical and practical investigations of classical and quantum field theoretical
models because they cleanly separate the local (or ultraviolet) and global (or infrared) aspects
of the theory. This is of particular and current relevance to some controversies in inflation-
ary models of early universe cosmology [23, 34]. Despite their importance, complete lists
of (linearized) local gauge invariant observables have been explicitly produced only in very
few cases, by ad hoc methods. For instance, in the case of Einstein equations coupled to a
single inflaton field, a complete list has been produced only recently [17]. On the other hand,

5The acronym, explained in [14] (footnote, p.2), stands for intrinsic, deductive, explicit and algorithmic.
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linearising the equations of an IDEAL characterization provides a systematic method of con-
struction. The results of this method can be compared to those of [17] and are equivalent [18].
Since these two sets of results naturally appear in rather different forms, a detailed comparison
is beyond the scope of this work and will be presented elsewhere.

A similar geometric approach to the construction of gauge invariant linearized observables
was taken in [11], using what we would call a partial IDEAL characterization of cosmological
spacetimes. No proof of their completeness was ever given. In a sense, we complete the earlier
literature in this regard.

In this work, we add the cases of FLRW and inflationary spacetimes to the (unfortunately
still small) literature concerning IDEAL characterizations of isometry classes of individual
reference geometries. Other IDEAL characterizations for geometries of interest in general rel-
ativity include Schwarzschild [12], Reissner—Nordstrom [13], Kerr [15], Lemaftre—Tolman—
Bondi [14], Stephani universes [16] (see references for complete lists and details) and of
course the classic cases of constant curvature spaces, which are known to be fully character-
ized by the structure of the Riemann tensor (by theorems of Riemann and Killing—Hopf).

The synopsis of the paper is the following: in section 1.1 we fix our notation and we out-
line our main results on the IDEAL characterization of FLRW spacetimes (theorem 1.4) and
inflationary spacetimes (theorem 1.5). Our main goal there is to discuss our findings without
dwelling on the technical proofs, which are left to the next sections. Hence a reader who
wishes to focus more on the physical aspects of this paper should refer mainly to this part of
the paper. In addition, still in section 1.1, we provide flowcharts for classifying spacetimes
into FLRW and inflationary isometry classes, visually summarizing the contents of theorems
1.4 and 1.5. In section 2 we collect relevant information on the geometry of FLRW and infla-
tionary spacetimes. In section 3, we distinguish the possible local isometry classes of FLRW
or inflationary geometries and prove our main theorems.

1.1. Main results

In this subsection, our goal is to introduce our conventions and to outline our main results.
Therefore we will not dwell on the mathematical proofs, but we will focus on the basic techni-
cal tools, necessary to formulate and to understand the physical significance of our findings.

In this work, a spacetime or Lorentzian manifold (M, g) will be a smooth finite dimen-
sional manifold M (also Hausdorff, second countable, connected and orientable) of
dimM = m+ 1 > 2, with a Lorentzian metric g (with signature —+ - - - +). A spacetime with
scalar will consist of a triple (M, g, ¢), where (M, g) is a Lorentzian manifold and ¢: M — R
is a smooth scalar field. Obviously, we could always consider the spacetime (M, g) as the
special spacetime with zero scalar, (M, g, 0). In addition, with inflationary spacetimes, we will
be assuming that the metric and the scalar field satisfy the coupled Einstein—Klein—Gordon
equations, possibly with a nonlinear potential.

These observations should be kept in mind while reading the following

Definition 1.1 (Locally isometric). A spacetime with scalar (My, g1, ¢1) is locally
isometric at x; € M to a spacetime with scalar (My, g2, 2) at x, € M if there exist open
neighbourhoods U; 3 x;, U, 3 x; and a diffeomorphism x: U; — U, such that x(x;) = x,,
x*g2 = g1 and x* ¢, = ¢;. If we can choose U; = M| and U, = M, then they are (globally)
isometric. If for every x; € M there is x, € M, such that (M}, g, ¢;) at x; is locally isometric
to (M, g2, ¢2) at x, we simply say that (M1, g1, ¢1) is locally isometric to (M, g2, ¢2) (note
the asymmetry in the definition). If (M, g1, ¢1) is locally isometric to (M>, g2, ¢2), as well as
vice versa, we say that they are locally isometric to each other (which constitutes an equiva-
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lence relation). All spacetimes with scalar that are locally isometric to a reference (M, g, ¢)
constitute its local isometry class.

Our main results give an IDEAL characterization of local isometry classes of regular
FLRW and inflationary spacetimes. In the following we give their precise definition, which is
motivated in more detail in sections 2.3 and 2.4. Starting from the first case:

Definition 1.2 (Regular FLRW spacetime). Let us fix a constant x # 0. De-
note by the triple (m, a,f), of a dimension m > 1, a constant & € R and a smooth posi-
tive function f: I — R defined on an interval I C R, the corresponding FLRW spacetime
(M, g) = (I x F,—df* + f?g") (definition 2.2), with « the sectional curvature of (F,g") and
F = §" (when a > 0) or F = R" (when o < 0).

We call (M, g) a regular FLRW spacetime if it belongs to one of the parametrized families
identified below.

(a) Constant curvature spacetime, with spacetime sectional curvature K:
{(m,K,cosh(vVKt)) |K>0,1=R},
CC = ¢ {(m,0,1) | K =0, I =R}, (1)
{(m,K,cos(~/—Kt)) |K <0, =R}
(b) Einstein static universe, with spatial sectional curvature K # 0:
ESUY = {(m,K,1) | m > 1,  =R}. 2)
(c) Spatially flat constant scalar curvature spacetime, with spacetime scalar curvature

m(m + 1)K and such that ’};(1) =J:

CSCR) ={(m,c.f) |m>1, f #0,

1! f/2 +1 12 (3)
(F-57) "7 (%) o}

(d) Generic constant scalar curvature spacetime, with spacetime scalar curvature m(m + 1)K,

normalized radiation density constant €2 and such that ,%(1 )=J:

CSCx oy ={(maf) |m>1, a#0, f #0,
” (m+1)/2 4
LAY ¥
PP fr
(e) Spatially flat FLRW spacetime with normalized pressure function P defined on an open

interval J, with 0 < £ (1) = J and

Plu) [aup(u) - ;FJ £0 s)

everywhere on J:

1/ 12 12
rrw = {mo) | (5 -55) 5 ——er )} o

(f) Generic FLRW spacetime with normalized energy function E defined on an open interval
J, with 0 ¢ ]%(I) =J and
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(m+1)
2

Oy {uauE(u) - ] #0 (7)

everywhere on J:

f/Z

FLRW ; = {(m,a,f) |m>1, a#£0, JE

g_lﬁl @) 2 .
+ 5 = i /f)} ®)

Next, we focus our attention to the inflationary spacetimes, following the more detailed
motivation from sections 2.5 and 2.6:

Definition 1.3 (Regular inflationary spacetime). Let us fix a constant & # 0. Denote
by the quadruple (m, o, f, ¢), of dimension m > 1, constant o € R, and smooth functions
f>¢: I — Rdefined on an interval I C R, with fpositive, the corresponding inflationary spa-
cetime (M, g, ®) = (I x F, —di*> + f2g", ¢) (definition 2.10), with ¢ being the composition of
standard projection I x F — I with ¢, with « the sectional curvature of (F,g") and F = §™
(when a > 0) or F = R™ (when a < 0).

We call (M, g, ¢) a regular inflationary spacetime if it belongs to one of the parametrized
families identified below.

(a) Constant scalar, with scalar value ®, on a constant curvature spacetime with scalar curva-
ture K:

CCpCSq = {(m,0nf, ®) | (m,auf) € CCp}. ©)

(b) Constant energy scalar, with energy density p > 0 and J = ¢(I), on an Einstein static uni-
verse with spat1a1 sectional curvature K = m(m ry kP, or equivalently with cosmological

constant A = &= 1) Kp:

ESU%CESN ={(m, K, 1,/ 2p/mt) | I =J/~/2p/m}. (10)
(c) Spatially flat massless minimally-coupled scalar spacetime, with cosmological constant

A, J=¢()and J = j;—/(l) Z 0 and 2(;\1/”1) < (J’)

MMS;, = {(m, 0.5.6) | ¢/ <0, ? L0,

fIZ o K¢IZ+ZA f// f/2 f/2 o 2A
7= e (T‘fT)‘Lmﬁ—(mfl)}' an

(d) Generic massless minimally-coupled scalar spacetime, with cosmological constant A,
normalized scalar energy constant Q > 0, J = ¢(I) and J' = £ 7(1) 20:

/
MMSR ;0 = {(m, a.f,¢) [a#0, — 75 0,

o ) o KQlalm /pm
BT R L (12)
(e) Spatially flat nonlinear Klein—Gordon spacetime, with non-constant scalar self-coupling

potential V:J — R, with J = ¢(I), and expansion profile =:J — R, satisfying

E(u) #0,10,5(u) > 0 and $Hy(Z) = 0 in the notation of (18):

NKGy2, = {(m.0.7.6) | =Z(0).¢' = —"L0,2(0)} (13)
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(f) Generic nonlinear Klein—Gordon spacetime, with non-constant scalar potential
V:J — R, with J = ¢(I), and expansion profile (II,Z): J — R?, satisfying II < 0,

20, kY. £ =2 and & (11, E) = 0 in the notation of (20):

m(m—1)

NKGy =y = {(m, a.f.¢) | a#0, ];7 # 0,

12 2
o=, § =), o+ p=niplft a9

Below we directly give the list of tensor equations, covariantly constructed from the metric,
the Riemann curvature, and its derivatives, that characterize the corresponding local isometry
classes. Observe that an IDEAL characterization is not unique. Given one, many others can
be produced by covariant and invertible transformations. Our choices are based on various
conventions used in relativity and cosmology.

To be specific, our conventions for the relations between the metric g;;, covariant derivative
Vi, Riemann curvature, as well as Ricci tensor and scalar are the following:

(ViV; = ViV = Ri'or,  Riwn = Rij'gun
Ry =Ru*, R=Ryg", B=R;Rug"g".

It is convenient to define the following product (sometimes also known as the Kulkarni—
Nomizu product) that builds an object with the symmetries of the Riemann tensor out of sym-
metric 2-tensors A, By;:

(A ®© B)jjin = AuBjn — AjBin — AinBjx + AjBik. (15)

Note that A©® B =B ® Aand UU ® UU = 0, with (UU),;; = U;U; and U; any vector field. For
dimM = m+ 1 > 2, our formula for the Weyl tensor is
(& O R)ijin +

Wik = Rijn — R(g © &)ijkn- (16)

1 1
(m—1) 2m(m — 1)
Note that W, vanishes precisely when Rz, = (g ©® A)jxn for some symmetric Ajj. As usual,
we denote idempotent symmetrization and anti-symmetrization by A = %(A,j +A4;),
Ay = 3 (A — Ap).

The first theorem classifies just the Lorentzian spacetime, without reference to a scalar
field. The definitions for the various scalar and tensor fields introduced below may seem ad
hoc, but they have straightforward geometrical meanings. The vector field U plays the role
of a future-pointing unit timelike vector field, orthogonal to the cosmological spatial slices. It
is defined as a normalized gradient of a curvature scalar, with the choice of curvature scalar
depending on the precise case being considered. The tensors 3; and ©;; encode in them the
shear, twist and geodesic character of U’ and are non-zero when the spacetime deviates from
a generalized Robertson—Walker (GRW) spacetime (a possibly non-homogeneous geometry
undergoing cosmological expansion or contraction). The expansion ¢ of the vector field U’
also plays the role of the Hubble rate, while 7 that of the Hubble acceleration. The tensor &,
measures the deviation from the spatial slices from homogeneity and isotropy, while the scalar
¢, together with €, measures the deviation of spatial slices from flatness.

Theorem 1.4. Consider a Lorentzian manifold (M,g) of dimM =m+1>2, k#0 a
fixed constant. With U a unit timelike vector field, consider the following notations, which are
defined when possible:
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ViU; ; R —2mn — tm(m + 1)&?
fi=—— m=UVi§, (= i )

VAU
Pij = UpVys, 9y:=V,U; - T(gu + U:U)),

[l

m(m—1)

2
Bijkh © = Rijrn — (g ©) [gzg — nUU]) ,
ijkh

2
Cijkn = = Rijkn — (g@ [@;Og (m— OUU}) ,
ijkh

—-VR -VB

VA NS an

Given x € M, table 1 gives the list of inequalities and equations (right column, written
using the above notation, with a specific choice of U) that are satisfied on a neighborhood of
x if and only if the Lorentzian manifold belongs to the corresponding local isometry class at x
(left column) of a regular FLRW spacetime (definition 1.2). Each local isometry class belongs
to a family, parametrized by real constants, intervals or functions (middle column). By conti-
nuity, each inequality need only be checked at x.

In addition, since both theorem 1.4 and table 1 are densely packed with information, we
include a graphical flowchart summaries of the same information in figure 1. The notation is
the same as in the original theorems.

Finally, we state the theorem classifying inflationary spacetimes, those endowed with sca-
lar and satisfying the coupled Einstein—Klein—Gordon equations, where the equation for the
scalar ¢ may be nonlinear due to a potential V(¢). The reader is referred to the paragraph
preceding theorem 1.4 for an explanation of the notation. The new scalar $)y roughly corre-
sponds to the Hamilton—Jacobi equation of spatially flat single field inflation, while &y is its
generalization to the non-flat case. See the end of section 2.6 for a more detailed motivation.

Theorem 1.5. Consider an inflationary spacetime (M,g,¢) of dimM =m+1> 2,
k # 0 a fixed constant. With U a unit timelike vector field, recall the notation of theorem 1.4,
supplemented with

. Vo
(=) =UVi(=), Upi=———, 18
—(Vor e
=2
— . =2 m= 2 1%
(0,2 +r-1r ) — (148 =2
Gv(ILE):= | ( oy (m:;)> 25< S :)2 : (20)
u (K’m(m—l) = > + ini <I€m(m—l) = )

where 2 = Z(u) and 11 = T1(u). Let g and ¢ satisfy the coupled Einstein—Klein—Gordon equa-
tions with scalar potential V(¢),

; 1
V'Vip — §8¢V(q§) =0, 2n
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Table 1. IDEAL characterization of local isometry classes of regular FLRW spacetimes

(theorem 1.4).

Class Parameters/U

Inequalities/equations

(a) Constant curvature

Rijin — %(g © 8)ijgn =0

CCy

(b) Einstein static universe

ESUY m>1,
K#0

Vi (85— g ) VIV <0

Wign =0,  VRy =0,
R} (R} — (m— 1)K&}) =0,
R —m(m— 1K =0

(c¢) Spatially flat constant scalar curvature

csci 0 . j I’JR
<J C

(U= Usg)

(VB2 <0, €(x)elJ

Py =0, Dy=0,
3ijkn = 0,
n+ e k) =0

(d) Generic constant scalar curvature

CSCka m>1, Q#0, (VB2 <0, ((x)eJ
0ZJCR
(U = Us) Vil = 32 Uj - €85 =0,
i = 0,
£+(-K-0Ql¢|" =0
(e) Spatially flat FLRW
FLRW}) 0<JCR, (VR)? <0, n#0, &) eJ
P:J—R,
PlO,P— £]#0 Bi=0, D;=0,
i = 0,
(U = Up) Bijkn

n+ 58+ kP(E) =0

(f) Generic FLRW

FLRW} ; m>1, 0&JCR,
E:J— R, KE(u) > u,
Buud,E — "FE) £ 0

(VR)??> <0, £€#0, ((x)eJ

Vil; — SEU; — €85 =0,

(U=Ug) A
€ +C¢—rE() =0
: 1

Given x € M, table 2 gives the list of inequalities and equations (right column) that are
satisfied on some neighborhood of x if and only if the inflationary spacetime belongs to the
corresponding local isometry class at x (left column) of a regular inflationary spacetime. Each
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(M,g), dmM =m+1

l

(VB2 <0 > R-E(gog =0

es
yes \y

no cCoy

‘ Wijkh = 0
R} (Rji, — (m —1)Kgji) =0
R—m(m—-1)K =0
ViR, = 0

7 o

not ESU
FLRW K

not

yes FLRW yes
n+ ¢ = —kP(E) € +¢ = rB(C)
g edJ ¢ e J
lyes lyes
1 m+1
HP(U):Q[U*(W!Jrl)K] kE(u) = K+ Qlu| 2
n?/ \yes nﬁ/ \yes
FLRW) CSCRES FLRWE ; CSCR a4

Figure 1. IDEAL characterization of local isometry classes of regular FLRW
spacetimes (theorem 1.4, table 1).

local isometry class belongs to a family, parametrized by real constants, intervals or functions
(middle column). By continuity, each inequality needs only to be checked at x.

In addition, since both theorem 1.5 and table 2 are densely packed with information, we
include a graphical flowchart summaries of the same information in figure 2. The notation is
the same as in the original theorems.

Note that when we make the choice U = Ug, it automatically follows that
¢’ = —/—(V¢)? < 0. This convention is common in the study of inflation, where ¢() starts
off at a high value and then ‘rolls down hill” as ¢ increases. This is reflected in the inequalities
in table 2.
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Table 2. IDEAL characterization of local isometry classes of regular inflationary

spacetimes (theorem 1.5).

Class Parameters

Inequalities/equalities

(a) Constant scalar

CCyCSs V() = 2A,
K=—-+2-A

m(m—1)

Rijun — m(g © &)ijkn = 0,
p=2

(b) Constant energy scalar

ESU%CESPJ V(u) — 2(rr;”7—1)p,
p>0, K= p
(U=1Uy)

(V)2 <0, $>0, ¢(x)eJ

VUi =0, €y, =0,
(Vo) =—2p, ¢ = m(zr:fl)

(¢) Spatially flat massless minimally-coupled scalar

MMS 0¢J, (Vo)* <0, L€ — sigy) >0,
oy < w2 o(x) €1, E(x) €T
V() = 2A
(U = Uy) Vil = Ui = &85 = 0.
Bijpn = 0, 4+ mé* = 7(,,,21\1),
_ k¢PH2A
§2 - m(m—1)
(d) Generic massless minimally-coupled scalar
MMS} ;. V(u) = 2A, (V)? <0,
0gJ, Q>0 d(x) €J, £(x) €'
(U=1Uy)

Vil — 35Uy — € = 0,

Ciun =0, ¢ = —VQI(|%,

_ 2A+kQ[¢]"
E+0= S0

(e) Spatially flat nonlinear Klein—Gordon

NKGrg,OE , V,Z2:J =R,
o E(u) # 0,12 (u) > 0,
V'(u) # 0,9y(Z) =0
(U=Uy)

(Vo) <0, €40, Ln <0

PBij =0, D; =0, 3w =0,
¢ =~ 9,E(9),
§=E(¢)

(f) Generic nonlinear Klein—-Gordon

NKGY 1=, V.EIJ - R
<0, E#0,

m’4+v =2
m(m—1) =

V() #0,6y(ILE) = 0
(U="Usy)

(V§)* <0, £#0,
(#£0, ¢ <0

Bi =0, D=0, €y, =0,
2
CI Kd) +V($) _ 52’

m(m—1)

¢ =11(¢), £ =E(¢)

10
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Our characterization theorems cover what we have called regular FLRW or inflationary
spacetimes (definitions 1.2 and 1.3), which are required to satisfy the inequalities listed in
tables 1 and 2 everywhere.

2. Geometry of FLRW and inflationary spacetimes

Definition 2.1. Let (F,g") be a m-dimensional Riemannian manifold, m > 1, I C R an
open interval with standard coordinate ¢ and endowed with the usual reversed metric —dz?
and f € C>(I), with f> 0. A generalized Robertson Walker (GRW) spacetime is a product
manifold M = I x F endowed with the metric g defined as

g=— ,*dt2 +(fo wl)Zﬂ,?gF (23)

where 7; and 7 are respectively the projections on / and F. Furthermore / is called the base,
F the fiber and fthe warping function (also scale factor, in the literature on cosmology).

To simplify notation in the sequel, let us introduce the notation T = 7T for any completely
covariant tensor 7 defined on F.

The definition implies that around every point of M =1 x F, there exists a coordinate
system (x°, x') adapted to the product structure, such that, denoting # = x°,

gy = —(dn);(de); + £ (1)gh, (24)

where gj; depends only on the x’ coordinates with i > 0 and gf;(9;)' = 0. The only obstacle to
making the last statement global on M is that the F factor may not admit a global coordinate
system.

Definition 2.2. A Friedmann—Lemaitre—Robertson—Walker (FLRW) spacetime is a Lorent-
zian manifold (M, g) that is a GRW spacetime (definition 2.1) where the fiber (F,g") is simply
connected, complete and has constant curvature with sectional curvature o (some constant),
that is, the Riemann curvature tensor ngh of (F,g") has the form

Ry = o(ghgli — 8heh)- (25)

When dim M = 2, only « = 0 is possible, since any 2-dimensional (F. ,gF ) is flat.

It is well known that any simply connected, complete Riemannian manifold of constant
curvature, meaning that its Riemann curvature tensor is of the form (25), is isometric to
either a round sphere (v > 0), flat Euclidean space (a = 0), or a hyperbolic space (o < 0)
[36, section 2.4]. If the complete and simply connected hypotheses are dropped, then a con-
stant curvature Riemannian manifold is still locally isometric to one of these model spaces.

Similarly, in the sequel, we will be interested in Lorentzian spacetimes that are locally
isometric (definition 1.1) to GRW or FLRW models.

2.1. Riemann curvature in GRW spacetimes

Below, we describe the Riemann curvature R;;, in a GRW spacetime, in terms of the curvature
of (F,g"), the warping function fand the vector field U; = —(dt);. For reference, let us denote
the Riemann tensor on the (F,g") factor by R, with RE = (¢F)"Rf;, and RF = (g")VRE
denoting respectively the corresponding Ricci tensor and scalar. Recall also the notation

pF _ _«pF pF _ _xpF PF _ _*x]F
Rij, = TpRiy, Ry = TpRj; and RT = mpR™.

1
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[(3.9.¢). dim M =m +1]

A —
¢ =@
yes no \ yes
yes Q”’é’l =0
Vin =0 K = 2p (V¢) = _2%
_ __2Kp
¢= m(m—1)
™ yes
no

e
Vinf—Ynl;’, Uj*fgi]‘ =0

Cijkn = 0, £€J
¢ =V, pe

2 _ 2A4kQIE™
E+C= m(m—1)

. ves

m
MMSA,QJ,J’

Vil =i Uj—€gi = 0
dijkn = 0, p€J
€2 = K¢/ 24+2A o e

- m(m-1)>
n+mé? = _(731:1)
N yes
m,0
MM

no

PBi; = 0,945 = 07€ijkh =0
¢ = g2V _ 2

m(m—1)

£=E(¢), ¢' =1(¢), p € J

\ yes

NKGUn =

no

PBij = 0,95 = 0,3556n =0
£ =E(¢), p€J
¢ =~ o,5(e)

not inflationary NKG{?Q g

Figure 2. IDEAL characterization of local isometry classes of regular inflationary
spacetimes (theorem 1.5, table 2).

12
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Adapting the more general results on the covariant derivative on warped products [26,
proposition 7.35], the action of the spacetime covariant derivative is determined by

!

Vi(fU) =18y ViX;=ViX;— 21;7 UuX)), (26)

for any X; defined on F. Recalling the notation already used in the introduction, for any U; we
can define the temporal derivative (=)’ := U'V;(—) and also
ViU

€= —, n:=¢ = UV (27)

With our choice of U on a GRW spacetime, we will be making repeated use of the identifies

/ 1! 12
:]i’ ,,7:/:,]%_ (28)

f o f
Geometrically ¢ is called the expansion of the vector field U, while its GRW value f'/f is
known as the Hubble rate in the literature on cosmology.

Next, adapting the more general result [26, proposition 7.42] of how to write the Riemann
tensor of a warped product manifold in terms of the curvatures of its factors and the warping
function, it is possible to give the following general expression for the Riemann tensor of
GRW spacetimes:

g L2 (1 I g
Rijn = f Rijkh+ (g@ szg_ (f _fz> & :|>ijkh

N 2
=f?Ri, + (g ® Fzg —~ nUUD : (29)
ijkh

3

where (df?); = (dt);(d?); and where we have used the product notation (15). When m = 1,
the tensors g ©® UU and g ® g are no longer linearly independent, in fact g ® UU = —% g0 g.
Moreover, the Riemann curvature for a 1-dimensional (F ,gF ) is always zero. Hence, in the
special m = 1 case we have the simplification

(m+& i
Rijin, = T)(g © 8)ijtn = ?5(8 © &)ijkh- (30)
As a consequence, using the identities
0 1, 12
§"Rign = 7 ((8") " Rign) = R;- (31)
ipF _ L i FriipF l 5k
8'R; :JTQWF((g ) Rij) :]TZR > (32)

we get the following formulas for the Ricci tensor R;; = gthikjh and scalar R = gin,-j:

~ /! 12 1! 12

= RE — (m— 1)nU;U; + (n + m&)gy, (33)

13
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1 - f// f/2
= l?iF +2mn + m(m + 1)€2, (34)

-5

For completeness, we also compute the value of the scalar square of the Ricci tensor:

2 11 / D 1/ 72\ 2 11
B=BF+2<f+(m—1)fz)RF+m<+(m_1)fz> +;an—2

f* f 2) F f Iz Iz
2F DF
= % +2(n+ msz)?—2 +m(n+m&)? +m(n + £, (35)

where BF = (gF)i"(gF)thgR,fh.
The above formulas motivate the following definitions, which can be used to isolate the
spatial curvature ngh from the knowledge of the spacetime curvature R, and of U;.

Definition 2.3. Consider a Lorentzian manifold (M, g) with a unit timelike vector field U.
Recall also the scalars £ and 7 scalars from (27).

(a) We define the zero (spatial) curvature deviation (ZCD) tensor as

2
Bijkn = Rijn — (g o) [fzg — nUU]) . (36)
ik
(b) Provided m > 1, we define the spatial curvature scalar as

i _ _ 2
¢om 37 _ R —2mn —m(m+ 1)¢§ 37)

m(m— 1) m(m— 1)

andifm=1,weset( =0.
(c) We define the constant (spatial) curvature deviation (CCD) tensor as

2
Cijkn := Rijkn — <g® [(f ;Og(nC)UUD : (38)
ijkh

On GRW spacetimes, the usefulness of these definitions lies in the identities

1 R

3 = Ry ¢ = mm—1) 2 (39)
e =1 (R - — B g o, (40)
ijkh ijkh m(m — 1) ) ijkh | -

14
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2.2. Riemann curvature in FLRW spacetimes

Next, we specialize the main formulas obtained in the preceding section from GRW to FLRW
spacetimes (definition 2.2), by making use of their spatial curvature structure

o

F
Rijkh = )

(¢" © 8" R = (m—1)agf, R =m(m—1)a, (41)

and of the identity

11
72 (¢ +UU)® (g +UU))ju,

1 1 1
((g OUU)jn+ =(g® g)ijkh) == (g © [g + UUD s (42)
2 f 2 ijkh

1. -
fzi(gF © gF)ijkh =
1
R
where we have recalled that f2gF = g 4+ UU. Recall also the definitions of U; = (dt);, the
scalars £ and 1 from (27), and note the identity

(=

«
P

for the spatial curvature scalar (definition 2.3) when m > 1. When m = 1, we always have

(43)

ngh = 0, so it is consistent to take { = 0, as we do.
Thus, for FLRW spacetimes of spatial sectional curvature o, we have

R = (¢ [(52 - OUUD,-jkh’ (44)
Ry = —(m—1)(n = QUU; + [(n = ) +m(&* + g (45)
R =m[2(n=C)+ (m+1DE+Q)] (46)
B =ml(n =) +m(&+ QP +m(n+&) (47)

where we have also used B = m(m — 1)2a2. In the special m = 1 case, the above formulas
simplify to

42
Rijin = (7’275)(8 © 8)ijkh» (48)
Rj = (1 + &gy (49)
R=2(n+¢), (50)
B=2(n+ &) (51)
Because of the frequent appearance of the combinations n — ( = % 7%2 — % and

E+¢= f; + . in the sequel we will need the identity

7 ! / 11 ”
@ror=2m-0 o (Feg) L (L-L-5) @

15
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2.3. Perfect fluid interpretation

An arbitrary FLRW spacetime will in general not satisfy the vacuum Einstein equations. But
it could be interpreted, when m > 1, as a solution of Einstein equations with a perfect fluid
stress energy tensor

1
2
where A is the cosmological constant, p is the energy density and p is the pressure. When

m = 3, the coupling constant usually has the value x = 87G/c* where G is Newton’s con-
stant and c the speed of light. In other dimensions, there are at least two conventions: either

Rij — SRgij + Agyj = KTy = k(p + p)UiUj + £pgij, (53)

m—1

keeping the value of r the same, or setting it to k = 20,,G/c*, where 0, = 272 /T'(21) is

the area of the unit (m — 1)-sphere. We will simply keep it as an unspecified but fixed constant

k # 0. The cosmological constant could of course be shifted to A — 0 by the redefinitions

p—p—A/k p— p+ A/k. When m = 1, the fluid interpretation is no longer possible, sim-

ply because the Einstein tensor R;; — %Rg,j is identically zero in two spacetime dimensions.
Defining 7 = gYT};, an equivalent form of Einstein’s equations is

K pP—P
Hence, for FLRW spacetimes, these equations translate to
Via Lo 2 m(m—1) (£ Lo 55)
— + 5 = ———kKp, kp=——|">5+—=],
P mm =" SRV
f// f/2 a

11 12
= sotn. w1 (L= 5)

m(m— 1) <f’2 N a)

2 o)
(56)
On the top-left we have the Friedmann equation, while on the bottom-left we have the
acceleration equation. These equations agree with the formulas previously obtained in [4],
which was one of the first to consider perfect fluid cosmologies in higher spacetime dimen-
sions. The Bianchi identity V(R; — %Rg,}) =0 implies the stress—energy conservation

V'T; = 0 condition, which translates to the energy conservation or continuity equation

f/

o +m17(p +p)=0. (57)

2.4. Special FLRW classes

Below, we list the forms of FLRW spacetimes (definition 2.2) satisfying some special geometric
conditions. Throughout this section, consider an FLRW spacetime (M, g),dimM =m + 1 > 2,
with warping function f: I — R and spatial sectional curvature o. Whenever parameters are
present, they must be chosen to respect f(¢) > 0 for all # € I, even if not explicitly indicated,
as well as @ = 0 whenm = 1.

16
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Lemma2.4. The complete list of possible triples (m, o, f (t)) satisfying the flat (or Minkows-
ki space) condition, R, = 0, consists of

J%:O: (m,0,A) (A>0);

£ 20 m=1:1 =0 (1,0,A(t— 1)) (A #0);
Fr m>1: 0048 =0 (moa,tv/"all— 1)) (a<0).

Proof. From equation (44), the necessary and sufficient conditions are fTH =0 and
12
(]}—2 + f%) =0, when m > 1, or only f”/f =0, when m = 1. It is easy to see that the desired

conclusion exhausts the solutions of these equations under the constraint that f(r) # 0 every-
where. L

Lemma 2.5. The complete list of possible triples (m,c,f(t)) satisfying the constant
curvature (or (anti-)de Sitter space) condition, R, = %(g © 8)ijki With sectional curvature
K # 0, consists of (A constant)

(1,0,A cosh(VK(t — 19)))

K>0: (1,0,Aei\/l?<f*fo>)
m=1:5L =k (A>0);
K <0 (I,O,Acos(\/—K(t—to)))

(A>0);

m, o, a/Kcosh(\/I?(t — to))) ,

K >0: m, O’Aeix/l?(Z—to))

(> 0,A>0);

K <0 (m, a,/a/K cos(v/—K(t — to))>
(o <0).

~
L]

I
=

~
<~ +

m>1:

e
(e}

Proof. Again, referring to equation (44), the necessary and sufficient conditions are
’%7%27% :Oand%z+)% =K, whenm > l,oronly f//f =K, whenm=1.1fm > 1

and f'/f = 0, we must have K = «//f? = 0, which contradicts the K # 0 hypothesis. Other-
wise, it is easy to see that the desired conclusion exhausts the solutions of these equations un-
der the constraint that f(7) # 0 everywhere. O

Lemma 2.6. The complete list of possible triples (m, o, f(t)) satisfying both conditions
R’ =0 and B' = 0, but not of constant curvature, consists of (A, K constant)
(m,KA%,A)  (m > 1,K #0,A > 0).
This is is the Einstein static universe [35, section 16.2] with spatial sectional curvature K,

which solves the Einstein equation, R; — %Rg,-j + Ag;; = 0, with the cosmological constant
A= (m—l)z(m—Z) K.
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Proof. From equations (46) and (47), both R’ = 0 and B’ = 0 are third order equations in
/- Eliminating f””” from both of them, we obtain the integrability condition

m®(m — 1){,’ (fH e O‘) = 0. (58)

Obviously, it is trivial when m = 1. This is not surprising, because then R is the only inde-
pendent curvature component and R’ = 0 already implies that the spacetime is of constant
curvature, which is excluded by the hypotheses.

Further, this integrability condition splits into the cases f'/f =0 and f’/f # 0. In the

latter, it implies J% - %2 - f% =0and (J}—;z + f%)’ = 0 (see equation (52)). But these are pre-

cisely the necessary and sufficient conditions for the spacetime to be of constant curvature

(lemma 2.5), which is excluded by our hypotheses. Thus, we are left with the only possibility
f'/f = 0 and the desired conclusion clearly exhausts the solutions of this equation. O

Lemma 2.7. The complete list of possible triples (m, o, f (t)) satisfying the constant scalar
curvature condition R' = 0, but with B # 0, consists of

17 12 m 12 12
a=0: (m,0,f) (m>1,fT—f?—|—( ;1)(%_1():0,]}7_[(7&0);

. i1
a#£0: (maof) (m>1,ff22+1?§=K—|-nQbf‘,|,,+2,,Q7é0>.

m(m—1)

These are FLRW spacetimes with cosmological constant A = ==—K and radiation perfect
fluid of energy density €2, = é (%2 + % — K), where Q, = C/f"*! for some constant C. We

refer to , as the radiation energy density because the term with the power law 1//"*! in the
Friedmann equation

f/2 a C

I T
when considered by itself gives rise to the constitutive relation p,(p) = p/m, which is char-
acteristic of radiation in thermal equilibrium [25]. If Q, = a/f? is the energy density due to
spatial curvature, when it is nonzero, the ratio Q = Q,/Q,, defines our normalized radiation
density constant 2.

Proof. If f//f =0, then R = m(m — 1)a/f>and B = m(m — 1)?a?/f*. Hence R’ = 0 im-
plies B’ = 0. The same implication holds if m = 1 (see proof of lemma 2.5). Therefore, by the
B’ # 0 hypothesis, we can assume that m > 1 and f'/f # 0.

(59)

From equation (46), the constant scalar curvature condition R = m(m + 1)K (with some

constant K)
f// f/z f’ 2
(F-Rp) oo (Fef) -oeoe “

after multiplying both sides by the integrating factor (f’/f)f"+! and using identity (52), it is
equivalent to
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12
N (1}2 +j% - K) — kG, 61)

for some constant C. If C = 0, we are back to the case of constant curvature (lemma 2.5),
which is excluded by the B’ # 0 hypothesis. When « # 0, we can normalize this constant as
C = Qo] %, with some 2 # 0. Thus, the desired conclusion clearly consists of the necessary
and sufficient conditions for R’ = 0 and B’ # 0 to hold. O

Lemma 2.8. For any triple (m,a,f(t)) for which o =0, (/%) # 0 and (VR)? < 0,
there is a unique smooth function P: J — R, where J = %2(1) I C R and

g

Y

The function P(u) will also satisfy the following condition for each u € J :

=—xP ((f'/f)?). (62)

P(u) [nauP(u) - ﬂ £0. (63)

We will call P the normalized pressure function because, when m > 1, the spacetime
admits a perfect fluid interpretation (section 2.3) with energy density xp(t) = W (f' /)%,
pressure p(t) = (m — 1)P ((f'/f)?), which admits the constitutive relation p = p(p), where

p(p) = (m—1)P (m(mz_l)ffp> : (64)

When m = 1, the triviality of the Einstein equations does not allow such an interpretation, so
without loss of generality the function P simply determines the differential equation satisfied
by f.

Proof. Under our hypotheses, the existence of a unique function P(u) is an elementary con-
sequence of the implicit function theorem. If P(u) = 0, then we are back to the case of flat or
constant curvature spacetime (lemmas 2.4 and 2.5), while P(u) = 5-[u — (m + 1)K] brings
us back to the R’ = 0 case (lemma 2.7), both of which contradict the (VR)? < 0 hypothesis.
For any other value of P(u), we have VR # 0, which can then only be timelike. O

Lemma2.9. Foranytriple (m, a,f(t)) for whichwe have o # 0, f'/f # 0 and (VR)?* < 0,
there is a unique smooth function E: J — R, where J = f%(l) I CR and

f/2 a
Tt = R/ (65)
The function E(u) will also satisfy the following conditions for each u € J :
1
KRE(u) —u>0, 0, |udE(u)— (m—2|— )E(u) # 0. (66)

We will call E the normalized energy function because, when m > 1, the spacetime admits
a perfect fluid interpretation (section 2.3) with energy density p(t) = WE(Q/ /f?) and
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pressure p(r) = —(fp’)/(mf’") — p given by the continuity equation (57). When m = 1, the
triviality of the Einstein equations does not allow such an interpretation, so without loss of
generality the function E simply determines the differential equation satisfied by f.

Proof. Under our hypotheses, the existence of a unique function E(u) is an elementary con-
sequence of the implicit function theorem. Since f'2/f2 > 0, we must also have KE(u) — u > 0.
Finally, we want to make sure that kE(u) # K + kQu", which would imply R’ = 0 (lemma
2.7), contrary to our hypothesis that (VR)? < 0. With K and ) arbitrary, these right-hand-

sides precisely exhaust the solutions of the equation ud, (ud, — 2+ )E(u) = 0. Thus, the sec-
ond inequality in (66) is sufficient to ensure that VR # 0, which can then only be timelike.

O

2.5. Scalar field

In this section, we will be interested in the geometry of Lorentzian spacetimes that are endowed
with a scalar field and satisfying the coupled Einstein equations. To make non-trivial use of
Einstein equations, throughout this section, we will assume that the spacetime dimension is
m + 1 > 2. This information will later be used in section 3.4 to classify the local isometry
classes (definition 1.1) of such spacetimes.

Definition 2.10. We call a spacetime with scalar (M, g, ¢), with dimM =m + 1 > 2, an
inflationary spacetime when (M, g)canbe putin FLRW form (23), (M, g) = (I x F, —d¢* + f*g")
such that ¢ = ¢(¢) is only a function of the 7-coordinate, and for some constant A and smooth
function V(¢) the coupled Einstein—Klein—Gordon equations are satisfied

. 1
V'Vip — 58¢V(¢) =0, (67)
1
R; — Egin + Agij = KTy,
1
where T = (V;¢)(V;¢) — Egij[(vwz +V(9)]. (68)

Equation (67) is in general the nonlinear Klein-Gordon equation with V(¢) the self-
coupling potential, though in the special case that the potential is a quadratic polynomial it
becomes linear. It is easy to see that we can set A — 0 by the redefinition V(¢) — V(¢) + ZA.
We will adopt this convention from now on.

On an FLRW background, when ¢ = ¢(t), the stress energy tensor and the wave operator
are given by

1
Ty = ¢ Uil + 5167 = V(9)lay (69)

VW@:—W—m?¢ (70)

Hence, the coupled Einstein—Klein—Gordon equations reduce to the system of ODEs

Jf+g _ 97+ V(9)

T ) b
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f// f/2 ¢/2

FE R ey ™)
w1 - f/ /

"+ §8¢V(¢) = *m?(ﬁ , (73)

which we will refer to as the Friedmann equation (71), the (Einstein) acceleration equation
(72), and the nonlinear Klein—-Gordon equation. When ¢’ # 0, the nonlinear Klein-Gordon
equation is not independent from the other two and follows from the continuity equation (57)
applied to this situation. Note that the potential V(¢) can be isolated from the following com-
bination of the Friedmann and acceleration equations:

74 11 12 a 12 a
K (¢) Z(f—fz—z)—‘v‘m('fz‘f‘z)
(m—1) rrr s f
f// ( 12 a)
L im-n(5+35). (74)
f r?

While we will eventually give a characterization of local isometry classes of inflationary
spacetimes with a specific scalar potential V(¢), it is an interesting question how to recognize
when an FLRW spacetime can be interpreted as part of a solution to an Einstein—Klein—
Gordon system with some potential V(¢). This is a coarser version of the question that asks
for a Rainich-type characterization with a specific potential V(¢). The latter finer question was
answered in theorem 4 of [20], on which we base the following considerations.

Our starting point are the equations

2 /! 12
o
Y s
(m—1) f f f

v ¢ f// f/2 f/2
oy (7 p) () "

To answer our question, we will be happy with some reasonable conditions on a given (a,f)
for the existence of ¢(r) and V() such that the above equations are satisfied. Supposing that
the potential V(¢) has a smooth inverse, V(¢) = u <= ¢ = W(u), we have the relation
(V(9)) /¢ = 1/W'(V(¢)), which is of course consistent only if both expressions remain both
finite and non-zero. On the other hand, knowing W’ (u), we can recover W up to the ambigu-
ity W(u) — W(u) + ¢o, which determines V up to the ambiguity V(¢) — V(¢ — ¢). Thus,
under the hypotheses

1 11 12
G55
7 2 ) /
(55 5) (5 1)) oo

using the last left-hand-side as the independent variable in an application of the implicit func-
tion theorem, we define functions W’ by the formula
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= (m—1) Vi 2 o 72 o ’
W |(F-F-p)+m(7+2)]) 79
which fixes W uniquely up to the ambiguity, W(u) — £W(u) 4+ ¢o. Hence, we can let
V(¢) =W~'(¢)and

e (SR R))

which are unique up to the ambiguity V(¢) — V([ — ¢o]) and ¢(¢) — £[p(r) — ¢o). With
these definitions for ¢(r) and V(z), («,f) will satisfy the desired coupled Einstein—Klein—
Gordon equations. Thus, any FLRW spacetime satisfying the inequalities (77) and (78) can
be thought of as part of a solution of the Einstein—Klein—Gordon equations with some non-
constant potential. On the other hand, the conditions on « and f to be part of a solution of
Einstein—Klein—Gordon equations with a constant potential are considered in lemma 2.13.

2.6. Special inflationary classes

Below, we list the forms of inflationary spacetimes (definition 2.10) satisfying some special
geometric conditions. Throughout this section, consider an inflationary spacetime (M, g, ¢),
dimM = m+ 1 > 2, with scalar field ¢: I — R, warping function f: I — R and spatial sec-
tional curvature o. Whenever parameters are present, they must be chosen to respect f(¢) > 0
for all t € I, even if not explicitly indicated.

Lemma 2.11. The complete list of possible quadruples (m,o.f(t), d(t)) satisfying the

constant scalar condition, ¢(t) = ®, as well as f' [f # 0, consists of (m, a, f, ®) with (m, o, f)

satisfying the constant curvature condition, Ry, = %(g © &)ijkw With some spacetime

sectional curvature constant K. The Einstein—Klein—Gordon equations are satisfied with the
(m—1)

choice V(¢) = 2, where the cosmological constant A = "—K.

Proof. Since ¢/ = 0, the Einstein—Klein-Gordon equations reduce to R;; — 1Rg; = —Agj;,
or R = mKg;;, with K = mA, which together with the FLRW property is precisely the

necessary and sufficient to be of constant curvature. O

Further on, in several cases, we will require the condition f’/f # 0. So first, we explore
the special case f’/f = 0, of static backgrounds. We know from lemma 2.6 that the only static
FLRW backgrounds are flat or Einstein static universes, with the flat case already covered
by lemma 2.11. What is special about this case is that the energy 1(¢'> + V(¢)) of the scalar
field is conserved. It turns out that the converse is also true and it is only consistent with V(¢)
being constant.

Lemma 2.12. The complete list of possible quadruples (m, o, f (1), ¢(t)) satisfying the con-
stant energy condition 3 (¢ + V(¢)) = p, with some constant p, but with (m, o, f(t)) not of
constant curvature, consists of

(m, KA%,A, ++/2p/m(t — t5)) (A>0, p>0). (81)
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Proof. We can presume that ¢’ # 0, since otherwise the spacetime is of constant curva-
ture (lemma 2.11). The Friedmann equation (71) reduces to f'?/f* + a/f* = kp. Using the
identity (52) and the acceleration equation (72), we conclude that f'/f = 0. Plugging this
conclusion back into the Friedmann and acceleration equation, we find that each of K = «/ fz,
%A = V(¢) and ¢> must be individually constant, with K interpreted as the spatial sectional
curvature and A the cosmological constant. If we take p as an independent constant, the rest
are given by K = mﬁp, ¢? =g — 25and A = g, O

Whenever the scalar potential V(¢) is a constant, the Klein—-Gordon equation is just the
wave equation V'V;¢ = 0, which we also call the massless minimally-coupled Klein—Gordon
equation.

Lemma2.13. The complete list of possible quadruples (m, ., f(t), (1)) with V(¢) = 2A a
constant, where the scalar field is not constant nor of constant energy, consists of

(ﬁ_ﬁ)+mﬁ_ 24
. -

= N f fz (m_])a
o = O (m, Osf’ (b) ﬁ B n¢/2+2A
27 m(m—1)
o 7é 0: (m af (b) f? +f2 - (m—1) + m(mfl)Qme s

¢ =+valll a>0

Proof. Recall from (76) that a constant potential V(¢) = ZA implies the equation

£ f/2 f’z A
F-5-p)mle+p)-msy (82)

which is also supplemented by the Friedmann equation (71)
f/2 N o K¢/2 +2A
2o mim—1)

(83)

is clearly equivalent to the Einstein equations with a massless minimally-coupled scalar field
stress energy tensor and, because of our hypothesis that ¢’ # 0 and the comments below equa-
tion (73), which are equivalent to the full coupled Einstein—Klein—Gordon system. Setting
a = 0 completes the proof of the first part of the lemma.

The hypothesis of non-constant energy and lemma 2.12 imply that f’/f # 0. Thus, we
obtain the following equivalent form of (82) after multiplying it by the integrating factor

2F 1)
om f’2 a 2 _ K
/ (f2+f2_m(m—1)A>_m(m—1)C’ (84

for some constant C. When a # 0, we can normalize C by a power of |a| to get

o
2, o 2ATR A (85)
7o m(m—1) ~
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with another constant 2. Provided that ©Q >0, we can determine ¢(¢) by the equa-

tion ¢/ = £/ |‘Jﬂf, which is equivalent to the massless minimally-coupled Klein—Gordon

equation

1 / f ' /

(1) =" +m—¢ =0. (86)
fm f‘

With the above expression for ¢/, plugging it into the Friedmann equation gives exactly equa-
tion (85). This observation completes the proof of the second part of the lemma. [

Next, we will transform the Einstein—Klein—Gordon equations (71)—(73) under the hypoth-
esis that ¢’ # 0 everywhere. If we use the Friedmann equation to eliminate o/f? from the
acceleration equation, while also multiplying the Klein—-Gordon equation by ¢’ and adding to
it a multiple of the acceleration equation, they can be equivalently expressed as

92 +V() f?  a

Km(m—l) _]TZ_]E’ (87
fl 4 ¢/2 - ¢/2_|_ V(¢) f/2

(f) +"°‘<m_1>—<“m<m_1> _ﬁ)’ (85)
P2+ V(0) P\ 6PV P

(“m<m1> ‘ﬂ) =77 <“m<m1> _f2>' &

The equations (88) and (89) are second order, while (87) is first order. To see that there are
no integrability conditions, note that differentiating the first order equation gives the identity

{fz <H¢’2 +V(¢) f”)]/

mm—1)  f2

(90)
where the right-hand-side is clearly proportional to (89).
Since we are assuming that ¢’ # 0, we can use ¢ as the independent variable and convert
all -derivatives as (—)" = ¢'04(—). Denoting m = ¢’ and £ = f'/f, we get the equations

7 (’””7:;(:1 Y(f))) B 52) - o
[ ty] = (T -¢) o2

where &, 7 and fare now all considered as functions of ¢. With fixed V(¢), the system (92) and
(93) closes in the (7, §) variables, with the symmetry (7, §) — (—m, —) corresponding to the
coordinate transformation ¢ — —¢, and can be solved for the highest derivatives 04¢ and Oy
(always assuming that  # 0). In the notation of (20), we can use the short-hand &y (7, &) =0
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for this system. Hence the space of solutions £ = Z(¢), 7 = I1(¢), will be two-dimensional.
We will always leave these parameters implicit in the choice of the solution (II(¢), Z(¢)).

With (IL, Z) fixed, the equations ¢ = I1(¢), f'/f = =(¢) and a = f2 [ LEHV©) _ =24

m(m—1)

have a two-dimensional family of solutions, parametrized essentially by the transformations

(e f(1).6(1)) = (A2, Af (1 = 10). 610 — 10)), (94)

which are the isometries preserving FLRW form (proposition 3.6). So the parameters deter-
mining («,f, ¢) that are invariant under these transformations are essentially exhausted by the
choice of V(¢) and the solution (II, Z). We summarize as follows.

Lemma 2.14. For any quadruple (m,o,f(1),¢(t)) for which o #0, f'/f #£0 and
(V$)? <0, there is a unique smooth function (IL,Z): J — R?, where J = ¢(I) and
r_ o _ IP(¢) +V(e)

= = _ _ =2
FTEO sy 2@ (95)

¢ =T11(¢),

Foreachu € J, these functions will also satisfy I1(u) # 0, Z(u) # 0 and /ﬁ% # Z2(u),
they will satisfy &y (11, E) = 0, in the notation of (20).

When a = 0, the above discussion can be greatly simplified. The Einstein—Klein—Gordon

system reduces to the following equivalent forms, using the same notation as above and always
supposing that m # 0 everywhere:

T+V(p) 2 _ m(m—1)&—k
Fam(mfl) 5 =0 — (a¢£)2 = Iii( (12161)2 V(¢)

In a way, this simplification comes from eliminating 7 = ¢’ from the equations. In the nota-
tion of (18), we use the short-hand $y(£) = 0 for the equation satisfied by &(¢), which
retains the symmetry & — —£. With V(¢) fixed, under the hypothesis 4= # 0, this equa-
tion will have a one-dimensional family of solutions & = Z(¢). We will always leave the
corresponding parameter implicit in the choice of the solution Z(¢). With = fixed, the equa-

(96)

tions ¢’ = 7%;1)6455(@, f'/f = E(¢) have a two-dimensional family of solutions, again
parametrized by the transformations (94). So the parameters determining ( f, ¢) that are invari-
ant under these transformations are essentially exhausted by the choice of V(¢) and the solu-
tion =. We summarize as follows.

Lemma 2.15. For any quadruple (m,o.f(t),¢(t)) for which a« =0, f'/f#0 and
(V$)? <0, there is a unique smooth function Z: J — R, where J = ¢(I) and

(=1, o I
TR0, =

For each u € J, these functions will also satisfy Z(u) # 0, 0,5*(u) # 0 and it will satisfy
Hv(Z) = 0, in the notation of (18).

¢ =— Z(9). 7)

In the spatially flat (o = 0) case, the equation $y(Z) = 0 is sometimes known as the
Hamilton—Jacobi equation of single field inflation [24, 28]. The more general system
®y(IL,Z) = 0 needed in the generic case (« # 0) does not seem to have been considered
before. In the cosmology literature, in the case of non-zero «, an alternative system of equa-
tions has been used [30], though one less convenient for our purposes. There, a complex
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scalar field Z(¢) is introduced, and plays the role of a ‘super-potential’ (in the sense of
super-symmetry) for a ‘pseudo-Killing” spinor. The isometry class of («, f, ¢) determines the
integrability conditions for Z(¢), an algebraic relation between ¢, Z(¢) and Z'(¢).

3. Geometric characterization

In this section, we leverage the information from section 2 to give necessary and sufficient
conditions to belong to the local isometry class of a regular FLRW or inflationary spacetime,
eventually proving our main theorems 1.4 and 1.5.

The resulting systems of conditions will be of the IDEAL type, as discussed in the
Introduction, consisting of a list {T,[g, ¢] = 0},a = 1,..., N, of tensor equations built covar-
iantly out of a metric g, a scalar field ¢, and their derivatives. Each set of equations will consist
of roughly three parts: for the GRW structure, for the FLRW structure, and for the specific
isometry subclass.

3.1 Special cases

The two cases of FLRW spacetimes whose local isometry classes need to be characterized
separately from the general pattern given in the sequel are the constant curvature spacetimes
(lemmas 2.4 and 2.5) and Einstein static universes (lemma 2.6).

Proposition 3.1. Consider a Lorentzian manifold (M, g), dimM =m+ 1 > 2.

(a) Given a fixed constant K, if (M, g) everywhere satisfies

1
Rijkn — Ki(g © 8)ijen = 0, (98)

then it is locally isometric to any other spacetime satisfying the same condition.
(b) Given a fixed constant K, if m > 1 and (M, g) everywhere satisfies

Win =0, R} (R — (m — 1)Kg) = 0, (99)

ViRi =0, R—m(m—1)K=0, (100)

while the I-dimensional kernel of Rij is timelike, it is locally isometric to an Einstein
static universe with spatial sectional curvature K. The value K = 0 coincides with the flat
case, Ry, = 0.

Proof.

(a) This is standard; see for instance theorem 2.4.11 in [36].

(b) When m = 1, spatial slices are always flat, hence it is impossible to have K # 0 spatial
sectional curvature. When K = 0, we are back in the flat case, characterized by Rz, = 0, a
special case of part (a). This is why we take m > 1. Direct calculation (see 2.2) shows that
the above equations hold when (M, g) is an Einstein static universe with spatial sectional
curvature K # 0.

Conversely, assume that we only know about (M, g) that the above equations hold, with
K # 0. The algebraic equations on the R/ tangent space endomorphism guarantee that it is
diagonalizable with precisely two distinct eigenvalues, 0 and (m — 1)K, with the kernel being
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1-dimensional. Since R;; is symmetric, the kernel can only be either timelike or spacelike
(not null)®, with the hypotheses constraining it to be timelike. Since R; is also covariantly
constant, so is any unit vector U' in its kernel. That is, R;jVxU/ = Vx(R;U’) = 0 for any X,
which implies that VyU/ = AyU’ and Ay = —U;VxU’/ = —Vx(U;U/) = 0. This gives us
the desired V;U’ = 0 conclusion.

The existence of a covariantly constant unit vector U’ implies that for any x € M and con-
tractible open neighborhood O 3 x, the holonomy action of (O, g|o) at x leaves invariant the
subspace spanned by U’ at x as well as its orthogonal complement (simply note that contrac-
tion with U’ commutes with parallel transport). Under these conditions (proposition IV.5.2
in [19]), it is possible to locally factor (O, g|o) into a direct product of a 1-dimensional and
an m-dimensional pseudo-Riemannian manifold, (7, —ds?) x (F, g""), with g’ of Riemannian
signature. Furthermore, the algebraic conditions on Wjy;, and R;; imply that ngh =0 and
Rg = (m— I)Kgg , which means that the spatial factor (F,g") is locally of constant curvature
with sectional curvature K. In other words, we can locally describe (M, g) as an FLRW space-
time with o = K and f(¢) = 1, which belongs precisely to the desired Einstein static universe
class. O

3.2. FLRW spacetimes

An FLRW spacetime (definition 2.2) is a GRW spacetime (definition 2.1) whose spatial slices
have constant curvature (equation (25)). GRW spacetimes have been geometrically character-
ized in two different but related ways by the existence of a spatially conformal vector field U
by Séanchez [29] and of a concircular vector field v by Chen [5]. Given Chen’s vector field v,
the vector field U = v/+/ —v? satisfies the conditions of Sanchez. A recent survey of these and
related geometric characterization results of GRW spacetimes can be found in [21].

Chen’s condition is somewhat simpler, but we will only be able to make use of it to char-
acterize spatially curved, but not spatially flat FLRW spacetimes. In one case it will be pos-
sible to produce Chen’s vector field v directly from the spacetime curvature, in the other not.
Sanchez’s conditions work equally well also in the spatially flat case. So, motivated by provid-
ing the simplest set of equations when possible, we present both characterizations.

Proposition 3.2 (Sanchez’s conditions). Let (M,g) be a Lorentzian manifold,
dimM =m+ 1 > 2. It is locally GRW at x € M if and only if there exists, on a neighbor-
hood of x, a unit timelike vector field U that satisfies the conditions

ViU

Pix == U;Vy P 0, (101)
VUK

;= VU — "T(g,»j +U,U) = 0. (102)

Proof. In one direction, given an FLRW metric in the form (23), direct calculation shows
that the above conditions are satisfied with U' = (8,)".

% Suppose the 1-dimensional kernel N of Rij is null. From its invariant factors and the symmetry of R;;, we have the
following splittings of invariant subspaces: N* = N @ S and S+ = N & N’, where S is necessarily spacelike, mean-
ing that N’ is 1-dimensional and has a non-zero eigenvalue. But, by the well-known Segre classification

[31, section 5.1], on S, Rij can either have only a single degenerate eigenvalue or no null eigenvectors.
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In the other direction, Sanchez’s theorem 2.1 from [29] shows that locally (M, g) can be
put into the form (23), with U= (6,)i. Sanchez’s original conditions look more complicated,
but they follow from ours by easy algebraic manipulations. Sanchez’s hypotheses also include
connectedness and simple connectedness. But, from the proof, these can all be dropped for the
local result that we want. [

We have based the above result on the characterization of GRW spacetimes that Sdnchez
obtained independently [29, theorem 2.1] in the process of a detailed investigation of the geom-
etry of GRW spacetimes. However, this characterization (existence of a shear-free, ® ;) = 0,
and twist-free, Q[ij] = 0, vector field U, with expansion £ constant in directions orthogonal to
U, B;j = 0), at least when applied to FLRW spacetimes, has been known already as far back
as [8, theorem 2.5.1, 9], and has been referenced for instance in [11, section III.B], [10, sec-
tion 5.1]. Another independent source for these conditions seems to be the unpublished thesis
[7], which has been referenced in at least [2, p.124].

Proposition 3.3 (Chen’s conditions). Consider a Lorentzian manifold (M,g),
dimM =m+ 12> 2. It is locally GRW at x € M if and only if there exists, on a neighbor-
hood of x, a timelike vector field v and a scalar i that satisfy the condition

V,‘Uj = ugij- (103)

A vector field satisfying (103) is called concircular.

Proof. In one direction, given GRW metric in the form (23), direct calculation shows that
we can take o' = f(9,)" and p = f.

Chen’s theorem 1 from [5] shows that locally (M, g) can be put into the form (23), with
= f (a,)i. Chen stated this result for m 4+ 1 > 3. However, the same proof also works
when m + 1 = 2. It is easiest to see by showing that the concircular condition (103) im-
plies that U’ = v’ /+/—0? satisfies Sanchez’s conditions, independently of the dimension. Let
¢ = v/—0v2, so that v = qSUi. From the U’ V,U; = 0 identity, the concircular condition de-
composes into

UVig + ¢ViU; = —pUiU; + (g + UiU))
— Vip=—pU, ViU;= g(gu + U:U)).
Then U;U; = 0 implies U;V;¢ =0, and V;V;¢ = 0 implies U;;V; u = 0. Finally, not-
ing that p = U'V;¢ = %V’Ui and eliminating both ¢ and p gives us Sanchez’s conditions
SBij:Oand@,-j:O. D

(104)

The concircular condition can be rewritten slightly for our convenience.

Lemma 3.4. Let U be a vector field, v and ¢ smooth functions, with ¢ > 0, and k a con-
stant. Then the condition

v,
ViU +k (;b

U =vg; (105)
implies that v = ¢*U is a concircular vector field. In particular, U iVje =0.

Proof. The concircular condition with v = ¢*U and u= ¢*v is equivalent to
¢~*Vi(¢*U;) = ¢~* gy, which when expanded gives precisely equation (105). In GRW form
(23), ¢*U' = f(9,)" and V,;f = —f'Uj, from which follows the desired condition on V;¢. []J
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Proposition 3.5. Consider a GRW spacetime (M,g) = (I x F,—df* +f2g"),
dimM =m+ 1 > 2. Set U' = (9,)" and recall the notation of definition 2.3.

The (F.g") factor is locally of constant curvature if and only if the CCD tensor (see defini-
tion 2.3) vanishes and the spatial scalar curvature is constant,

Q:ijkh =0 and U[,'Vj]c =0. (1()6)

If in addition the spatial scalar curvature or equivalently the ZCD tensor (see definition 2.3)
also vanishes, { = 0 or

Bijkn = 0, (107)
then (EgF) is actually flat.

Proof. From equation (40), €, = 0 is equivalent to

1 RF

R = mj(glr © &")ijun- (108)

while U;V;;¢ = 0 and (39) imply that RF is a constant. Hence, (F,g") is of constant curvature.
Furthermore, either of the conditions { = 0 or 3%, = 0 implies that ngh = 0 and hence that
(F,gF) is flat. O

3.3. FLRW local isometry classes

Within the class of FLRW spacetimes, two metrics in the form (23) with different (c,f)
parameters may or may not be isometric. Below, we give the results that allow us to classify
FLRW metrics into isometry classes.

The obvious form-preserving transformations, time translation, reflection and rescaling,
relate any FLRW metric to a 2-parameter family of (locally) isometric metrics. We state this
result directly for FLRW spacetimes with scalar, which will come in useful later in section 3.4.
As mentioned in the introduction, we can reduce to the case of no scalar field by setting the
scalar field to zero.

Proposition 3.6. Consider two inflationary spacetimes (M;, gi, ¢;), i = 1,2, with corre-
sponding spatial sectional curvature, warping function and scalar field triples (o, fi, &),
i = 1,2. If for every x € My with t; = t(x) in the domain of (fi, ¢1) there exists an open inter-
val (ty — 8,1 + §) still in the domain of (fi, 1), with § > 0, and an interval (t — 8,1 + §)
in the domain of (f», ) such that

(03] = AZOQ,
f1 (l) = Afz(sl + l()), (109)
oi1(1) = da(st +10),

for some constants s € {+1,—1}, A # 0 and every t € (t; — 8,1, + 8), then (My,g1,¢1) is
locally isometric to (M, g2, ¢2) at x € M.

Proof. The result follows from noting that an FLRW metric in standard form
—de? + f(1)%g" is locally isometric to each of —dr* + f(—1)?gF, —dr* +f(t + 19)*g" and to
—dr® + (Af(1))*(3"/A%). O
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We will now show that, under certain conditions, two FLRW metrics with parameters
(a1,/1) and (ap, f>) are locally isometric if and only if they belong to the same 2-parameter
family as in proposition 3.6. To describe such a 2-parameter family of («,f) intrinsically, we
will look for a differential equation satisfied by every element of that family and only elements
of that family. Heuristically, we should look for either a second order equation for f or a first
order equation for f depending also on the parameter «, either of which will generically have
a 2-parameter general solution.

The following helpful lemma follows easily from standard ODE existence and uniqueness
theory [1].

Lemma 3.7. Consider a smooth real function G defined on an open interval J, two nonzero
real constants o and oy, and two nowhere vanishing smooth real functions fi(t) and f>(t)
defined respectively on the open intervals I; and I.

(a) Suppose G > 0 and that the pairs (ay,f1) and (ao,f>) both satisfy the differential
equation

(f'/f)? = G(a/f?) (110)

and that there exist t; € Iy and ty € I, such that h(“fl‘)z = fz(oz—;)z € J. Then there exist con-

stants s € {+1,—1}, 1o, A # 0 and 6 > 0 such that t, = st; + to, as well as

o) =A%, and  fi(t) = Afa(st + o) (111)

foreveryt e (1) — 0,11 +9).
(b) Suppose that the functions f; and f> both satisfy the differential equation

' If=G((f/1)7) (112)

and that there exist t1 € I and t, € I, such that /;11' g:; = fggz; € J. Then there exist

constants s € {+1,—1}, tp, A # 0 and 6 > 0 such that ty = st| + to, as well as

Ji(t) = Afa(st + 1) (113)
foreveryt € (1) — 0,11 +9).

We are finally in a position to define and classify all regular FLRW spacetimes into families
and to describe the parameters needed identify an isometry class within each family.

Lemma 3.8. Two regular FLRW spacetimes (those belonging to one of the families identi-
fied in definition 1.2) are isometric to each other (definition 1.1) if and only if they belong to
the same parametrized family and the corresponding parameters are identical.

Proof. Let us fix m, noting that two isometric spacetimes must have the same dimension.
To show that two spacetimes cannot be isometric, it is sufficient to point out an identity or in-
equality that is satisfied by curvature scalars or tensors on one spacetime but not on the other.
With that in mind, recall (in the notation of theorem 1.4) that for FLRW spacetimes, £ = f’ /f,
n=f"/f —f?/f* and ¢ = o/f?, which are all curvature scalars as long as they are defined
with respect to a vector field U that is also defined from pure, such as the choices U = Uy or
Up. To show that all the representatives of a family with identical parameters are all isometric
to each other, there will be two possibilities to consider. Either the representative is unique,
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which is the trivial case. Or, all representatives are selected by satisfying a differential equa-
tion. By invoking lemma 3.7, we can be sure that two solutions to such an equation (with all
parameters fixed), if they can be matched up at at least one point, are in fact locally isometric
around that point. If the domains of these solutions can also be matched up, then it is clear that
they are also globally isometric.

(a) For each K, there is a unique representative in CC¥. The scalar curvature R = m(m + 1)K
distinguishes the different values of K.

(b) Again, for each K # 0, there is a unique representative in ESU¥. The scalar curvature
R = m(m — 1)K distinguishes the different values of K. Comparing the formulas from
section 2.2 and proposition 3.1(b), the structure of the Ricci tensor R;; distinguish ESUy

from any spacetime of constant curvature.

(c) The representatives of CSC%:? satisfy an equation like in lemma 3.7(b). The scalar cur-

vature R = m(m + 1)K distinguishes the different values of K, and setting U = Up the
range J = £2(I) distinguishes the different intervals J. Also, from lemma 2.7, (VB)? < 0
distinguishes these spacetimes from those of parts (a) and (b), where B’ = 0.

(d) The representatives of the class CSCy , ; satisfy an equation like in lemma 3.7(a). The
scalar curvature R = m(m + 1)K distinguishes the different values of K, and setting
U = Ug, the constant KQ = (£2 + ¢ — K)/|C\mTJrl (lemma 2.7) and range J = ¢([) distin-
guishes the different values of  and J. Again, (VB)? < 0 distinguishes these spacetimes
from those of parts (a) and (b), while ¢ # O distinguishes them from those of part (c)
where ¢ = 0.

(e) The representatives of the class FLRWZ’,’? satisfy an equation like in lemma 3.7(b). Setting
U = Ug, the identity n + 2£* = —xP(£?) and the range J = £(I) distinguish different
values of the P and J parameters. Also, combining the constraints on P and lemma 2.8,
(VR)? < 0 distinguishes these spacetimes from those of parts (a), (b), (c) and (d), where
R =0.

(f) The representatives of the class FLRW ; satisfy an equation like in lemma 3.7(b). Setting
U = Ug, the identity &>+ ¢ = kE(() and the range J = ((I) distinguish different
values of the E and J parameters. Again, combining the constraints on E and lemma 2.9,
(VR)? < 0 distinguishes these spacetimes from those of parts (a), (b), (c) and (d), while
¢ # 0 distinguishes them from those of part (e), where ¢ = 0. O

We are now finally in a position to prove our main result about IDEAL characterizations of
regular FLRW spacetimes.

Proof of theorem 1.4. The goal is to prove that, for each of the cases listed in table 1, a
spacetime satisfies the listed equations (and inequalities) if and only if it is locally isometric
(definition 1.1) to one of the regular FLRW spacetimes listed in definition 1.2. In one direc-
tion (a regular FLRW spacetime satisfies the corresponding conditions), this is essentially the
content of lemma 3.8. It remains to show the converse.

(a) The constant curvature case is standard (proposition 3.1(a)).
(b) We have already proven the desired conclusion in the Einstein static universe case in
proposition 3.1(b).

(c) and (e) With the appropriate definition of the unit timelike vector field U, according to
proposition 3.2, the equations ; = 0 and D;; = 0 are sufficient to locally put the space-
time in GRW form (23), while according to proposition 3.5 the equation 3y, = 0 implies
that the spatial slices are flat and hence the spacetime is locally FLRW. The remaining
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conditions place the spacetime in the unique corresponding local regular FLRW isometry
class, as per lemmas 3.8(c) and (e).
(d) and (f) With the appropriate definition of the unit timelike vector field U, according

to proposition 3.3 and lemma 3.4, the equation V,;U; — ZZC U; — £gij = 0 is sufficient to

locally put the spacetime in GRW form (23) and show that ( is constant along the spatial
slices, while according to proposition 3.5 the additional equation €;;;, = 0 implies that
the spatial slices are of constant curvature and hence the spacetime is locally FLRW.
The remaining conditions place the spacetime in the unique corresponding local regular
FLRW isometry class, as per lemma 3.8(c) and (e).

3.4. Inflationary local isometry classes

Within the class of inflationary spacetimes (M, g, ¢), two spacetimes in the form (23) and with
¢ = ¢(t), with different («, f, ¢) parameters may or may not be isometric. Below, we give the
results that allow us to classify inflationary spacetimes into isometry classes (definition 1.1).

Recall that proposition 3.6 gives a sufficient condition for local isometry. We will now
show that, under certain conditions, two inflationary spacetimes with parameters (o, f;, ¢;),
i = 1,2, are locally isometric if and only if they belong to the same 2-parameter family as in
proposition 3.6. As in section 3.3, we will look for an ODE system, jointly satisfied by any
locally isometric (a,f, @) triples, with a 2-parameter general solution. The following help-
ful lemma, the analog of lemma 3.7, again follows easily from standard ODE existence and
uniqueness theory [1].

Lemma 3.9. Consider a smooth real function V: J — R defined on an open interval, two
non-zero real constants «;, i = 1,2, and two pairs of smooth real functions ( f;, ¢;) defined on
intervals I, i = 1,2, with either f; nowhere vanishing.

(a) Suppose that 11, =: J — R are smooth real functions that satisfy the &y (11, 2) = 0, in the
notation of (20). Suppose also that the triples (o, fi, ¢:), | = 1,2, both satisfy the system of
differential equations

¢' =11(¢),
==,
2
% _ Knn(:z(bz:‘;gzb) _ zz(d))’ (114)
and that there exist t; € I, i = 1,2, such that ¢1(t;) = ¢2(r) € J andﬁ = ]ﬁ Then
there exist constants tg, A # 0 and 6 > 0 such that
o =A%, fi(H) =Ah(t+1) and (1) = $a(t +1o) (115)

foreveryt e (t —d,t; +9).
(b) Suppose that Z: J — R is a smooth real function. Suppose also that the pairs (f;, ¢;),
i = 1,2, both satisfy the system of differential equations

¢ =—Lo,E(9),
F =20

and that there exist t; € I;, i = 1,2, such that ¢,(t;) = ¢2(t2) € J. Then there exist con-
stants to, A # 0 and 6 > 0 such that

(116)
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fi(t) =Af(t+1) and  ¢i(t) = da(t + 1) (117)
foreveryt e (1) — 0,1, +9).

We are finally in a position to define and classify all regular inflationary spacetimes into
families and to describe the parameters needed to identify an isometry class within each family.

Lemma 3.10. Two regular inflationary spacetimes (those belonging to one of the families
identified in definition 1.3) are isometric to each other (definition 1.1) if and only if they
belong to the same parametrized family and the corresponding parameters are identical.

The following proofs are very much analogous to the proofs of lemma 3.8 and theorem 1.4,
but we will write them in a mostly self-contained way.

Proof of lemma 3.10. Let us fix m, noting that two isometric spacetimes must have the
same dimension. To show that two spacetimes with scalar cannot be isometric, it is sufficient
to point out an identity or inequality that is satisfied by curvature scalars or tensors, possibly
together also with scalars or tensors covariantly obtained from the scalar field, on one space-
time but not on the other. With that in mind, recall (in the notation of theorems 1.4 and 1.5),
that for inflationary spacetimes & = f'/f, n = " /f — f"*/f* and ¢ = a/f?, which are all cur-
vature scalars, as long as they are defined with respect to a vector field U that is also defined
from either pure curvature or from the scalar field, such as the choices U = Ug, U or Uy. To
show that all the representatives of a family with identical parameters are all isometric to each
other, there will be two possibilities to consider. Either the representative is unique, which is
the trivial case. Or, all representatives are selected by satisfying a differential equation. By
invoking lemmas 3.9 or 3.7, we can be sure that two solutions to such an equation (with all
parameters fixed), if they can be matched up at at least one point, are in fact locally isometric
around that point. If the domains of these solutions can also be matched up, then it is clear that
they are also globally isometric.

(a) For each A (hence K = ﬁ/\) and O, there is a unique representative in CCxCSg.
The scalar curvature R = m(m + 1)K and the scalar field ¢ = ® distinguish the different
values of these parameters.

(b) For each p > 0 (hence K = ﬁnp) and interval J C R, there is a unique repre-
sentative in ESUYCES , ;. The scalar curvature R = m(m — 1)K and the range J = ¢(I)
distinguish different values p and J. The condition (V¢)? < 0 distinguishes these space-
times from those in part (a), where ¢’ = 0.

(c) The representatives of MMSX”(}’ ,» satisfy the equations f”/f + (m — 1) f"?/f* = (A

m—1)
which is like in lemma 3.7(a), and

L1 2A
’ ¢ (7 wmr) e

since by hypothesis ¢’ < 0. Thus, the first equation shows that the underlying Lorentzian
spacetimes are isometric for identical A and J’. The second equation shows, by applying
once again standard ODE existence and uniqueness theory, that the inflationary spacetimes
are also isometric (as spacetimes with scalar) for identical J. With the choice U = Uy, the

curvature scalars 1 + mé? = (mzi\l) and the ranges of J = ¢(I), J' = £(I) distinguishes
different A, J and J'. The implication that £ = f’/f # 0 and ¢’ # 0 distinguish these

spacetimes from those of parts (a) and (b).
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(d) The representatives of the class MMS'X’Q’ ; satisfy an equation like in lemma 3.9(a),
namely

m

o / 2A Qlae|m /£2m

(b/:_\/ﬁw’ f7:i + K |a| /f _%’ (119)
fmef m(m — 1) f

where the + sign is determined by whether 0 < J’ or J' < 0. With the choice U = Uy,

the curvature scalars 1 + mé? = (mzfl), IC|7™(&2+¢) = m(:fﬁl) and the range J = ¢(I)

distinguish different A, Q2 and J. The implication that £ = f/f # 0 and ¢’ # 0 distinguish

these spacetimes from those of parts (a) and (b), while ¢ = n% —ZX¢) #0

distinguishes them from those of part (c), where ¢ = 0.

(e) The representatives of the class NKG'&:OE! ; satisfy an equation like in lemma 3.9(b). With
the choice U = Uy, the identities ¢/ = —("'K;I)Z%E(qb), ¢ = Z(¢) and the range J = ¢(I)
distinguish different =, and J. It is important to note that for any solution of $y(Z), —=Zis
also a solution that defines another spacetime isometric to a given one via ¢ — — (¢ — fo)
for some #;,. We have broken this degeneracy by the %&,E(u) > 0 requirement (due to
using Uy and not —Uy), so distinct = imply non-isometric spacetimes. The identity

n+me =k (Yn(_‘ﬁl)), with non-constant V(¢), distinguishes these spacetimes from those

in parts (a), (b), (c) and (d), where the left-hand-side would have been constant.

(f) The representatives of the class NKGy, 1 = ; satisfy an equation like in lemma 3.9(a). With
the choice U = Uy, the identities ¢’ = II(¢), £ = =(¢) and range J = ¢(I) distinguish
different IT, = and J. It is important to note that for any solution of & /(IL, Z), (—II, —E) is
also a solution that defines another spacetime isometric to a given one viat — —(t — 1o for
some #p. We have broken this degeneracy by the II < 0 requirement (due to using Uy and

not —Uy), so distinct = imply non-isometric spacetimes. The identity 7 4 me? =k (Yn(_‘ﬁl)),
with non-constant V(¢), distinguishes these spacetimes from those in parts (a), (b), (c),
and (d), where the left-hand-side would have been constant, while ¢ # O distinguishes

them from those of part (e), where ¢ = 0. O

We are now finally in a position to prove our main result about IDEAL characterizations of
regular inflationary spacetimes.

Proof of theorem 1.5. The goal is to prove that, for each of the cases listed in table 2, a
spacetime satisfies the listed equations (and inequalities) if and only if it is locally isometric
(definition 1.1) to one of the regular inflationary spacetimes listed in definition 1.3. In one
direction (a regular inflationary spacetime satisfies the corresponding condition), this is es-
sentially the content of lemma 3.10. It remains to show the converse.

(a) When ¢ = ® is a constant, so is V(¢) = 2 A, which we have parametrized for our con-

venience with A. Then the Einstein—Kleilf—Gordon equations become the cosmological
vacuum equations R;; — %Rg,j + Ag;; = 0, which under the FLRW hypotheses have only
the constant curvature solution.

(b) The existence of a timelike covariantly constant vector U = Uy, V;U; = 0, implies that
the spacetime decomposes into a direct sum, with one of the factors being of constant

curvature, since the CCD tensor €, = 0 (see definition 2.3) vanishes and the spatial

2K

scalar curvature ¢ = =T

p is constant (proposition 3.5); see the proof of proposition
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3.1(b) for details. The conclusion, as desired, is that the spacetime is an Einstein static
universe and the equation ¢’ = —4/2p/m means that we can choose the time coordinate
to put ¢(t) precisely into the form in lemma 2.12.

(c) and (d) With the vector field U = Uy, according to proposition 3.3 and lemma 3.4, the

equation V;U; — %[]j — &g = 0 is sufficient to locally put the spacetime into GRW

form (23) and show that ¢’ is constant along spatial slices. In case (c), the vanishing of
the ZCD tensor 3, = 0 (see definition 2.3) implies that the spatial slices are flat. In
case (d), the equation ¢’ = —+/Q|¢|% shows that ( is also constant on spatial slices, and
together with the vanishing of the CCD tensor €, = 0 this implies that the spatial slices
are of constant curvature. In both cases we have referred to proposition 3.5, and in both
case we have established that the spacetime is locally FLRW. Now, recalling the identities
E=f/f,m=f"/f —f*/f?and { = a/f?, the remaining conditions in each case clearly
show that the spacetime is locally isometric to the corresponding reference class in defini-
tions 1.3(c) or (d).

(e) and (f) With the vector field U = Uy, according to proposition 3.2, the equations ‘B;; = 0
and ©; = 0 are sufficient to locally put the spacetime into GRW form (23). In case (e),
the vanishing of the ZCD tensor 3, = 0 implies that the spatial slices are flat. In case

(f), the equations ¢’ = II(¢), £ = E(¢) show that ¢ = K% — &% is then constant

along spatial slices (slices of constant ¢), and together with the vanishing of the CCD
tensor €y, = O this implies that the spatial slices are of constant curvature. In both cases
we have referred to proposition 3.5, and in both cases we have established that the spa-
cetime is locally FLRW. Now, recalling the identities ¢ = f'/f, n = "' /f — f"*/f* and
¢ = a/f?, the remaining conditions in each case clearly show that the spacetime is locally
isometric to the corresponding reference class in definitions 1.3(e) or (f). O
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Abstract

In general relativity, an IDEAL (Intrinsic, Deductive, Explicit, ALgorithmic) character-
ization of a reference spacetime metric go consists of a set of tensorial equations T'[g] = 0,
constructed covariantly out of the metric g, its Riemann curvature and their derivatives, that
are satisfied if and only if g is locally isometric to the reference spacetime metric go. We give
the first IDEAL characterization of generalized Schwarzschild-Tangherlini spacetimes, which
consist of A-vacuum extensions of higher dimensional spherically symmetric black holes, as
well as their versions where spheres are replaced by flat or hyperbolic spaces. The standard
Schwarzschild black hole has been previously characterized in the work of Ferrando and Séez,
but using methods highly specific to 4 dimensions. Specialized to 4 dimensions, our result
provides an independent, alternative characterization. We also give a proof of a version of
Birkhoff’s theorem that is applicable also on neighborhoods of horizon and horizon bifurca-
tion points, which is necessary for our arguments.

1 Introduction

In this work, we are interested in an intrinsic characterization of higher dimensional generaliza-
tions of the Schwarzschild black hole. These spherically symmetric, asymptotically flat vacuum
spacetimes were first studied by Tangherlini [33]. By a spacetime (M, g), we mean a smooth
manifold M with a Lorentzian metric g, though a similar discussion can be carried out for any
pseudo-Riemannian geometry. While “intrinsic” generally does preclude direct reference to the
form of the spacetime metric in a special coordinate system, it is a vague enough term to have
multiple interpretations. To be specific, we refer to an IDEAL' or Rainich-type characterization
that has been used, for instance, in the works [27, 32, 3, 6, 7, 9, 15, 14, 20, 2]. It consists of a list
of tensorial equations (Tx[g] = 0, a = 1,2,..., N), constructed covariantly out of the metric (g)
and its derivatives (concomitants of the Riemann tensor) that are satisfied if and only if the given
spacetime locally belongs to the desired class, possibly narrow enough to be the isometry class
of a single reference spacetime geometry. This notion has a natural generalization (Tx[g,¢] = 0)
to spacetimes equipped with scalar or tensor fields (¢), with equivalence still given by isometric
diffeomorphisms that also transform the additional scalars or tensors into each other, though we
will not make use of this generalization here. A nice historical survey of this and other local
characterization results can be found in [23].

An IDEAL characterization requires neither the existence of any extra geometric structures,
nor the translation of the metric and of the curvature into a frame formalism. Thus, it is an
alternative to the Cartan-Karlhede characterization [30, Ch.9], which is based on Cartan’s moving
frame formalism. Intrinsic characterizations, of various types, have been of long standing and
independent interest in geometry and General Relativity. But, in addition, they can be helpful in
deciding when a metric, given for instance by some complicated coordinate formulas, corresponds

I The acronym, explained in [9] (footnote, p.2), stands for Intrinsic, Deductive, Explicit and ALgorithmic.



to one that is already known. In this regard, an IDEAL characterization is especially helpful if one
would like to find an algorithmic solution to this recognition problem. In numerical relativity, the
near-satisfaction of the tensor equations Tj[g] &~ 0 may signal the local proximity of a numerical
spacetime to a desired reference geometry. In addition, the approach to zero Tg[g] — 0 could be
used to study either linear or nonlinear stability of reference geometries, in an unambiguous and
gauge independent way.

The following additional application should be noted. By the Stewart-Walker lemma [31,
Lem.2.2], the vanishing of a tensor concomitant T;[g] = 0 for a metric g implies that its linearization
Tr[h] (Txlg+¢h] = Tilg] +Ti[g] +O(?)) is invariant under linearized diffeomorphisms. Thus, any
quantity of the form T}, [h] defines a gauge invariant observable in linearized gravity, when Einstein
or Einstein-matter equations are linearly perturbed about a background solution g. A straight
forward (though heuristic) argument shows that an IDEAL characterization of a local isometry
class provides a list Ty [h], K =1,..., N, of gauge invariant observables that should also complete:
the joint kernel of T}, should coincide with the tangent space to the isometry orbit (to make this
argument completely rigorous, it suffices to check that Tj[g + h] do not approach zero at O(h?)
or higher order). That is, the joint kernel of Tj[h] = 0 locally consists only of pure gauge modes
(h = L,g for some vector field v). The use of such local observables (given by differential operators)
can be advantageous both in theoretical and practical investigations of classical and quantum field
theoretical models because they cleanly separate the local (or ultraviolet) and global (or infrared)
aspects of the theory. This may be of interest in the problem of reconstructing the metric of a linear
gravitational wave from its complete set of gauge invariant observables [25], or in the problem of
determining the decay properties of linear gravitational waves in a gauge-independent way [4].

In this work, we add the family of generalized Schwarzschild-Tangherlini geometries to the
(unfortunately still small, but slowly growing) literature concerning IDEAL characterizations of
isometry classes of individual reference geometries. That family consists of all A-vacuum 2 4+ m-
warped products, where the warped m-dimensional factor is maximally symmetric. When the
latter factor is a round sphere, we recover the asymptotically flat or (anti-)de Sitter generaliza-
tion of the Schwarzschild-Tangherlini black holes [33, 19]. Replacing the sphere by flat Euclidean
space, we get the higher dimensional generalizations of Taub’s plane symmetric spacetimes [34].
Replacing the sphere by hyperbolic space, we obtain so-called pseudo-Schwarzschild wormhole
spacetimes [22]. Other IDEAL characterizations for geometries of interest in General Relativ-
ity include (4-dimensional) Schwarzschild [6, 15], Reissner-Nordstrom [5], Kerr [7, 14], Lemaitre-
Tolman-Bondi [9], Stephani universes [10] (see references for complete lists and details), and most
recently FLRW and inflationary spacetimes (in any dimension) [2]. Of course, for completeness,
we have to mention the classic cases of constant curvature spaces (cf. (14)), which are known
to be fully characterized by the structure of the Riemann tensor (by theorems of Riemann and
Killing-Hopf [36]).

For definiteness, let us state what we mean by a local isometry and local isometry class.

Definition 1 (locally isometric). A pseudo-Riemannian geometry (My, g1) is locally isometric at
r1 € My to a pseudo-Riemannian geometry (Ma, g2) at 2 € My if there exist open neighbourhoods
Ui 3 21, Us  z9 and a diffeomorphism x: Uy — Us such that x(xz1) = x2 and x*g2 = ¢1. If
we can choose Uy = My and Us = Msy then they are (globally) isometric. If for every x; € M
there is xo € Mo such that (M1, g1) at x1 is locally isometric to (Ma,gs) at xo, we simply say
that (M1, g1) is locally isometric to (Ma, g2) (note the asymmetry in the definition). If (My,¢g1)
is locally isometric to (Ma, g2), as well as vice versa, we say that they are locally isometric to
each other (which constitutes an equivalence relation). All pseudo-Riemannian geometries that are
locally isometric to a reference (M, g) constitute its local isometry class.

The synopsis of the paper is the following: In Section 2 we define and exhibit the main geometric
features of 2 + m-warped product geometries. Proposition 3 gives a geometric characterization of
2 + m-warped products in terms of a symmetric projector whose covariant derivative satisfies a
special constraint. In Section 2.1 we introduce the family of generalized Schwarzschild-Tangherlini
(gST) geometries, with special attention to the structure of their Riemann curvature. Section 2.2
states and proves a version of Birkhoff’s theorem, according to which a locally maximally symmetric
2+m-warped product that is also a A-vacuum must locally coincide with one of the gST geometries.
The main reason to include a proof is to pay special attention to the applicability of this result to



points lying on a (Killing) horizon. Finally, Theorem 7 in Section 3 puts all the pieces together to
give an IDEAL characterization of the local isometry classes of the gST geometries. Due to a quirk
of the structure of the gST Riemann curvature in n = 4 dimensions, the final result looks slightly
different in n = 4 and n > 5 dimensions. This difference is accounted for by Theorem 8. In the
case of spherical symmetry in n = 4 dimensions with A = 0, our results provide an independent
alternative characterization of the standard Schwarzschild spacetime, which was first characterized
in [6]. All other instances of the results from Section 3 are new. Finally, in Section 4, we conclude
with a discussion of our results and of directions for future work.

Throughout the paper we follow the conventions of [35]: (—+---+) for Lorentzian signature,
and 2V [,V jwy = R,,\"wy for curvature. Unless otherwise specified, all functions will be consid-
ered C*° smooth.

2 2+ m-warped products

Below, we consider 2 + m-warped product geometries. That is, pseudo-Riemannian geometries on
an n-dimensional manifold, which can be represented as a warped product of a 2-dimensional and
an m-dimensional geometry. Our main family of examples consists of the generalized Schwarzschild-
Tangherlini spacetimes (Section 2.1), which includes the spherically symmetric black holes in four
and higher dimensions. We will discuss the structure of Riemann curvature tensor of the warped
product and the consequences for the 2-dimensional base factor when the product satisfies the
Einstein equation (Birkhoff’s theorem, Section 2.2).

Definition 2 (warped product). A pseudo-Riemannian geometry (M, g) = (M, g) X, (S,9) is a
warped product with warping function r when M =2 M x S and the metric can be written as

g=g+r’Q, (1)

where the metric tensors g and ) are lifted to the product space by pulling back along the projections
M —= M and M — S, while v is the pullback of a nowhere vanishing function on M. We call
(8,9Q) the warped factor and (M, g) the base factor.

Let us now introduce some notational conventions that will simplify subsequent discussions.
Denote by V,,, V, and D4 the canonical Levi-Civita connections on (M, g) = (M, g) x, (S,Q),
(M, g) and (S,), respectively. We will use Greek indices (a3 --) for tensors on M, lower case
Latin indices (ab---) for tensors on M, and upper case Latin indices (AB---) on §. Using the
product structure M = M x S, any tensor or differential operator on M or S can be canonically
transferred to M. We will do so for the usual Riemann and Ricci curvature tensors and the
derivative of the warping function:

Rabcd [g]v Rab [g]v R[g} — R,uu)\m R,ul/a Rv RABCD [QL RAB [Q], R[Q] — SuuAm S,uw Sa
Tq = Vor =1, =V,

(2)
We will also use the obvious notation R,ae = Ruwasld), By = Rulgl, R = R[g]. We will use the
following self-explanatory convention when raising and lowering indices on tensors transferred to
M from one of the factors: g g, = g, but g r2Q, g™ = r—2QHs.

The covariant derivative on the warped product geometry acts as

?MX,, =V, X, +D,X, — 2X’\(r2Q)>\(Vﬁﬂ) logr + X’\(?A log r)(rQQ)W, (3)
where the action of V on scalars is just through the exterior derivative. In particular, we get

_ 7“29”(1,7“)\)

_ 20)
Vigor =22 and 9,(r°Q)un = DM ICGEY

(4)

r



The curvature tensors are given by

_ \AY% o’
R,Ull)\f@ = TZSHVAK + RHV)\H - ( r : © TQQ) - T2:2 (T2Q © TQQ)MUNH (5)
UVAR
_ v,.V, i o
Ry, =S+ Ry — m”TT — TTTZQW —(m— 1)Trg 7"29,“,, (6)
_ S Or rer?

where for convenience we have introduced the Kulkarni-Nomizu product of symmetric tensors:
(A O B),uy)\n = A/J.)\BVK, - AV}\B[U{ - A,LLRBV)\ + AUKB;L)\- (8)

Note that we could rewrite the V-derivatives using V-derivatives in the above formulas with the
help of the identity

vy’f‘ ruTy T‘)\TA
+-£= -

vV.V,r V.,V o
W _vu _ A 5 3 (er)Hl,. (9)

2

(7'29);“/ = v#

T r r r r r

These formulas can be extracted from [26, Prp.7.42]. But the quickest way check them is to
notice that g,, = 7“2(7"_29,“, + Q,,), in which a pair of nested conformal transformation relates g
and a product metric, and use the standard formulas for the conformal transformations of covariant
derivatives and curvatures [35, App.D].

Proposition 3 ([8], [13, Thm.16(2)]). A pseudo-Riemannian geometry (M,g) can be locally put
into the form of a 2 + m-warped product

g;w = Guv + TQQ;W (10)

iff there exist a 1-form £, and a symmetric tensor Q,u, = Q(W) that together satisfy the following
conditions B _
Vil =0, Q. =0,

o _ / p = _ 11
0y = Qny, U =m, Vur = —20,0,00). (11)

Then we can choose gy = Guw — L and Q= r72Q, with r satisfying V,, log|r| = ¢,,.

Proof. In one direction, starting with the definitions of Q,,,, and ¢, in terms of r and €2,,,, verifying
the above identities is a matter of direct calculation (cf. Equation (4)).

In the other direction, the key observation is that a warped product metric is conformal to a
direct product metric, namely g, = r%g,., With g, = r~2g,, + Q,,,, where the warping function
72 plays the role of the conformal factor. Given our first condition on ¢, and since we are working
locally, we can always find a smooth function r satisfying v# log|r| = vﬂr/ r = {,. Again locally,
we can choose r to be nowhere vanishing. The choice is unique, up to a multiplicative constant.

Define §,, = 772G, §"” its inverse, Q,,, = T_QQW and let V be the g-compatible Levi-Civita
connection. A straight forward calculation shows that our conditions on € translate to

Q/wgy/\Q)\n = Q,um gle;w =m, and ﬁ/LQD)\ =0. (12)

Tt is well known [8] that the existence of such a rank-m ?—covariantly constant symmetric projector
Q,,, implies that g, can be locally put into 2 + m-product form ., = (G0 — Q) + Quu. Our
second condition on ¢, implies that r does not depend on the Q-factor. Thus, without loss of
generality, we can define g, = 72(§u — Q) and write the product form as g, = r2g,, + Q-

Undoing the conformal transformation, we end up with the desired local 2+ m-warped product
form g, = gu + erW. ]

2.1 Generalized Schwarzschild-Tangherlini geometries

Consider an integer n > 4 and a triple of real numbers (a, M, A), where M # 0. The 2-dimensional

metric
2M 2A 9

=3 (n—D(n—2) (13)

1
Gap = — fdtodty + ?dradrb, f(r)=a-



is well-defined and Lorentzian in the interiors of the r-intervals separated by » = 0 and the roots of
f(r) = 0. It is well-known that each one of these regions has a unique maximal analytic, connected
and simply-connected extension [21, 28]. Each region with r > 0 generates the same extension
(topologically R?), and similarly for each region with » < 0. When n is even, the extensions with
r > 0 and r < 0 are distinct. However, the r < 0 extension is isometric to the r > 0 extension
with M replaced by —M, by sending r — —r. When n is odd, the extensions with » > 0 and
r < 0 are isometric, again by sending r — —r, but the geometry obtained by replacing M by —M
is different. Thus, for book keeping convenience, let us denote by (M, ¢)n a.0,4 the disjoint union
of the r > 0 and r < 0 extensions with the same M parameter when n is even, and the disjoint
union of the r > 0 extension with parameter M and the r < 0 extension with parameter —M when
n is odd. In either case, M = R? LI R?. Naturally, by our construction, each of these maximally
extended geometries is accompanied by the distinguished scalar function r, taking on all non-zero
real values, which was analytically extended along with the metric.

The precise way in which the (¢,7) charts are glued together along horizons and horizon bi-
furcation points to form the analytic extension can be glimpsed from Proposition 6, where (a)
corresponds to a gemeric points covered by an (¢,r) chart, (b) corresponds to a horizon points,
and (c) corresponds to a horizon bifurcation point of the extension. The gluing is done with the
help of the tortoise coordinate 7, from (49). Penrose conformal diagrams for the extensions can be
found in [21, 28].

Recall that (S,Q) is of constant curvature [36], with sectional curvature «, if its Riemann
curvature tensor is o

Rapep(Q] = 5(9 © Q) apcp- (14)

When an m-dimensional Riemannian geometry (S, §2) is simply connected, geodesically complete
and of constant curvature it can only be one of the following [36, Sec.2.4]: Euclidean m-space,
round m-sphere, hyperbolic m-space. These are called mazimally symmetric spaces. Let us denote
the corresponding maximally symmetric space with sectional curvature o by (S,Q)m q-

Definition 4 (generalized Schwarzschild-Tangherlini spacetime). Fiz a dimension m > 2 and a
triple of real numbers (o, M,A), with M # 0. Set n = 2+ m and denote the warped product
(M, Damn = (M, 9)mam,n) Xr (S, Q)m.a, where the base factor and the warping function r
are defined in the discussion following (13), and the warped factor is the m-dimensional maxi-
mally symmetric space of sectional curvature a. We call (M, §)a.mr.a @ n-dimensional generalized
Schwarzschild-Tangherlini (gST) spacetime.

If we had included the M = 0 cases, then each such geometry would correspond to a particular
representation of a subset of a maximally symmetric geometry (de Sitter or anti-de Sitter space-
time), as we will see shortly (Equation (23)). Since this case has already been extensively studied
(e.g., see our previous works [17, 2]), we exclude it from consideration.

For tensors with two or four indices, we define contractions

(A . B),uu = A#AB)\Vy and (R : S),uu)\n = R;WUT OTAK" (15)

Recalling also the definition of the Kulkarni-Nomizu product (8), when A, B, C and D are sym-
metric, we have the useful identities

[(A©B) - (COD)luwrs =2[(A-C)©(B-D)+(A-D)© (B C)]uvrn; (16)
(A®B)"«=[A-B—(trA)B— A(trB) + B - A 1. (17)
Now, we compute the curvature of the gST geometries that we have defined above. Let us start

with the 2-dimensional (M, g) factor. We basically follow the presentation from [24]. Working in
the (¢,7) chart, clearly t* = (9;)* is a timelike Killing vector. For convenience, we also introduce the

notation t, = gapt® = — fdt, and r, = dr,. They are related as t* = —%ry, where 4, = (dtAdr) gp.
Then, of course, r,r® = f and t,t* = —1/f. The action of the covariant derivative is summarized
by
J1 f
Vatb = ?r{-jab and vaTb = ?rgab. (18)



For the record, let us write out in full the following identities for (M, g):

ryr® f « M 2A
r2 o2 g2 27“"—1 (n—1)(n—-2)’ (19)
A M 2A
YN (-9 - ) g (20)
R
Rapea = Z(g O] g)ﬂ.bcd7 Ry = 5gab7 (21)
4A M

They can be directly plugged into (5), the formula for the Riemann tensor of a 2 + m-warped
product, to get the explicit expression for the Riemann tensor R, . of a gST geometry (M, g).

_ A B
Rul/)\n = m(g )[U/)\K:

M1 {(n 2)(n —3)

rn-

+

(96 e + (20 Q) e — (n— 3)(g © Qm] (23)

Next, let us define several tensors and scalars built out of the Riemann tensor and its derivatives:

Tuw\ﬁ[ ] = Rul/)\n - ('n—l)A(TL—2)(§ © g)uu)\m (24)
o (T-T - T)h 5

)= | D= 20— B -2 Hm -+ 7] >

R (26)

For future reference, we also compute some algebraic combinations among these tensors (see [18,
Sec.3.3] for more intermediate steps of the calculations):

T= [(n_z)(n_?’)(g@m(rm@r?m—(n—3><g@r29> : (28)

rn—l1 2

2
T-T= <ri‘41) [(n—2)*(n—3)*(g ®g) +4(r*Q O r*Q) + 2(n — 3)*(g © r*Q)] (29)

o M O\?3

T-T-T= <rn1) [2(n—2)°(n—3)*(g ® g) + 16(r*Q © Q) — 4(n — 3)*(g © r*Q)] ,
(30)
2
(T-T)" = — <ri\/{1) [2(n —1)(n —2)(n — 3)%gu. + 4(n — 1)(n — 3)r* Q] , (31)
2
(T D) = 0= 1)~ 270 -3) (5 ) (32)
3
(T T ) =8l = )i = 2)(0 = 3n =200~ - ) +2] (777 ) (53)
p:ri\/{l, 4#:%‘7 A:%. (34)
Given the last row of identities, it is clear that

sgn A =sgna, and A" l'p72=qa" M2 (35)



Next, we find a way to express the projector 7"29#1, onto the warped factor in terms of the
curvature. Here we find a slight dimension dependence (as already noted in [18, Sec.3.3]). In

dimension n > 5, one can find a formula that involves only products and contractions g of T"

2An—2° ([T’  (n-2)(n-3)
(n=1)(n—4) (T- D) (n—1)(n—4)

(r2Q)ae = - (36)

Obviously, the above formula has poles and hence fails when n = 4. On the other hand, the
following slightly more complex formula works both in n = 4 as well as higher dimensions:

- (n—2)(n—3)

1
D= gm0

P (g © g)/L)\l/K,) é)\él{- (37)

The complexity of the second formula is due to the presence of the ¢,, vector, which is itself defined
as the gradient of a scalar of a gradient constructed from 7. Thus formula (36) may be preferable
in n > 5 to (37), even if the latter also works in higher dimensions.

The following result simply identifies the invariant parameters that can be used to exhaustively
label the distinct isometry classes of gST reference geometries as we have defined them earlier.
Note that below we adopt the convention that the sign function satisfies sgn 0 = 0.

Proposition 5. A gST geometry (M,g)a,m,n is locally isometric at x € M to another gST
geometry (M, )or a a0 at &' € M iff

(sgna) fo" ™ M2 A) = ((sene) o' M2, ), plgl() = plg'](2") (38)
and one of the following holds
(a) x is a generic point, (?[g](x) # 0 # ¢2[g'](z"), or
(b) x is a horizon point, €,[g)(z) # 0 # £,[g'](z') and £*[g)(z) = 0 = ¢*[g'](z'), or
(¢)  is a horizon bifurcation point, £,[g|(z) = 0 ={,[g'](z").
Hence, (M, §)a.rrn and (M',g")or arr.ar are isometric iff
((sgna) |af" "t M2 A) = ((sgna’) [o/[" M2, A), (39)
In other words, the pair or real numbers
((sgna)|e|” "M ™2 A) € R? (40)

uniquely and exhaustively identifies all isometry classes among the gST geometries (Definition 4).
Moreover, non-isometric gST geometries are not even locally isometric.

Proof. Many of the arguments below are based on the fact that the existence of a local isometry
linking the points z and x’ forces the pairwise equality of all curvature scalars respectively evaluated
at these points. A slight generalization of this idea to covariant identities involving curvature
tensors immediately establishes our claims (a), (b) and (c¢). Also, recall that, from our definition
of a reference gST geometry, the coordinate transformation r — —r always corresponds to the
parameter flip M — —M, independent of the parity of the dimension n. Finally, we will assume
that the points 2 € M and 2’ = M’ belong to the regions where we can introduce the (¢,7) and
(t',r") coordinates, as in (13), on the base factors. Then, simple coordinate transformations on (¢, r)
extend to globally defined diffeomorphisms of M or M’ by analyticity. When such coordinates
are ill-defined on neighborhoods of z or 2/, the same logic applies, but where we need to directly
apply the diffeomorphisms defined by analytic extension.

First, note that A = A’ is necessary for local isometry. Relying on (23), we can obtain this
constant from the Ricci scalar of the geometry, R[g] = % and R[g'] = % Let us assume
the equality A = A’ from now on.



Next, relying on (35), note that

sen Alg) = sgna, Alg]"plg > = o M2 (41)
and sgn A[f) =sgno’,  A[g]"plg) 2 = o M2, (42)

Hence, since knowledge of (sgna)|a|* 1M =2 is equivalent to the knowledge of both sgna and
a" 1M ~2 the equality (sgna)|a|?"*M~—2 = (sgna’)|o’/|* 1M =2 is also necessary for local isom-
etry. Let us assume this equality from now on. It remains only to check that both equalities
guarantee the existence of an isometry.

When sgna = 0 = sgn o/, apply the coordinate transformations (1/t,7) +— |M|ﬁ (1/t,r) and
1/t r") — |M’|ﬁ(1/t’, '), together with a possible r — —r and/or " — —r’ flip, depending on
the signs of M and M’, to bring the base factors to isometric form with M = 1 = M’. To keep
r and r’ as the warping functions, these transformations must be accompanied by the conformal
rescalings 2 — |M|%Q and Q' — |M|%Q’ However, since « = 0 = o and the two warped
factors are flat, these rescalings do not affect their isometry class. Hence, the two gST geometries
must be isometric since they have the same warped product structure.

Now, assume that o # 0 # o, while necessarily sgna = (—1)F = sgna’. Then the coordinate
redefinitions (1/t,7) — |a|2(1/¢,7) and (1/t',7) — |a|2 (1/¢',7) bring them both to o = (1) =
o’. Let us assume this equality from now on.

The only possible remaining difference between the parameters is that sgn M # sgn M’, while
|M| = |M’|. But then, applying r — —r or ' — —r’ brings about the equality M = M’ and hence
the desired isometry.

Clearly, the above arguments apply both to local isometries as well as to global isometries.
This concludes the proof. O

2.2 Birkhoff’s theorem

It is well-known that being a 2 + m-warped product solution of cosmological Einstein’s equations
is highly restrictive. In particular, the geometry of the base factor is restricted to locally coincide
with one of the base factors of a gST geometry, whether the warped factor is spherically symmetric
or not. This rigidity result (though usually stated with the spherical symmetry assumption) is
known as Birkhoff’s theorem [21, 29, 28, 1]. Below, we state and prove a version that is convenient
for our purposes. The main reason to include a proof is to make sure that we can cover the corner
cases (when Vr becomes null or even vanishes) that are often skipped in the literature.

Recall that a metric g, is called a A-vacuum when it satisfies the source-free Einstein equations
with cosmological constant A:

_ _ 2A
Rig1Gu+ Ay =0 = Ryl = =550 = 0. (43)

B 1
RMV[Q] D)

Proposition 6 ([21, 29, 28, 1]). Consider a pseudo-Riemannian geometry (M,g) of dimension
n = 2+ m that locally, say at T € M, has the form (M, g) x, (S,Q) of a 2 + m-warped product,
with

Juv = Guv + T2Q;4ua (44)

where (M, g) is Lorentzian and r is not locally constant at x € M, the projection of T to M. When
Guv 15 a A-vacuum that is not locally of constant curvature at T, the metric of the base factor can
be locally put into one of the following forms at x:

(a) when Var #0, (Vr)2 #0 at z, in local (t,r) coordinates,

1
Jab = —f dt,dty + ? drydry, (45)

(b) when V,r #0, (Vr)2 =0, r =ry at x, in local (v,r) coordinates,

Gab = _f dvadvb +2 d’l)(ad’l“b), (46)



(c) when Vor =0, r =1y at x, in local (U, V) coordinates,

r=rUV)=rg+rgUV +O0*U,V), with zr'(z)= P’ and
TH
B —4fe "l . e f'(ru) 1
Jab = f’(TH)2 (1 _ T/TH) dU(ad‘/b% ’Ll)lth h(T) - /TH dS ( f(S) - s — TH) ) (47)

where in each case
2M 2A 9

Jr) =a- =3 (n—1)(n— 2)7' ’
for some constants o and M # 0. In cases (b) and (c), r = rg is a root of f(r) = 0; in case (c)
the root is always simple.
Thus, (M, g) is locally isometric at x to either (a) a generic point, (b) a horizon point, or (c)
a horizon bifurcation point of a gST, as classified in Proposition 5.

(48)

Proof. We address the last statement first. The transitions between the different charts in (a), (b)
and (c) are effected with the help of the tortoise coordinate

1 r h(r) dr
re=———1log| ——1|+ ,  which satisfies dr, = ——, 49
e (7 1) * 70 709 o
implicitly defining h(r) as in (47). The null coordinate from (b) has the form v = ¢ + r,, while
the double null coordinates from (c) have the form U = —e=f (ra)(t=r)/2 y/ = of (ra)(t4r.)/2,

Direct calculation shows that the metrics g4, expressed in these charts agree on overlaps. Hence,
charts (b) and (c) constitute analytic extensions of the charts from (a), which when glued in a
simply connected way, form the maximal analytic extension, of the gST geometry from Definition 4.
The correspondence between points (a), (b) and (c) from the current Proposition with those from
Proposition 5 is obvious.

Before entering further specific arguments, we use formulas (6) and (9) to project the Einstein
equations (43) onto the base factor of the warped product:

VaVer — 2A
r (n—2)

Ry — (n—2) Jap = 0. (50)
Recalling that in 2 dimensions R., = %Rgab, the equation decomposes into its trace and traceless

parts:
Cr 4A V.Vpr Or

Rf(an)Tfm:Q (n—2) " *ggab:(). (51)
Contracting the traceless part with e,; shows that ¢, = —egpr? is Killing, V 4ty = 0.

Suppose that z is critical a point of r, that is, V,r(z) = 0, and hence also t,(z) = 0. We
will now argue that this critical point must be non-degenerate and hence isolated (cf. Remark 2.9
in [1]). From the projected Einstein equations above, V,V,r o gqp, hence either V,Vyr(z) = 0
or the critical point is non-degenerate. If indeed V,Vyr(z) = 0, then the formula ¢, = —eapVor
tells us that ¢,(xr) = 0 and V,t,(z) = 0 as well. In turn, this implies that locally ¢, = 0, and
hence also V,r = 0, which contradicts our hypothesis that r is not locally constant. The reason
is that ¢, solves the Killing equation, which is an equation of finite type. In short, knowing t,(x)
and V,tp(2) determines t, uniquely in a neighborhood of x [16, App.B], which in this case gives
te = 0.

Next, we address each of the possibilities stated in the theorem. The function f(r) from (48)
always appears as the general solution, parametrized by constants o and M, of the differential
equation

T(Tf/‘i‘(n_g)f)l = _(n4A2)TQ

(a) When V,r # 0 is non-null, we are free to pick orthogonal coordinates (t,r), with (9;)* o t*
Killing. Then, the most general ansatz for the metric is gq, = —f(r)dtodty + 1/h(r)drydry,. The
projected Einstein equations reduce to

h/_f/
s

(52)

r(rf +(n=3)f) =~ . (53)




Up to rescaling ¢ by a constant, h(r) = f(r) and f(r) is as stipulated. The metric g, is singular
only when @« = M = A = 0, meaning that all other values of the parameters are allowed.

(b) When Vr(x) # 0 is null, we are free to pick coordinates (v,r), with V,v null everywhere,
with (9,)* o t* Killing. Then, the most general ansatz for the metric is g, = —f(r)dvaduoy +
2h(r)dv,dry). The projected Einstein equations reduce to

N,

n =0, r(rf’+(n—3)f)’:f(n_2)r. (54)

Up to rescaling v by a constant, h(r) = 1 and f(r) is as stipulated. For V,r to be null at z as
well, we must have f(ry) =0.

(¢c) When z is a non-degenerate critical point of r, we are free to pick double null coordinates
(U, V) centered at x. Let rg = r(x), which must be a non-zero constant. In 2 dimensions, double
null coordinates are unique up to permutation and individual reparametrization of each coordinate.
Then, the most general ansatz for the metric is

gap = 2F(U,V) dU(adVb). (55)
Our hypotheses on r force its Taylor expansion to start, up to a constant rescaling, as

1 F
r(U,V)=rg + ﬁgab(UaU)“(Vav)b +O0¥U, V) =rg + @UV + 03U, V), (56)

for some constant L # 0, which will be constrained later on. The precise form of r = r(U, V) is to
be determined from the equations. The traceless part of the projected Einstein equations reduces
to
8Ur av’l“ 8Ur F(U, V) av’l“ F(U, V)
(9U7:07 Oy—— =0 <= =V s =U s 57
r r 0~ zewmvy wwvy ey ©7
for some arbitrary £(U) and n(V'), though with £(0) = 1 = 7(0) as needed to maintain our hypothe-
ses on the Taylor expansion of r. We are free to change our ansatz by F(U, V) — F(U,V)§(U)n(V)
and reparametrize the coordinates subject to &(U)dU +— dU, n(V)dV — dV, effectively setting
& =1 =mn. Then, two immediate integrability conditions follow:

U(@Ur — VF) — V(@Vr — UF) = U@Ur — V@Vr = O7 (58)
U@U(avr — UF) — Vav(aUT — VF) = UV(U@UF - VavF) =0. (59)

Therefore, both F' and r are constant along the flow lines of the vector field Udy — V 0y, which are
the connected components of the level sets of UV. Without loss of generality, we can restrict to a
neighborhood where each level set of UV consists of exactly two connected components, exchanged
by the flip (U, V) — (=U,=V).

At this point, we would like to conclude that r = r(UV) and F = F(UV) for some smooth
functions r(z) and F(z), but this conclusion must be postponed due to the technical complication
(not shared by polynomial or analytic functions) that a smooth function invariant under the flow of
UOdy — V Oy takes such a form only on those open regions where the product UV may play the role
of a simple coordinate (no critical points, connected level sets). For instance, F' = Fyyo3(UV)
onU >0and F' = Fryso1(UV) on V > 0, but Fyys01(2) and Fyy~3(2) may be different smooth
functions. Of course, these functions have to agree on overlapping regions, namely for z > 0, in
this case. Below, we will presume that we are restricting to one of the open regions U > 0, U < 0,
V>0,orV<O0.

It turns out that it is more convenient to write everything in terms of r, UV = UV (r) and
F = F(r), which is always possible to do locally, away from (U, V) = (0,0) and subject to the
above caveats. Taking advantage of the usual identity (UV)’ = 1/r/, our previous integrating
step (57) simply gives F = L/(UV)’. Thus, the remaining trace part of the projected Einstein
equations reduces to

Tar(Tar + (” - 3))Z (UV)/ - (n — 2)T — (UV)/ B

2 UV A, Uv. L
2
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with f(r) as stipulated. At (U,V) = 0, the above left-hand side evaluates to 0. Hence, r = rg
must solve f(r) = 0. If it is a multiple root, that is f(r) = C(r — rg)¥ + O(r — rg)*+! for some
constants C' and k > 1, then asymptotically UV ~ eP/r=r)" ™! for some constant D as r — rH,
which is not compatible with our requirement that UV be a smooth function of r at » = ry and
vice versa. Hence, r = ry must also be a simple root of f(r) = 0, meaning that f'(ry) # 0.
Thus, given that f(r) = 0 has a simple root at rg, we can rewrite the equation for UV as

vy

2 2
= 14 — — 1) I () 1
v Lo —rm) +h(r) < UV =Cr/rg —1) w e (61)

for some constant C', with smooth

- s (585

For this formula to be consistent with the Taylor expansion r(U, V) = rgy + WUV +03(U,V),
we must have L =2/f'(rg) and C = ryL/F(0,0). The final form of the solution is then

2ry ( T > A L f'(re)F(0,0) —2feh
UOV=————|——-1]¢e" F= = . 63
f'(ra)F(0,0) \rg vy 2ry e —r/rg) (63)
To bring the metric into the desired form, it remains only to choose the value of F(0,0) = %,

which could be done by appropriately rescaling U or V by a constant. This also finally fixes the
initial coefficients in Taylor expansion r = rg +rygUV + O3(U, V).

Finally, recall that the above discussion, determining the precise form of UV = UV (r) and
F = F(r), applies separately in each of the open regions U > 0, U < 0, V > 0 or V < 0, though
that precise form of the functions UV (r) and F'(r) may differ from region to region. It is obvious
that the only differences may be in the values of the constants o and M, which a priori may
be different in these different regions. However, UV () and F(r) must agree on the intersection
whenever two of these regions overlap (e.g., U > 0 and V' > 0), and this is only possible if the values
of o and M agree between the overlapping regions. Considering all possible overlaps, the values of
a and M must then agree in all these regions. In other words, the formulas in (63) actually hold
on a whole neighborhood of (U, V) = (0,0) without any more reservations (the extension to the
origin is by continuity). This concludes the proof. O

3 Characterization

In this Section, we state and prove our main result on the IDEAL characterization of local isome-
try classes (Definition 1) of generalized Schwarzschild-Tangherlini (gST) geometries (Definition 4).
The result comes in two versions, one valid for any dimension n > 5 (Theorem 7), and the other
valid for n = 4 as well as higher dimensions (Theorem 8). The only difference between them is
the covariant formula for extracting the idempotent projector Q;w from the curvature. In higher
dimensions, n > 5, it can be obtained by a simpler formula than in n = 4. However, the more com-
plicated formula that works in n = 4 also generalizes to higher dimensions. When restricted to the
standard spherically symmetric, A = 0, n = 4 Schwarzschild solution, our Theorem 8 provides an
independent alternative IDEAL characterization compared to the one previously obtained in [6].2
For other values of the dimension n, and the parameters a, M and A, the results of this Section
are new.

Theorem 7. Consider a Lorentzian geometry (M, g), with dim M = n > 5. Given a constant A,

2The notation in [6] is somewhat hard to follow. A transcription of the key formulas into more standard tensor
notation can be found in [15].
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define the following tensors and scalars from the metric and the curvature:

Tuoar = Ryuwaw — (nlf(n2)(g © ) pvans (64a)
o (T-T-T)" 3

pe= 8 —1)(n—2)(n—3)[(n—2)n-3)(n -1 +2]| ’ (64b)
by, = — o i 0 %, (64c)
A= Euzﬂ + 2p + (’n,—]_z)[(xn—Q)’ (64d)

5 . _20-27 (T-Dwt O-2{n-3)_
Quy = (TL — 1)(71 — 4> (T - T))\H)‘H (n — 1)(n — 4) Guv (646)
Guv = guu - Q/u/a (64f)

Z,ul/)\ka = 7;“/)\1{

-p W(g ® ) pwar + (Q © Q);w)« —(n=3)(g® Q),“»\,i . (64g)

Then the geometry (M, g) is locally isometric at T € M to a gST geometry (M’,§)ar vv a0 (Def-
ingtion 4) iff A=A’ and the following conditions hold on some neighborhood of Z:

P 5—'5 0) K/J« ?_é Oa Q[,Ll/ > 07 (653.)
Vi =0, Q,, =0,
_ ] o _ (65b)
Qu‘u = (n — 2), QH Ql))\ = Qli)\’ VHQV)\ = _2Qu(u£)\)a
Zurw =0, (sgn A)[A[" ' p=2 = (sgnd) |/ [T M2, (65¢)

By the inequality Q,, > 0 we mean that the quadratic form Q(v,v) = Q,,v*0" is positive-
semidefinite.

Note that, in choosing the precise form of the conditions (65), we have aimed for clarity rather
than any particular kind of minimality. So, for instance, the condition QM“ = (n — 2) is automati-

cally satisfied by virtue of our definition of QW, the same being true for the condition ?[H&,} =0.

Proof. In the easy direction, the direct calculations from Section 2.1 show that all of the identi-
ties (65) hold for any gST geometry.

In the other direction, we first note that the conditions (65b) involving ¢, and Q;w are precisely
needed by Proposition 3 to locally put the geometry into 2 4+ m-warped product form (M, g) =
(M, 9) %, (S,9), with m = n—2 and g, = guw +72Qp, where Q,,, = r=2Q,,, and £, = V,, log |r|,
7 not locally constant by ¢, # 0. Since, Q,,, > 0 and gy, is Lorentzian, g,, must be a Lorentzian
metric when restricted to the base factor of the warped product.

Next, taking the trace of the Z,,,,. = 0 identity, we obtain precisely the A-vacuum Einstein
equations, forcing the equality A = A’. Appealing to Birkhoff’s theorem (Proposition 6), we can
conclude that the metric gqp on the base of the warped product has the gST form (M, ¢)n.a,m,A
(Section 2.1), for some values of the parameters o and M (we have not yet drawn any conclusion
about the warped factor). Note that our version of Birkhofl’s theorem is applicable as long as the
warping function r is not locally constant at € M, without other restrictions on V,r(z), with
the different possibilities listed as parts (a), (b) and (c) in Proposition 6.

Two immediate consequences, again following the direct calculations in Section 2.1, are the
identities

e
P= T and A= ok

Now, knowing that our geometry is locally of 2 + m-warped product form, implies that its
Riemann tensor takes the form (5), where we can replace r,7°/r? = (2. Hence, projecting the

identity Z,,x. = 0 by €, on each index, we obtain

A

Qﬁ/QZ/QA/QZ/ <T2S/,LV>\I€ - E(Q O] Q);LVAK) =0. (66)
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Substituting in what we already know about Q;w and A into this formula, it reduces to the equality
Sapcp = §(Q2©Q)apcp on the warped factor (S,€2). In other words, the warped factor is locally
of constant curvature, with sectional curvature . Hence, our geometry (M, g) is indeed locally
isometric at Z € M to a gST geometry (M’, §')o.m.a With parameters a, M and A (Definition 4).

Finally, referring again to the direct calculations from Section 2.1, and in particular the iden-

tity (35), the last identity from (65) implies the equality
(sgna)|o|" ' M2 = (sgna) o/ "t M2, (67)

So, invoking Proposition 5, we can at last conclude that the gST geometry that we have identified
locally about # € M is indeed isometric to the desired reference gST geometry, (M',g")a,mra =
(M, 3" )ar 1, a7- O

For a version of the above result that holds also when n = 4 we need only replace formula (64e)
for 2, by formula (68) below (recall the discussion around Equations (36) and (37) in Section 2.1).
Hence, the proof of the following result proceeds in an exactly analogous way.

Theorem 8. Consider a Lorentzian geometry (M,g), with dim M = n > 4. Then the same
statement as in Theorem 7 holds, with the exception that we must change the definition

Y i= = 1)(; —3)pl? (T’W” - %2(”73)” 909 M””) o (68)

4 Discussion

We have given an IDEAL characterization (Theorems 7, 8) of each spacetime from the family
of local isometry classes generalized Schwarzschild-Tangherlini (gST) spacetimes (Definition 4),
which consists of maximally symmetric A-vacuum 2 + m-warped products. In particular, this
family includes the higher dimensional spherically symmetric black holes, which generalize the
4-dimensional Schwarzschild solution and which were first investigated by Tangherlini [33].

Our strategy, inspired by the related recent work on the characterization of cosmological FLRW
spacetimes [2], was to first identify a geometric characterization of the 2 4+ m-warped product
structure in terms of a rank-m symmetric projector { (Proposition 3) [8, 13] and then to identify a
covariant formula for €2 in terms of the curvature of a given gST geometry. The previously existing
IDEAL characterization of the 4-dimensional Schwarzschild geometry [6, 15] relied much more on
an intricate algebraic classification of the Riemann tensor, special to 4 dimensions. Unfortunately,
we could not generalize the latter approach to higher dimensions directly. On the other hand,
our general strategy succeeds also in 4 dimensions (Theorem 8) and thus provides an alternative
characterization of the Schwarzschild geometry, which should be compared to that of [6]. We leave
such a comparison to future work.

As discussed in [11], the linearization of the tensors of an IDEAL characterization of a given ref-
erence geometry provides a set of gauge invariants with respect to linearized gauge transformations
(diffeomorphisms) of linearized gravity on that geometry. Heuristically, this set of invariants is a
good candidate for being complete, but to be rigorous its completeness should be proven separately.
In the recent work [18], we have explicitly exhibited (by a different method) complete sets of linear
invariants for each geometry in the gST family. Relating these invariants to the linearization of the
IDEAL characterization tensors, as well as vice versa, can accomplish two goals: give a geometric
interpretation to the invariants of [18] and to prove the completeness of the linearized invariants
that can be obtained from the present work.

A natural direction for related future work is to extend it to an IDEAL characterization of
other black hole spacetimes. For instance, the generalization to charged spherical symmetric black
holes, the Reissner-Nordstrom geometry and its higher dimensional generalizations, should be
straight forward. A bigger challenge would be to generalize it to higher dimensional rotating black
holes, the Myers-Perry generalizations of the Kerr geometry, perhaps building on the existing
characterization of the 4-dimensional Kerr spacetime [7]. Eventually, it would be interesting to
extend the characterization to the full Kerr-Taub-NUT-(A)dS family [12] and higher dimensional
versions.
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An important future application of the above results could be an intrinsic and invariant charac-
terization of asymptotic flatness. Usually, asymptotic flatness is defined by an asymptotic condition
on the metric in a special coordinate system. On the other hand, this definition is supposed to
capture the asymptotic approach to flatness or the asymptotic end of a black hole spacetime.
Thus, having an on hand an IDEAL characterization of these reference geometries may give us a
chance to intrinsically and invariantly define asymptotic approach to them, providing an alternative
definition of asymptotic flatness.
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Abstract

In linearized gravity, two linearized metrics are considered gauge-equivalent, hu, ~ hyu, +
K, [v], when they differ by the image of the Killing operator, K,,[v] = V,v, + Vyv,. A
universal (or complete) compatibility operator for K is a differential operator K; such that
K7 0 K =0 and any other operator annihilating K must factor through K;. The components
of K1 can be interpreted as a complete (or generating) set of local gauge-invariant observables
in linearized gravity. By appealing to known results in the formal theory of overdetermined
PDEs and basic notions from homological algebra, we solve the problem of constructing the
Killing compatibility operator K; on an arbitrary background geometry, as well as of extending
it to a full compatibility complex K; (¢ > 1), meaning that for each K; the operator K,y is its
universal compatibility operator. Our solution is practical enough that we apply it explicitly in
two examples, giving the first construction of full compatibility complexes for the Killing oper-
ator on these geometries. The first example consists of the cosmological FLRW spacetimes, in
any dimension. The second consists of a generalization of the Schwarzschild-Tangherlini black
hole spacetimes, also in any dimension. The generalization allows an arbitrary cosmological
constant and the replacement of spherical symmetry by planar or pseudo-spherical symmetry.

1 Introduction

An important aspect of General Relativity is its invariance under diffeomorphisms, also called
gauge transformations of this theory. Of course, this invariance survives linearization about some
fixed background metric g and the linearized diffeomorphisms (or linearized gauge transformations)
change the linearized metric as hqp = hap + Kap[v], where Kqp[v] = Vv + Vv, is the Killing
operator with respect to the background metric g. Solutions of the Killing equation K[v] = 0
are Killing vectors v,. Because two linearized metric configurations are considered physically
equivalent if they differ only by a linearized gauge transformation, an inescapable part of the study
of linearized gravity (linearized General Relativity) is the need to separate gauge and physical
degrees of freedom; the latter essentially parametrize equivalence classes of linearized metrics under
linearized gauge transformations.

A local gauge-invariant observable is a differential operator O[h] such that O[K[v]] = 0 for an
arbitrary argument v,. Clearly, such differential operators have many potential applications in
linearized gravity and, not surprisingly, their study has a long history [34]. While not all useful
gauge-invariant observables O[h] are local (where O is local if it is a differential, rather than an
integral, operator), the local ones are distinguished by the property that they preserve supports,
supp O[h] C supp h, which helps to disentangle the gauge-invariant information contained in h
from infrared or asymptotic properties of h. Further discussion of these issues, with brief surveys
of previous work, can be found [14], in the context of cosmological perturbations, and in [21, 31, 1],
in the context of black hole perturbations.

In this work, we are interested in the problem of explicitly constructing complete (or gen-
erating) sets of local gauge-invariant observables on spacetime backgrounds of physical interest.



Completeness refers to the ability to express any local gauge-invariant observable in terms of linear
combinations of derivatives of a given set. For technical reasons [22, 23], it also becomes impor-
tant to identify complete sets of differential relations between them, complete sets of differential
relations between these differential relations, and so on. Phrased in mathematical terms, given
a background metric g, we are interested in constructing a (full) compatibility complex for the
corresponding Killing operator K[v], where full refers to the continuation of the sequence of differ-
ential relations until it terminates (becomes identically zero), a property that is usually required
implicitly.

An unfortunate aspect of the study of local gauge-invariant observables O[h] is that their
structure depends strongly on the background metric g, since the Killing operator K[v], which
determines the structure of gauge-equivalence classes, depends on ¢ in an essential way. Thus, in
principle, this problem needs to be attacked anew for each background metric of interest. Unfor-
tunately, a full solution (a complete set of gauge-invariants, relations between them, etc.) can be
found in the literature only in very few cases, even if we restrict ourselves only to the construction
of complete sets of gauge-invariants (and not relations between them, etc.). To our knowledge,
the full Killing compatibility complex is known only for flat (Minkowski) and constant curvature
(de Sitter or anti-de Sitter) spacetimes [23]. In principle, the methods of [15, 16] could have been
used to generate the compatibility complex on locally symmetric spacetimes (those with a covari-
antly constant Riemann tensor), but to our knowledge they have never been explicitly elaborated
in the Lorentzian setting [7]. In addition, complete sets of local gauge-invariant observables are
known only for cosmological (inflationary FLRW) spacetimes in any dimension, due to the recent
construction in [13, 9, 14], and for the 4-dimensional Kerr black hole, as recently highlighted in [1].
Full proofs of the results announced in [1] will appear in [2] and will be based on the methods to
be presented in this work.

The major obstacle to solving the problem that we have posed (the construction of a compat-
ibility complex for the Killing operator) has so far been proving completeness (of a set of gauge-
invariants, of a set of relations between them, etc.). In the flat and constant curvature cases, the
proof was basically due to Calabi [8, 23], and was specific to those geometries. In the cosmological
case, the proof is due to [13], but is somewhat ad-hoc and without clear generalizations.

The main innovation in this work is the application of methods from the formal theory of
PDEs [32, 18, 30] and homological algebra [37] to the problem of constructing Killing compatibility
complexes. In fact, a method for systematically constructing a complete compatibility operator
for any overdetermined linear differential operator (under mild regularity conditions) has been
known for a long time [18] (it was this method that was applied in [15, 16]). Unfortunately, it is
rather cumbersome to apply directly. There do exist computer algebra implementations of this
method [6], but they suffer from the problem that the input and output of this computer algebra
construction must be matrices of scalar differential operators written in some explicit coordinates,
which often destroys any manifest symmetry or other structure that the original linear differential
operator had. This is certainly an undesirable feature when dealing with the Killing operator
on a spacetime with some symmetry, product or warped product structure. However, there is a
significant simplification of the general systematic construction when we restrict our attention to
differential operators of finite type, of which the Killing operator is an example. We will take full
advantage of this simplification, together with some basic notions from homological algebra, to give
a practical sufficient condition (Lemma 4) for the completeness of a given set of local gauge-invariant
observables in linearized gravity (or more generally, the completeness of a compatibility operator
for any operator). In practice, this criterion also leads to a way to construct (Theorem 9) the
full Killing compatibility complex (or more generally, the compatibility complex for any operator
of finite type), which can preserve various structural properties of a given background spacetime
geometry.

In Section 2, we introduce some ideas from homological algebra, applied to linear differential
operators, and use it to show how to explicitly construct a compatibility complex for a PDE of
finite type (the appropriateness of our definition of finite type operator is discussed at length in
Appendix A). This technique is applied to the Killing equation in Section 3, with some examples.
In particular, we treat in detail the examples of spacetimes of constant curvature (Section 3.1), cos-
mological FLRW spacetimes (Section 3.2) and Schwarzschild-Tangherlini black holes (Section 3.3).
In each case we make some remarks about the relation or our results with the literature. Ap-



pendix B gives a helpful reference for the notation used in different subsections of Section 3. In
all examples, we keep the spacetime dimension n general (that is, we allow at least n > 4). The
results of Sections 3.2 and 3.3 are new. Finally, we conclude with a discussion of further work in
Section 4.

Whenever speaking of differential operators, we will specifically mean a linear differential opera-
tor with smooth coefficients acting on smooth functions. More precisely, we will consider differential
operators that map between sections of vector bundles, say Vi — M and Vo — M, on some fixed
manifold M, K: T'(V;) — I'(V3). The source and target bundle of a differential operator, V; — M
and Vo — M respectively in the last example, will be considered as part of its definition and
will most often be omitted from the notation. We will denote the composition of two differential
operators K and L by K o L, or simply by KL, if no confusion is possible. A local section of a
vector bundle V' — M is a section of the restriction bundle V|y — U for some open U C M. A
local section v that solves the differential equation K[v] = 0 on its domain of definition is a local
solution.

2 Compatibility operators

We start by introducing some basic notions from homological algebra [37].

Definition 1. A (possibly infinite) composable sequence K; of linear maps, l = lyin, - - -, lmax, Such
that K41 0 K; = 0 when possible, is called a (cochain) complex. Given complexes K; and Kl’ a
sequence Cp of linear maps, as in the diagram

K1 K; Kyt
. . ° ° e
JCH Jcl lcm JCW ; (1)
. - ° - ° - ° e

Klfl Kl Kl+l

such that its squares commute, that is K| o C; = Cj41 o K; when possible, is called a cochain map
or a morphism between complezes. A homotopy between complexes K; and K| (which could also
be the same complex, K; = K) is a sequence of morphism, as the dashed arrows in the diagram

K1 K; K
° . ° °
. a0 ol e ; (2)
J l}/ HIlJ Z// H,; j H/l’/ Hiy J e
g g g
° - ° - ° - °
K4 K, Kiq

and the sequence of maps Cy = K|_, o Hi_1 + H; o K; is said to be a morphism induced by the
homotopy H;. An equivalence up to homotopy between complexes K; and K| is a pair of morphisms
C; and D between them, as in the diagram

rnln K; Kimax
m;nfld L4 PR B / e L4 X A L4 Ko A o DHlmax‘Fl
Hlm]u H, I'Ilmax
Clin | | Plmin Dy Cit1| | Diy1 Clmax+1 | | Dimax+1 s (3)
Hy; H; Imax
3 oe Ty SR T S
Iyin—1 * o 1% i 1% & O H it
1 1

min Imax

such that Cy and Dy are mutual inverses up to homotopy (H; and H]), that is

DlOCl:id—Kl,1 OHlfl—HlOKl, (4)
CioD;=id— K| _,0H] , — H| o K], (5)



with the special end cases

Dlmin © Clmin =id — E[lmin_l - Hlmin © Klmin’ Klmin © ﬁlmm—l =0, (6)
Ciom oDy =id—H] | —H/ oK| | K/ oHl _ =0, (7)
Dppot10Ciy1 =id— Hy,, o Ky — Hio i1, H, . 10K, =0, (8)
Cloxt1°Diyo 1 =id—H oK/ —H ., H oK =0, (9)

where the H maps are allowed to be arbitrary, as long as they satisfy the given identities.

Note that our definition of equivalence up to homotopy between complexes of finite length is
set up in a way that allows an equivalence between longer complexes to be truncated and still
remain an equivalence.

Next, we restrict our attention to the case where all maps are given by differential operators.

Definition 2. Given a differential operator K, any composable differential operator L such that
Lo K =0 is a compatibility operator for K. If Ky is a compatibility operator for K, it is called
complete or universal when any other compatibility operator L can be factored through L = L' o K
for some differential operator L. A complex of differential operators K;, | = 0,1,... is called a
compatibility complex for K when Ko = K and, for each |l > 1, K; is a complete compatibility
operator for K;_q.

Definition 3. Given a (possibly infinite) complex of differential operators K;, I = lmin,lmin +
1,...,lnax, we say that it is locally exact at a point x when, for every lnim < | < lynax, for
every smooth function f; defined on an open neighborhood U > x such that K;[f)]] = 0, there
exists a smooth function g;—1 defined on a possibly smaller open neighborhood V. > x such that
fi = Ki—1[gi-1]. Locally exact (without specifying a point x) means locally exact at every x.

Note that a complete compatibility operator, say K7, need not be unique. But, by its universal
factorization property, any two compatibility operators, say K7 and K7, must factor through each
other, K1 = Ly o K| and K| = L o K; for some differential operators L; and L.

Given two composable operators, K and Kj, the compatibility condition K7 o K = 0 is very
easy to check. On the other hand, it may be quite challenging to check completeness/universality.
One way to do it is to compare K and K; with another pair of operators which are already known
to satisfy the universality condition.

Lemma 4. Consider two complexes of differential operators K; and K, for I = 0,1. If these
complexes are equivalent up to homotopy, as in the diagram

[ ) Ko K [ ]
F\\\ e F\\\ e
HO Hl
Hy Hy
k//” Tl 1(/’ Tl
L) [ ] [ ]
K K

where we really only require all squares to be commutative and the identities D1 o C; = id — Ky o
Hy—Hy0K; and Ci0Dy =id— Ko H)— Hjo K] to hold, then K is universal iff K{ is universal.

Furthermore, the complex K;, | = 0,1, is locally exact iff the complex K|, | = 0,1, is locally
ezxact.

Proof. Without loss of generality, assume that K7 is universal. Let L o Ky = 0. Then (Lo D)o
K) = Lo Kyo Dy = 0. By universality of K], there exists a differential operator L’ such that
LoDy =L'oKj. Recall that from our hypotheses that Dy o C; = id — Ky o Hy — Hy o K;. But
then

L=Lo(DyoCi+ KyoHy+ HyoK,)
:L/O<K{OC]_)+(LOH1)OK1
=(L'oCy)oKy+ (LoHy)o Ky =L"0oKjy,



where L = L' o C5 + L o Hy. This demonstrates the universality of K.

Next, without loss of generality, assume that K] is locally exact. Pick a point z, an open neigh-
borhood U # z, and a smooth function f such that K;[f] = 0. Then K{[Ci[f]] = C:2[K1[f]] = 0.
Hence, by local exactness, there exists a smooth ¢’ defined on a possibly smaller open neighborhood
V 3 x such that K([g'] = C1[f]. Setting g = Dy[g’] + Ko[Ho[f]] on V > z, direct calculation shows
that

Kolg] = Ko[Do[g']] + Ko[Ho[f]] = D1[Kp[g']] + Ko[Ho[f]]
= Dy o Cy[f] + Ko[Ho[f]] = f — Hi[K:[f]]
= f, (11)

which shows that the K; complex is also locally exact. O

Next, we will show how to construct a universal compatibility operator for a differential operator
K if it is equivalent, in the sense of a complex consisting of one operator, to some operator with a
known universal compatibility operator.

Lemma 5. Consider differential operators Ko and K{. Suppose that Ky and K|, are equivalent
up to homotopy, in the sense of the diagram

H

L ~o
HC e — S o
Ky

where we require all squares to be commutative and the identities Dy o Cy = id — H-— Hy o Ky,
CooDy =id — H' — H{j o K| to hold, with Ky o H =0 and Ko H' = 0. Then, if a universal
compatibility operator K| for K| is known, we can complete the above diagram to the following
equivalence up to homotopy

id— KooHo—D10C:
Ki= )

Ko KjoCy |

° ° °

re_ AN -

Ho Hi=[id o]
D/
Co | | Do Ci1| | D1 02:[0 id] Dy= ,2 S0 (13)
id— K| oH]

Hy Hi

T Y T Y

° - ° - °
KO Kl

with some differential operators Hy, D}.

Proof. From our hypotheses, Cy and Dy are mutual inverses, up to a homotopy correction. Our
first observation is that the same property then holds for C; and D;. Namely,

(id— Koo Hy—Dy10C1)oKy=Kyg— KyoHyo Kyg— Kyo (DgoCp)

= Kpo (id— Hyo Ky — Dy o Cp)

=KyoH =0, (14)
(id— Kjo Hy— CyoDy)o K)=0, (15)

where the second identity is completely analogous to the first one. Then we also have

(id— Koo Hy—DyoCy)oDyoK)=(id— Koo Hy— Dy oCy)oKyoDy=0. (16)



Since we know that K] is a universal compatibility operator for K, there must exist differential
operators Hi and D), such that

id— KyoH)—CyoD; =H, oK}, (17)
(id—KoOHo—Dlocl)ODl:D/QOK{. (18)

Next, defining the operators K1, Hy, Co and D5 as in the diagram (13), the remaining identities
needed to show that this diagram is a homotopy equivalence are

DioCi=id - Kyo Hy— Hy 0 K1, (19a)
Cy0 Ky = Kjo(h, (19Db)
Dyo K| =K, 0Dy, (19¢)
(id—Kyo0Hy — DyoCs)o Ky =0, (19d)
(id— KjoHy —Cy0D3)o K| =0. (19¢)

The last two, (d) and (e), follow from the same argument as in the first paragraph of this proof.
The first two, (a) and (b), follow from direct calculation and the identities that we have already
established earlier in the proof. To get (c), it remains to check the following identity

(KjoCy)oDy=Kjo(id— KyoH),—H;oKj)=(id — K{ o Hj) o K}. (20)
This completes the proof. O]

Definition 6. A (linear) connection D on a vector bundle V- — M is a linear differential operator
D: (V) — T(T*M ®p V) that in local coordinates (x®) has the form Dyv(x) = %v(x) +
Ya(T)v(2), with the v,(x) being smooth local sections of the endomorphism bundle of V. — M. The
connection is flat when locally its components commute, Dy, D] = 0. The equation Df = 0 is
called the (DD-)flat section equation.

A flat connection D gives rise to a complex of differential operators d]?: D(A'T*M @p; V) —
DAIT*M @) V), 1 = 0,1,...,n,..., with d° = D, locally (d]lD)w)al...al+1 = (I +1)Djg, Way...q,]
for0<l<n, and d® =0 for | > n, the (D-)twisted de Rham complex.

Definition 7. A differential operator K defines a PDE of finite type K[f] = 0, when Ko = K
is equivalent to a flat connection Ky =D, in the sense of one operator complexes (Definition 1),
with the extra requirement that H_y =0 and H' ; = 0.

Remark 1. One can find in the literature different definitions for PDEs of finite type. Our Def-
inition 7 is most convenient for the purposes of this work and is well-known to be equivalent to
other common definitions under reasonable regularity conditions. The relation between the differ-
ent definitions is discussed in the Appendix and an elementary proof of the equivalence is given in
Proposition 13.

Once we know that we are faced with a PDE of finite type, we can exploit its equivalence to
the equation for D-flat sections, together with our preceding results and the following well known
proposition.

Proposition 8. Given a flat connection D, the corresponding twisted de Rham complex d]lD), l =
0,1,...,n,... s locally ezact and is also a compatibility complex for D = dp.

Theorem 9. Let K[f] = 0 be PDE of finite type. Then, starting from an equivalence of K with
a flat connection D, we can explicitly construct a locally exact compatibility complex K; for K,

1=0,1,....

Proof. The proof is by induction. Setting Ko = K and K} = D = dJ, the finite type hypothesis
implies that we can satisfy the hypotheses of Lemma 5 and extend the equivalence of Ky and K
to an equivalence of K; and K, I = 0,1, with K7 explicitly constructed. Suppose, inductively, that
we have an equivalence up to homotopy between the complexes K; and K| = d]lD, [=0,1,...,m,
for some m > 0. Iterating the previous argument, we can extend it to an equivalence up to



homotopy between the complexes K; and K] = d]lD, l=0,1,...,m+1, where K, is an explicitly
constructed as in Lemma 5.

Since the above construction of the complex K;, [ = 0,1,..., comes with an equivalence up to
homotopy with the twisted de Rham complex K| = ]lD’ ,1=0,1,..., Lemma 4 and Proposition 8
allow us to conclude that K; is both locally exact and is a compatibility complex for K. That is,
K is a universal compatibility operator for Ky = K and K, is a universal compatibility operator
for K, for I > 1. O

Note that, even though the twisted de Rham complex d]lD’ terminates after [ = n, or rather
becomes trivial d]lD’ = 0 for [ > n, the result of Theorem 9 is not guaranteed to produce a complex
that eventually terminates in the same way. For instance, the simple example K = id, produces
the complex Kj, [ =0,1,..., where Ko = id and Ko41 = 0, with the source and target of every
operator K; being the same as for K. Of course, in this simple example, we can force this complex
to terminate by setting the target of K1 = 0 to be zero dimensional, and setting K; = 0 as a map
between zero dimensional spaces, for each | > 1.

Since our goal is not a fully algorithmic construction of compatibility complexes, but rather one
where human intervention is allowed along the way, we can apply similar simplifications at each
step of the iterative construction given in the proof of Theorem 9. At each step, before proceeding
to the next one, having obtained the operator K;,;, we can replace it by a potentially simpler
operator I?ZH without breaking its universality property. Here, a trivial, but helpful, observation
is that an operator KlJrl such that K;41 = f(l’_H 0K1+1 is a universal compatibility operator for K;
whenever K41 is. This way, on general principles, we expect to be able to produce a compatibility
complex K;, 1 =0,1,..., that becomes trivial K; = 0 for [ > n.

We will not try to give a rigorous proof of the fact that we can always produce a compatibility
complex K; that trivializes to K; = 0 for [ > n. Instead, in the next section, we will present
examples of PDEs of finite type with compatibility complexes of finite length. In each case,
we will give an explicit equivalence up to homotopy of a given complex to a twisted de Rham
complex, which together with Lemma 4 and Proposition 8 serves as a witness to the fact that it is
a compatibility complex. However, the reader should understand that this compatibility complex
was produced by the construction given in the proof of Theorem 9, with intermediate simplifications
as described above.

3 Killing equation

Consider an n-dimensional (pseudo-)Riemannian manifold (M, g), with Levi-Civita connection V.
In Lorentzian signature, we refer to (M, g) as a spacetime. The Killing equation is an equation on
sections v € T'(T M), namely

Kap[v] = Vaup + Vv, = 0. (21)

The Lie derivative identity K[v] = L, g implies that solutions of the Killing equations are infinites-
imal isometries of (M, g). In the context of linearized gravity (that is, the theory of linearized Fin-
stein equations), metric perturbations h € I'(S2T*M) are grouped into gauge equivalence classes,
h ~ h+ K[v] for v € T(TM). A differential operator L[h] such that L o K = 0, a compatibility
operator for K in the terminology of Section 2, is interpreted as a (local) gauge-invariant observable
or gauge-invariant field combination [34]. The components of a complete compatibility operator
K for the Killing operator K can be interpreted, by the universality property, as a generating set
for all gauge-invariants, also known as a complete set of gauge-invariant observables.

It is well known that the Killing equation is of finite type (Definition 7), provided a regularity
condition holds. The quickest way to see that is to put it into the so-called tractor form [11] or
the form of the Killing transport equation [17, App.B]. Namely, we have the equivalence up to



homotopy

vt [V?:;Jc]] [wIEZc]] ad hap = |:V[}l1;77/bc]a:| [wiil[:c]] = 20(a) ) (22)

where the connection operator! is

v Vi, Vg — W
T a _ a1 Ya la1a] 7 23
“ |:w[bc]:| |:va1w[bc] + Raldbcvd:| ( )

which uses the Riemann tensor? Rgpctvg = 2V, Vyve. We should mention that the : appearing
for instance in wy, .y OF V[ is only there to visually separate particular groups of indices. Also,
we use square brackets to indicate that some of the tensors must have anti-symmetrized indices
from the outset.

To check the commutativity of the square with downward arrows, first note that for wy. =
Vv = Vive — %Kab [v] we have

2V, Wp)e — Rapeav® = =V Kye[v]. (24)

Then, the antisymmetry we, = —wype and the algebraic Bianchi identity R4pq = 0 allow us to
write

2(Vawpe + Raancv?) = (2Vqwp)e — Rapeat®) — @V pwea — Rpcadv®) + 2V [cwayp — Reabav®)
= QV[ch]a[’U]. (25)

In general, the connection T, is not a flat. In fact, it is flat iff (M, g) is of constant curvature,
Rabed = &(gacgbd —Jadgse) for some constant a. However, when the local solutions of T[] = 0 span
a vector bundle, the restriction of T to this sub-bundle (which could be of rank zero) is flat and
the corresponding flat section equation is equivalent to the original Killing equation (Lemma 14),
hence implying its finite type. Thus, the required regularity condition is that the local solutions of
the Killing equation, in tractor form, span a sub-bundle. Or, equivalently, the pointwise dimension
of the span of these local solutions is constant. However, in special cases, this particular way of
reducing the Killing operator to a flat connection may not be the preferred one, and a different
reduction might be more convenient.

Consider a tensor T'[g] built covariantly out of the metric g, the Riemann tensor R, and the
covariant derivatives VR, VVR, .... Define its linearization 7" about ¢ by the identity Tlg+eh] =
T[g] + T[h] + O(£?). Recall the standard identity between the Lie derivative, T and T*

L,T[g) = T[L,[g)] = T[K[v]], (26)
where  L,T07 = vV T8 + T V0 = TV 4 - (27)

which guarantees that 7o K = 0 for the linearization g — ¢ 4+ ch whenever Tlg] = 0 or some
expression involving only constants and Kronecker §’s. This result is sometimes known as the

IThe form of this connection was already derived in [17, Eq.(B.2)], though there it has a typo. The sign of
Raédchd is opposite compared to ours.
We follow the curvature conventions of [36].



Stewart-Walker lemma [34, Lem.2.2]. Alternatively, when T[g] # 0, this identity can be used to
extract some components of v, or V, v, by applying T to K [v].

Section 3.2 and 3.3 below will involve some algebraic constructions with tensors for which it is
convenient to introduce the following notation. For A,) and B,, symmetric tensors, we denote
the Kulkarni-Nomizu product by

(A © B)/,LV)\H = A;},)\Bun - Au/\BMn - AHHBV)\ + AVKBH)\' (28)

Clearly A® B = B® A and the result has the symmetry type of the Riemann tensor. For tensors
with two or four indices, we define the contractions

(A" B)u = A By, and (R S)uae = R Sapan. (29)
With these definitions, when A, B, C and D are symmetric, we have the useful identities

[(A®B) - (C© D)lwrn =2[(A-C)© (B- D)+ (A- D) ® (B C)luwrn; (30)
(A®B)u"s=[A B—(tr A)B — A(tr B) + B Al ... (31)

3.1 Constant curvature spacetime

An n-dimensional constant curvature spacetime (M,g) of sectional curvature « is defined by a
Riemann curvature tensor of the form Ruped = @(gacvd — Jadge), With a a constant. It is well-
known that in this case the Killing transport (or tractor) connection defined in (23) is actually
flat. Thus, we could use the methods of Section (2), in particular Theorem 9, to construct a
compatibility complex for the Killing operator K on (M, g). However, in this particular situation,
the compatibility complex for K is already known independently. It is sometimes called the Calabi
complex [23]. We will denote it by C;, i = 0,1, ..., with Cy = K and C; = 0 for [ > n. The operator
C) is essentially the linearized Riemann tensor R,°.%[g], while Cy is the linearized differential
Bianchi identity. The remaining operators C;, for ¢ > 2, are essentially higher rank Bianchi
identities. These operators have the following explicit formulas (see [23, Sec.2.2]):

Co[v]a:b = Vv + Vg, (32a)
Ci[h)abicd = (VV © W) abed + (g © h)abed, (32b)
Ca[r|abe:de = 3V [aTbe]des (32¢)
Cs[blabed:ef = 4V [abbedjef (32d)
: (32e)

Cilblagaribe = (i + 1)V agbayagpe (i > 2). (32f)

The : notation only serves to visually separate groups of indices that are independently antisym-
metric. Cy has the symmetric index pair a:b, while C7 has the index group ab:cd satisfying the
algebraic symmetries of the Riemann tensor. More generally, the tensor symmetry type of the
target of each C; operator is best described using Young symmetrizers (see [23, Sec.2.1] for com-
plete details). Ignoring corresponding algebraic symmetry conditions on the tensors entering into
the Calabi complex may violate its property of being a compatibility complex. Below we list the
Young symmetry types and ranks of the tensor bundles serving as domains and codomains for the
operators of the Calabi complex:



Young type [ n=2 n=3 n=4 n>2
(1) 2 3 4 n
Co
(2) 3 6 10 nlntl)
Ch
n (n+1
. (2,2) 1 6 20 2"
2
n(3—1) (mn+1
(27 27 1) 3 20 ( 2 ) (3—-:-_1)
(2,2,1°72) Rl (4
(]. < ’L) Cl
i— ni (n+1
(2,2,1 1) 7(1‘12)
Cn—l
n— n(n—1
(2,2,1"%) | 1 3 6 nlnd)

In the diagram (22) for the equivalence up to homotopy between K and T, the top and bottom
lines can be extended to their compatibility complexes, the Calabi C; complex for K and the
twisted de Rham complex d}r (Definition 6) for T. Then, using the same argument as at the
beginning of the proof of Lemma 5, the vertical equivalence maps can be propagated to the rest
of the complexes, thus giving a full equivalence up to homotopy between them

Co=K Cq Crn-1 0
°
F\\‘_-///
T (33)
RS L///’_~‘\\ [ 0
di=T dy d’

n—1

We will not discuss the explicit formulas for the vertical equivalence differential operators.
For our purposes it is sufficient to know that they exist. However, if these operators were to be
given explicitly, then according to Lemma 4 the equivalence diagram (33) would constitute an
independent proof of the fact that the operators C) constitute a compatibility complex for the
Killing operator K on the constant curvature spacetime (M, g).

3.2 FLRW spacetimes

Consider an FLRW spacetime (M, g), where M = I x F, with I C R an open interval with
coordinate t and dim F' = m, and g = —dt? + f2§F, where the scale factor f = f(t) is a positive
scalar function and g%, = (7*g" ) is the pullback of a constant curvature Riemannian metric
(with sectional curvature «) on F along the standard projection 7: I x F' — F. Let us denote
U, = —(dt)q, and note that U,U® = —1 and g%, = gap + U,Up.

Below, it will be convenient to extensively rely on the product structure M = I x F’ and naturally
decompose all tensors on M with respect to it. For instance, vy = v{UUy, + 9pU® + 04Uy, + 0,
where v} is a scalar and 9§, 0 and 9 are respectively sections of the pullback bundles 7*T'F,
7*T*F and 7*(T @ T*)F over M, or equivalently simply sections TM, T*M and (T ® T*)M that
are annihilated by g-contraction with U, on any index. It will also be convenient to insert extra
factors of f into some tensor decompositions of this type, with the sole purpose of simplifying
some forthcoming formulas (which we have unfortunately managed to do only in an ad-hoc way).
If X, € T(T*F) then we will denote its pullback by X, = 7*X € T'(T*M) and note that it satisfies
Uex, = 0, where the metric g is used for contractions. On the other hand, if no such X, was
introduced previously (which will be true in most cases), we used X, € I'(T*M) to denote any
section that satisfies U*X, = 0, even if has non-trivial dependence on ¢. This should not generate
any confusion for the reader. The same convention is extended to all purely covariant tensors.

Each of the factors has an auxiliary pseudo-Riemannian structure, (I, —dt?) and (F, g¥'), with
corresponding Levi-Civita connections, V! and V¥, which we can extend to all covariant tensor
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fields on the product manifold M = I x F. Let us denote the extensions of V? and V¥ respectively
by —U,0; and @, which incidentally defines the convenient differential operator 9; = U*(—U,0;).
The defining properties of these operators are the usual Leibniz rule, together with 0;t = 1,
0:U, = 0, and X = O¢(m*X) = 0 for any covariant tensor field X on F, and also Vvt = 0,

VU, =0 and VX = VFX = 7*(VF X) for any covariant tensor field X on F. Since any covariant
tensor on M is locally a limit of sums of products of covariant tensors pulled back from I and M,
these properties are sufficient to uniquely define d; and V as linear differential operators. Note
that we will also frequently use the abbreviation (=) = 9;(—).

By the above remarks, any covector field v, on M can be parametrized as

va = AfUs + 2 X, (34)

where A is a scalar function on M and X € D(7*T*F) C T(T*M), so that U*X, = 0. Now note
that with our conventions, for any scalar A, its exterior derivative is given by (dA), = —A'U,+V A,
while the Levi-Civita connection on (M, g) is given in the above parametrization by

Va(AfUs + [2Xy) = (dA)afUs + Af' gap — 2" fUXy) — [PUXG + Vo Xy (35)
Parametrizing symmetric 2-tensors hq, on M as
hap = pUUp — 2f2U(a5;22) + fQZaba (36)

the Killing operator on covectors hgp = Kap[v] = 2V (qvp) becomes

B A 72(Af), 728tf ‘ E A
Y _KH =| X' —f"WA | = |-f'V|o| |z (37)
Z K[X]+2Af'G" 218 | K

in block matrix operator notation, where f(bc[f( |= 2@(175(0), which is simply our extension of the
Killing operator on covectors from (F, gf') to (M, g).

Remark 2. FEach entry in our block operator matrices is a linear differential operator between
some covariant tensor bundles over M. We use vertical and horizontal lines to further partition
block operator matrices with respect to some special direct sum decomposition of their domain
or codomain. We will use id to denote the identity endomorphism on any vector bundle and 0
to denote the zero morphism between any two vector bundles. In each case, the domains and
codomains of these operators can be deduced from the context.

It is worth noting that setting the A component of v, to zero simplifies the Killing operator to

[0
K J—
id

For a generic FLRW spacetime (see [9, Def.2.1] for a breakdown of FLRW geometries into
special and generic classes, based on the properties of the scale factor f), it is well-known that
the only Killing vectors are those that reduce to the Killing vectors of the spatial slices (F,g"),
appropriately propagated in time. We will see shortly that, equivalently, each Killing vector on
(M, g) has the form v, = 0 + f2X,, where Ko[X] = 0 and 9, X, = 0. Now, since the spatial
slices (F, g") are of constant curvature, the spatial Killing operator K is of the type discussed in
Section 3.1. This means that K is equivalent up to homotopy to the flat spatial Killing transport

connection T, so that the following two operators are also equivalent up to homotopy:
8t at
2] 2= [2) -

Since both [0;, K] = 0 and [3;, T] = 0, it is easy to see that T itself defines a flat connection. Let the

operators C; be the extensions of the Calabi complex (32) from the constant curvature geometry

0

= 1o, - (38)
K
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(F,g") to M, where we have simply replaced VI by V and ¢ by G whenever necessary. Since
such an extension preserves all operator identities, including the suitably extended equivalence up
to homotopy in (33). Now, it is a straightforward exercise to check that the twisted de Rham
complex dI can be represented as the bottom line in the following diagram, and also to use the
mentioned identities to construct the corresponding the vertical differential operators that complete
this diagram to an equivalence up to homotopy:

0 o) [—Om—l 61:] 0
° ° °
F\\\ (//// s\\\‘ ’///,/ ﬁ\\\\‘ _’////
(40)
e Tl T T T . 0
) s e |—d5 o djfn—lz[—dirnq at]
H=T=| 4 “=1 df

Hence, by Lemma 4, the top complex in (40) is also a compatibility complex.

Now, we need to examine the integrability conditions that will help us establish an explicit
equivalence of the full Killing equation K4[v] = 0 with the system of equations X, = 0, K ab[X | =
0, whose compatibility complex is given by the top line of (40). All of that crucially depends on
the structure of the curvature of (M, g).

The Riemann curvature tensor, the Ricci tensor and the Ricci scalar of (M, g) are (recalling

the notation from (28)) given by
(Fo R ((B)-5)]) e
o= (5) -
(7))o (7 +7)
(7)) ren (5o 7) o

We suppose that the FLRW spacetime is non-degenerate, that is both that f’/f # 0 and that the
scalar curvature R is not constant,

o= [((5) 7)o (5 2)]

To make use of identity (26), we compute the Lie derivative

Rabcd = (g ©

Ua Ub

+ Gab, (41b)

£0. (42)

L,R=v"V,R=AfR. (43)
Thus, defining the operator
1 .
Jh] = Rlh 44
1 = I (14
we have the identities )
A
JOK}:A or JoK =[id|0]. (45)

The last equation also implies that

Jo (K LZD = [id | 0] 121] =0 and Jo (K [ﬂ) = [id | 0] tﬂ =id. (46)




Let us denote the block matrix components of J as J = [Jp ‘ JY JZ] and also J = [JY JZ].
Combining the above identities with formula (38), we get

Jo (K LZD =[JY J7 Bﬁ =0. (47)

Hence, knowing the first compatibility operator from the top line of (40), it must be possible to
factor

R .
J=H . 48
J { 0 CJ (48)
Of course, the full operator J can be then factored as
id ‘ 0 0
J=Hy |0 |-Gy | (49)
0 0

where Hy = [Jp ‘ H J]. For much of what follows, we will only need the fact that H; or H; exists.
However, a direct calculation shows that its explicit form can be deduced from the identity

R = [T Ap+m(f/ OS2 P)p) + mim +1)(f2) £2)p

NSRS

— N 2divy — e Z)] 4 fT-Atr Z 4 divdiv Ze, — (m— 1) atr Z)

= FAp+ e PN Pl P02 - ColV])) - G2, (50)

frm

meaning that

~ 12 ~ ~ ~ o~ ~
T= o [172B 4 o | oGy o - 4G, 6D
and hence
~ 12 ~ ~ o~
H; = IR {JPQA + 7w o fm it Ly ‘ g O [ = f T tr} ’ (52)

where of course we have defined tr, div and A such that
AX = (¢F)V,V, X, divYy =VeY,.., (frX)ap = (9F)Xaepa, and trZ = (gF) Zus.
(53)

Now we are ready to follow the proof of Theorem 9 to construct a compatibility complex for the
Killing operator K by lifting the compatibility complex from (40). The results of these calculations
will be presented below directly in diagrammatic form, where the arrows in the diagrams satisfy
the identities introduced in Section 2. All the relevant identities are easily checked by direct
calculation, relying on the key identity (45), the basic commutation relations [0}, @] = [0, C’l] =0,
the compatibility identities C’iJrl o C; = 0 of the operators of the Calabi complex, which were
introduced in Section 3.1.

We start by applying the information obtained above to give an explicit reduction of the Killing
equation to the first operator from the top line of (40):
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K= 7f_1@ o,
2f'3" | K
[ ) [ )
‘<\\\ ’///
_},_
0 0 0
) 0 0| id ) J 4
0 e P "
0 id
e T
[ ] [ ]
Ot
Co=K

Next, we proceed by iterating the construction from Lemma 5, while simultaneously applying
the simplifications discussed after the proof of Theorem 9. The following diagram should be

appended on the right to (54):

id| o o0 id| o o id| o o
— J — Hjy —
0| -¢ & ld*Kg =ld=|o | =&, &, KT o] -G &
0 0 el 0 C1 0 0 Cy
[ ] [ ]
Ko -
id [0 0]
0 0
0 o) R . 0 0
0|id o id—| o K| (55)
id— A - i
0 0 id 0 —Co (?t 0 id 0
_ ol o & 0 id
id 0 Hy
Ki
0 id R
k” Tl
° — °
—Co B
0 el

Note that we do not repeat the labels on the left-most vertical arrows, which can be read off as
the right-most vertical arrows in (54).
Two more iterations of Lemma 5 (with simultaneous simplifications) gives the following dia-

gram, to be appended on the right to (55):
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701 8t _62 8t
0 Cy 0 Cs
[ ] [ ] [ ]
Ko RGPS -7
| o o 0
< id|o o
0| -6y o K|, —
2 oo o
0o & 0 o0
0|id o id 0 id 0 (56)
0|l o id id 0 0 id 0 id
0 id
0 0
x” N AN
[ ] [ ] [ ]

From this point on, the compatibility complex for K and the top line of (40) become identical.

Theorem 10. Consider a non-degenerate FLRW spacetime (M, g), M = I x F, as introduced at
the top of Section 3.2, which spatially has the structure of an m-dimensional constant curvature
space (F, gt"), with sectional curvature . The full compatibility complex K; for the Killing operator
Ky = K (37) is given by

[—20,f | 0
Ko = —f_lﬁ O | > (57a)
i 2f/gF K
fid| 0 0 J
K, = 0 —éo Oy <1d - K [0]> ’ (57b)
o] 0o &
- i,
K2 = O _C’l @t y (57C)
0| 0
o] -Cy o
K = *COH @f] (3<i<m) (57¢)
Ky = [_ ~m71 at] ) (57f)
K;,=0 (m<i), (57g)

where the operator Hy is defined in (49), 0; and V are the covariant derivatives pulled back along
the product structure t: I x F — I and [ x ' — F, while C; are the operators from the Calabi
complex associated to the constant curvature space (M,g"), as introduced in Section 3.1. (See
Appendix B.2 for a more complete summary of the notation.)

Proof. The argument given around diagram (40) shows that its top line constitutes a full compat-
ibility complex, which coincides with the bottom line of the diagram obtained by gluing (from left
to right) the diagrams (54), (55) and (56), which are continued by identifying the top and bottom
rows. From the preceding discussion in the current section, it is clear that each pair of consecutive
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squares in this glued diagram satisfies the hypotheses of Lemma 4. Thus, the top line of this glued
diagram is itself a full compatibility complex, but that complex consists precisely of the operators
K; in (57). O

The non-vanishing ranks of the vector bundles in the K; complex have the following pattern,
which can be compared to a similar table for the constant curvature case at the end of Section 3.1
(where n = m + 1, for comparison):

m=2 m=3 m=4 m > 2
3 1 5 m+1
Ky
6 10 15 ) 4o 1
Ky
5 13 31 m(mily 4 mimtl) 4
K,
2 10 41 m(" + (") +1
K3
3 26 () +m ()
BUED (1) + 2R ()
3<i) K; 4
i (1) + 2R ()
Ko
2 3 6 'rn(?‘;—l)

Remark 3. In n = 4 (m = 3) dimensions, the common choice for gauge-invariant variables on
cosmological FLRW spacetimes are the so-called Bardeen potentials [4]. They include two scalars
components, ® and U, a divergence-free spatial vector field, d,, with 3 independent components,
and a divergence-free trace-free spatial symmetric 2-tensor, E, with 5 independent components.
Hence, the total number of independent components (not counting the differential relations coming
from the divergence-free conditions) is 1 4+ 1+ 3 4+ 5 = 10, which is less than the 13 components
of Ky that we have counted above. The difference of course between our K; and the Bardeen
potentials is that our expressions are all local (given only in terms of differential operators), while
the Bardeen potentials are non-local (their definition involves inverted spatial Laplacians; see the
Introduction to [14] for details). While we cannot claim that our construction gives the minimal
number of local gauge-invariant quantities, it is not surprising that we get a larger number than a
construction that allows non-local expressions.

Remark 4. It is worth noting that the K; complex presented above is not continuously deformable
through the class of generic FLRW spacetimes to the constant or zero curvature cases, which
correspond to special choices of the scale factor f(¢). The main reason is that the operator J
introduced in Equation (44) is proportional to 1/R’, which diverges when the background scalar
curvature becomes constant. Since the operator J and the related operator H; appear in several
places in the formulas (57) for the operators K; (for ¢ > 1), it seems difficult to directly compare
them with the corresponding operators C; on constant curvature backgrounds in (32). In particular,
an explicit expression for the linearized Riemann tensor C; on (M, g) would be rather long and
unenlightening in our notation, as can already be glimpsed from the formula for the linearized
scalar curvature in (50). A more fruitful comparison would be to try to express the components of
our K in terms of the linearized IDEAL characterization tensors that were recently constructed
for the FLRW geometries [9].

However, we might gain some qualitative insight into the components of Ki, which can be
interpreted as a complete set of local gauge-invariant observables, from the alternative formula
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that was indicated in diagram (55):

id] 0 0] [p

q p id| 0 0

~ ~ . - T = HJ -, T = o~

Yoo | =K v | = |H- oG o KM 0| Co af|Tul- 5
Zab:cd Za:b 0 0 Cl 0 0 Cl Zab

The Zab:cd invariants are roughly coming from the linearized Riemann operator C‘l on the spatial
slice (F,g'"). While these components can be obtained from a purely spatial projection of the
linearized Riemann operator on the FLRW spacetime (M, g), since the components of the linearized
spacetime Riemann tensor are not by themselves invariant, they need to be deformed through the
H; and subsequent operators in the above formula to be truly invariant. The g scalar invariant
comes from the difference between the p component of h,p and the p component of K[J[h]]q5. When
precomposed with hq, = K[v]4p, both terms in the difference depend only on the A component of
v, and in exactly the same way, hence cancelling to give an invariant quantity. The Yo components
are harder to interpret in familiar terms.

3.3 Schwarzschild-Tangherlini spacetimes

Consider an n-dimensional spacetime (M, g) where M = M x S, where dim M = 2 and dim S =
n — 2 [26, 25, 20]. We take the second factor (S,2) to be a maximally symmetric space, hence a
constant curvature Riemannian space with sectional curvature a, where o = 1 for a unit sphere,
a = 0 for Euclidean space, and o« = —1 for hyperbolic space (or pseudo-sphere). Let us denote
local coordinates on S by 4 and the Levi-Civita connection on (S,) by D; its curvature tensor
is then o

Rapep = a(QacQsp — QapQpe) = 5(9 © Q) apcp, (59)

where we have used the Kulkarni-Nomizu product (28). The other factor (M, g) has signature
(=+), and we will presume that it has a timelike Killing vector t®. Let us denote local coordinates
on M by y* and the Levi-Civita connection on (M, g) by V,. Because dim M = 2, its curvature
is given by

R R
Rabcd = 5(gacgbd - gadgbc) = Z(g © g)abcd7 (60)

where R = Rq, is the corresponding Ricci scalar.
We are interested in warped product [29, Ch.7] metrics of the form [26, 25, 20]

G = gapdy“dy® + r*Qapdodo”, (61)

where r = r(y) and g, is static in the (Schwarzschild) coordinates (y*) = (¢, 1),

1
Gap = — fdt,dty + }d’l’adﬁ;, (62)
with f = f(r). In these coordinates, the timelike Killing vector has the form t* = (9;)*. For
convenience, we also introduce the notation t, = gut® = — fdt, and r, = dr,. They are related as
t* = —e%py, where 45 = (dt A dr)qp. Then, of course, r,r® = f and t,t* = —1/f.

As we will see shortly, under our assumptions, the Einstein equations with a cosmological
constant A,

_ 1_
Rab - §R§ab + Agab = 07 (63)
are solved by [25, Eq.(2.15)]

2M 2A
Jr)=a- =3 " (n—1)(n— 2)r2,

(64)

where M is a constant. When o = 1, A = 0 and n > 4, this metric describes the higher dimen-
sional spherically symmetric static black holes, the so-called Schwarzschild-Tangherlini solutions,
specializing to the Schwarzschild solution when n = 4. When n = 3, we are forced to have a« = 0
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and the spacetime is actually of constant curvature. With n = 3 and A < 0, we get the BTZ
metric [3]. In terms of the parameter M, the black hole mass is given by

(n — 2)An,2 % - (n — 2) An,Q M

8 G 2 A4, G’ (65)
where G is the n-dimensional Newton’s constant and
27.‘.(7171)/2
A, 9= ———— 66
"= -1/ (%)

is the area of the unit (n— 2)-sphere. When a = 0, we get the higher dimensional version of Taub’s
plane-symmetric spacetime [35], [33, Eq.(15.29)], [5, Eq.(2.2)]. When o = —1, we get the higher
dimensional version of a pseudo-Schwarzschild wormhole spacetime [27].

In what follows, we restrict our attention to n > 4, which is physically reasonable, but is also
forced upon us by some of our formulas, which have poles at n = 1,2 or 3.

For convenience, let us introduce the notations

. 2M 4A )
filr)y=rf (T)_(n_3)r”*3_(n—l)(n—2)r , (67)
folr) = rfl(r) = —(n—3p 2 BA (68)

=3 (n—1)(n—2)

as well as note that the formula (64) for f parametrized by the constants M and A, with « fixed,
gives the general solution to the differential equation

fat+(n=5)f1 =2(n=3)(f —a)=0. (69)

Any tensor on M decomposes as T, = Tidt,+T,dr, or T, — (T3, T;), with obvious extension to
higher rank tensors. With respect to this decomposition and the coordinates (¢,r), the Levi-Civita
connection on (M, g) is then [25, Eq.(2.18)]

f1
0wy Ogvy 0 T orf
Vv — |:arvt 0,0, + _%

1f1| Ur- (70)
For

Equivalently, we can summarize this information by giving the covariant derivatives of the frame
(t(l7 Ta)’

h fi
== = "= Q- 1
Vit 27‘€ab and V,ry 27‘gab (7 )
A direct calculation gives the Ricci scalar on (M, g) as
fi—f
R = R (72)

And finally, symmetrizing the covariant derivative as written in (70) or (71), the explicit form of
the Killing operator on (M, g) is

fi

1 1
2V(avb) = 72t(avb)% — 2t.ty / — 275@%)*&5% + Ta’l’bf(Qfar’UT + 7vr)

1
2] 7 ]
F@Ogo = Tro) O + fO, g 73)
Orvy + f&«%vt %(Qf&«vr + fT,lvT)
Greek indices j,v, ... on M-tensors are raised and lowered by Guv- Lower case Latin indices
a,b,c,... on M-tensors are raised and lowered by gap. And upper case Latin indices A, B,C, ...

on S-tensors are raised and lowered by Q4p5. Any M-tensor decomposes into sectors,® according
to T}, = To(dy®), + rTa(d0?),, — (Tu,rTa) and TH = T(0,)* + LT4(9a4)* — (T, 1T4), with

3While our tensor sector formalism with (pseudo-)spherical symmetry in n-dimensions is strongly inspired by [28],
where it was presented for n = 4, our conventions differ by the introduction of r-weights in the spherical sectors.
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obvious extension to higher rank tensors. With a slight departure from this convention, let us
define some M-tensors by their sector decomposition

Gab 0 Ny gab 0 0 0 v 0 0
glw_>[0 0}79 —>{0 o and Q= | g P = qaB| s (74)

so that g, = guw + TQQW and gt = gM" + r’zﬁf”.
The pair (Va, D4) defines a connection on M = M x S, which differs [26, App.A] from the
Levi-Civita connection V, as follows

= 0 0
Vity = [TY):U% TZYDZU@] + [0 TZQAB7::| Vet {—73(52 8} ve- (75)
Remark 5. In giving the formula for ?uv we have essentially extended the action of V, and D 4
as linear differential operators to tensors defined on M = M x S. The extension is done in
exact analogy with the procedure described at the start of Section 3.2. Recall that the covariant
derivatives V, and D4 simply act as coordinate derivatives on scalars on M and S. Suitably
extending these coordinate derivatives to M, the same can be said for (M, S)-mixed tensors on
M. But for the sake of uniformity in notation, we continue to use the notation V, and D4 even
when they act on M- and S-scalars respectively.

Next, we need to carefully study the structure of the curvature tensor. The spacetime Riemann
curvature tensor on (M, g) is [26, App.A]

R
R/J.I/)\Ii = 7(9 © g)/u/)\m +

1
—(a— rar®)(r’Q ® ’I“QQ),“,)\H — (VTVT ® TQQ)

2 2r e
Ji— [ (a—f) bil
= Ar2 (g © g)ul»\ﬁ + 272 (TQQ © T2Q)I~W)\N - ﬁ(g © TZQ)MV)\M (76)
with the corresponding Ricci tensor
= fi—f (a—1) fi
Ry = =57 20+ 55 2(n - 3)r2 Qs — ﬁ(QTQQ +(n—2)9),n
+(n—3 +(n—3 -«
_ _f2 (2T2 )flgu)\ _ fl ( TQ)(f ),],,29 (77)

To satisfy Einstein’s equations in the presence of a cosmological constant (63), we must have

_ 2A 2A

R\ = 2) Gux = (n—2) (9+ 7"2Q>u/\7 (78)

which implies

20

flz—(nf?))(f—oz)fmr,

(79)
(80)

Eliminating the explicit dependence on A, we obtain precisely the second order ODE (69) whose
general solution is given by f(r) in (64).
Recalling the definition of the Kulkarni-Nomizu and contraction products (28) and (29), we get
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the following useful identities, where we used g, for contractions:

(909) (909) =4(g©yg), (81)
(r2Q o r2Q) - (r*Q o r’Q) = 4(r?’Q 6 r?Q), (82)
(gor’Q) - (gor’Q) =2(g ©r*Q), (83)
(gor*Q) (9o g) =0, (84)

(g or*Q) - (r’Qer?Q) =0, (85)
(909)- (rPQor*Q) =0, (86)
(90 9n"s = —29xn, (87)

(r2Q O 20" = —2(n — 3)(r*Q)ax, (88)

(9O er)Ay"H = —Q(TQQ)AH —(n—2)gx, (89)

(9o g)u,\y,@r}‘r"€ = 2(7“)\7“,\)9,“, — 21,1y, (90)

(9o TQQ)H)\VHTAT'K = (1) (r*Q) s (91)
(r2Q © 72Q) e ™ = 0. (92)

Defining

_ _ A
TIJN:RVH_—7 G)uvrk
2N 2N (nil)(n72)(g®g)ﬂ A

- M [omye-y

1 (g © g)uw\n + (TQQ O] T2Q)uu}m - (n - 3)(9 O} T2Q)uu>\fc > (93)

2

we also get the identities

< ) [(n—2)%(n—3)*(g ®g) +4(r*Q© r*Q) + 2(n — 3)*(g © r*Q)]
T-T-T-T= ( ) 4(n—2)*(n —3)* (g © g) + 64(r*Q © 7%Q) + 8(n — 3)* (g © r2Q)]
(T 1) = — <r”_1> [2(n —2)%(n — 3)%g + 8(n — 3)r*Q + 2(n — 3)*(2r*Q + (n — 2)g)]lm
__ (%)2 [2(n = 1)(n — 2)(n — 3)2g + 4(n — 1)(n — 3)r2Q]
(T-T),M" = TT%)Q [4(n—1)(n —2)(n —3)*> +4(n—1)(n — 2)(n — 3)]
=4(n—1)(n —2)%*(n - 3) (TM_1>2
S =

We would like to use these identities to write (r?(2), and a simple r-dependent scalar as
covariant expression in the curvature. For the latter, the simplest choice seems to be

e T.T ! M \?
T )[g] = 4(n—(1)(n—)2)2(n—3) = ('r‘"l> . (94)

Next, we encounter a slight dimension dependence in the expression for (r2§2),,. When n > 4, we

can e 9 . 2(n—2)? (T-T)ax,’x (n—2)(n—3)_ A2
O = - @ D - (= = )
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while for n = 4 the simplest expression we could find is
2(n—1
02§DA53: _ (n )( )

(n = 3)3[V(T - T)u]?

e () T VAT -T) ™ V(T - T)u
(T'T'T'T (n— 1)(T'T)” T'T) T D) (T -T)uh”

= TP[g). (96)

Apko

Although, since it also works for n > 4, if desired, the more complicated expression T'(3) [g] could
actually be used in higher dimensions too.
To make use of identity (26), we compute the Lie derivatives

M \? v, M \?
Lo <7m_1) =2 —-1)— (rn_1> , (97)

0 r(rVy,te)
2 a )
LoD = {r(rvb”;‘) 2r3(Datvg) + QABTT“C)} : (98)
Hence, defining the linear operators
Blb = T (M) g (99)
T =) f et ’
1 T (n>4
Dolla = 5 4 wep (=) (100
T (n=1)
the Lie derivative formula (26) implies the compositional identities
Jyo K] = ’"JZ’C, (101)
Joo K[v]up = VQUTB. (102)
Based on Equation (75), the explicit expression for the Killing operator is
_ oe QV(avb) T'2Va%v3 + TDBUT“
Kuw[v] = 2V vy = LQVI,},UA +rDa% 2r2Datvp) + QTQ%QAB ' (103)
For further convenience, we parametrize
ug fdtg + updr, prate — 2ty T(rYap)
vy — [ r(rXa) } and  hy,, — [ r(rYpa) Ry E (104)
The Killing equation h = K[v] then becomes
1 h
P ’ refo.+4y | o .
N 1 f -
w| — K w| = dr = at dt £ AV 0 u | (105)
Y X ir Lps ldtLD V| |y
4 2Qf 0 Co

where Cy[X]|ap = DaXp+ DpXa is the Killing operator on the constant curvature factor (S, ),
and hence the first operator of the Calabi complex C;, ¢ > 0, which constitutes a compatibility
complex for Cy (Section 3.1).

Remark 6. Note that we are continuing here to use the block matrix notation for differential
operators, as discussed previously in Remark 2.
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With the above parametrizations for v and h, the compositional identities for the operators
J1 (99) and Jy (100) simplify to
JioK=1[J|Jy JY Jf]oK=1d|0 0], (106a)
JooK=1[JY|Jy JY Jf]oK=1[0]0 V]. (106b)
Now we have all the information that we need to use the methods of Section 2 to construct a
compatibility complex for the Killing operator K. We will follow roughly the same outline as we
did in the Section 3.2 on cosmological FLRW geometries.

From now on, our strategy will be to show that our Killing operator Ky = K is equivalent to
each of the operators

- _ \V/ 0 -
do =V — dy 0
R lul < | {D } M Wl nd Ko [4] = 0 4| [ (107)
X dt 5 D do=V| |X O |x o o Xl
0 Co 0

where we have introduced the notation d; and d;, i > 0, for the usual exterior derivatives acting on
i-forms on M and M respectively (hence the corresponding de Rham complexes). In the sequel,
we will use the notations dy and [ ] completely interchangeably. Then, we will lift the known
compatibility complex for Ky first to Ky and finally to Ko. This known compatibility complex has
the form

do 0
Ko=10 dy|, (108a)
0 Gy
(dy 0 0
0 d 0
K=, _ (170 do (108b)
0o 0 O
[(dy 0 0 0
0 Cy d 0
Ky= |, 00 B 51 do (108c)
0 0 0 Cy
(d; 0 0 0
o 0 Ci,Q d1 0 . o
K; = 0 0 Oy dg 2<i<n-—2), (108d)
0 0 0 C;
(d,,_o 0 0 0
Kn,Q = 0 Cn_4 dl 0 5 (1086)
| 0 0 —Ch_3 do
(d,,_ 0 0
Ko=) ! Coa dyl (108f)
Ki=0 (n<i). (108g)

It is straightforward to construct an equivalence between this complex and a twisted de Rham
complex, similar to how it was done in (40), thus showing that each of the above compatibility
operators is complete.

We start with the explicit reduction of K, to f(o and then to Ky. Here and in each subsequent
step, we give pairs of diagrams, which could be concatenated vertically, illustrating the passage
from the K; to the K; and to the K; sequences. All the diagrams below illustrate equivalences
up to homotopy, as discussed in Section 2. All the required identities can be checked by direct
calculation, making careful use of the known identities d;j 1 od; =0, djy10d; =0, Cip1 0 C; =0,
as well as the compositional identities (106).
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o — —2 @
o
0
L O 0 0
0 o0
a0 id 0 id 0 o0 J1 id 0
. 1 1
0 id _|— 0 id
0 id 0 id of|id-K|, )
0 0 id 0
_____ 0_____
O"/’ \\\‘o
v 0
Ko=|dt 5D v
0 C()
v 0
Ko=|dt 5D Vv
e
0 Co
° — — o

Jo 0
Ko=|0 do
0 Co

0 o 0 0
% Voo
IEK |; =J
N R PP 97 R
0 Cof
[V 0
= gy JE)|dtLD V| =
Co

23

0 0
[id|0 0] [ia o
0 id

(109a)

Next, as we did previously in Section 3.2, we iterate the construction from Lemma 5, while
applying the simplifications discussed after the proof of Theorem 9. As before, the K; and K;
complexes are built up by appending the following diagrams to the right of the diagrams in (109).
Also as before, we do not repeat the labels on the vertical arrows if they can be read off a preceding
diagram.

The resulting operators K; and K, will be, respectively, compatibility operators for Ky and
Ky. Some of the auxiliary arrows in these diagrams use the operators H 7, and Hj , which are
defined as follows. Noting that



we must be able to factor

id| 0

[Jp JY JE] =HpKy, and [J7|JP JY JE]=Hy [

] (110)

| Ky

through some operators H 7, and Hjy, . A bit more precisely, Hj, = [Jf ‘ H JI:I.

0| Ky
® —=
id | o
oo
[o‘id} id|:
id 0 o0 Hy
0 id O[K| g
0 o0 id 0
PO — s o
K1
[0 —dr(-)] dr-(=) 0]
1 1 .
Ry 0 —r2dt-(—) r2dt-(—) 0 id
w Y
0 d 0 Js Jo
0 —Co do 0 0
L 0 0 C1 |
® —— e
0
L .
~Lar [m‘o 0 o o}
0
olia o o o
olo id o o
0 id o0
0 0 0 id
—r2dt-(=) .
J
—id 2
0
o £ v o
&0 0
0 d 0
Ki= !
0 —Co do
o o0 O

o]0 o o o
id[o o o o
0] o 0
olo id o o
0 0 id o
Lo 0 id]
(111a)
Ca T
p 0
r2dt-(—) ﬁ,]z
dy
—Co
L O .
(111b)

Above, we have used the notations d¢-(—) = dt®(—), and dr- (=) = dr®(—),. Also, the operator
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Hj, is defined as follows. Noting that

[0] 0 o 0
LK |iq| = o Vf = [Jy JYdtL] (doz [DD =[0]0 V] |ia| =0,
dt %D
0 T 0
L | 0
0] _i do =V 0 v
i (o] =n |8 =1y [P =010 V) 0| =v=la 0[],
id A\ CO d Co
|id | e i
we must be able to factor
d 0 0
w . - 0 d 0
[y JYatL] JY —id JZ] =H,, 0 —Co dy (112)
0 0o
through some operator H Jo-
For convenience, we note that
id|[0 0 0 O]Ky=[dr-Jy dr-(J) —id) dr-JZ],
while on the other hand
. ~ d
0| f1,,] K, :J2Y7T [dr-Jw dr(J¥ —id) dr-JZ].
Then, defining
Hy, = [f QYd—fT ﬁh} , we have Hj,K; =0. (113)

With the next iteration of Lemma 5, we construct the compatibility operators Ko and K.

ol |4 (1)
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o Jold o 0 0
K=ol 0 € d ©
ol o 0o -—ci do
ol o 0 C
® = e
dr-(—)
2 0 0 0 0
ridt(=) [1(:1‘0 0 o o}
dq olid o o o id 0 0 o0 114b
1
—Co 0 id 0 0 ( )
0 id 0
0 0 0 id
- - 0 id o
0 0 0 id
0 0 id
0
° k””’ ‘\\‘\V
ds 0 0
Co d
K2_ 0 1
0 0 -Ci do

_ With two more iterations of Lemma (5), we construct the compatibility operators K3, K4 and
K3, Ky.

0] 0] ds 0 0 dy 0 0
_ 0|0 C d _ C d
Ram 1 1 Ri= 2 1
0 0 0 0 702 do 0 *03 dO
0|0 0 0 Cs 0 Cy
[ ] [ ] [ ]
Ko N -
o T o T
id 0 0 id 0 0 0 id 0 0 id 0 0 0
id 0 id O 0 0 id 0 id 0 0
id 0 0 id O 0 0 id id 0
0 0 id 0 0 0 id 0 0 0 id 0 id
29 S0
L/// \\\\ L/// \\\\
[ ] [ ] [ ]
0| ds 0 0 dy 0 0
_ 0 C d ~ C d
Ram 1 1 Kam 2 1
0 0 —CQ do 0 0 —CS d()
0 0 0 Cs 0 0 0 Cy

(115a)
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0|ds O 0 0 dy 0 0 0
_ ol o cC d 0 _ 0o C d 0
KS— 1 1 K4— 2 1
0 0 702 d() 0 *03 dO
0 0 C3 0 C4
[ ] [ ] [ ]
Ko T AR i
o T o T
id 0 0 0 id 0 0 0 id 0 0 0 id
0 id 0 o0 0 id 0 o0 0 id 0 0 0
0 id o0 0 0 id 0 0 0 id o0
0 0 id 0 0 o0 id 0 0 0 id
_0 . S0
k- IESE 4% TN
[ ) [ ) [ )
ds 0 0 0 dy 0 0 0
0o C d 0 0o d 0
K3: 1 1 K4: 2 1
0 0 —CQ do 0 0 —C3 d()
0 0 0 Cs 0 0 0 Cy

From this point on, the complexes K;, K; become identical with K; from (108).

0 0

0 0

id 0

0 id
(115b)

Theorem 11. Consider the family of n-dimensional (n > 4) spacetimes (M, g) introduced at the
top of Section 3.3, warped products of a static 2-dimensional factor (M, g) and a constant curva-
ture factor (S,Q) with sectional curvature o, which includes the higher dimensional Schwarzschild
(Schwarzschild-Tangherlini), Taub and pseudo-Schwarzschild solutions, possibly with a monzero
cosmological constant. The full compatibility complex K; for the Killing operator Ko = K (105) is

given by

0
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[r@fo.+4) | 00
dr$0,—dtf-| vV 0
dr5D3 | dtLED vV
| 20f 0 Co
fid | 0 0 T
o‘ [0 —dr-(—)] dr-(—) id | 0
_ : ”
- [id 0 7 0 0 {1] [
0 dl{() —r2dt-(—)] dl[r2dt-( )} “T L
0 0 dy 0 2
0 0 —Co do | 010
0 0 0 C1
id|0o 0 0 J
— 1
0fid 0 0| _g |,
010 id 0 ol
0]0 0 id

0
id
J.

(116a)
0
o
0
J3
id
(116b)



_ H, ;
0 ‘ HJ2
Ky=10|0|d 0 0 0], (116¢)
000 Cy di O
0l0[0 0 —-C do
0/0] 0 0 0 O,
[0l0]ds O 0 0]
_ olol0 Ci di O
E=10lol0 o —Cy do |’ (116d)
0joj0 0 0 Csf
[d; 0 0 0
7 0 01;2 d1 0 . o
K; = 0 0 —Ciy do B<i<n-—2), (116e)
0 0 0 C;
) [d2 0 0 0
Kn o= 0 Chu di 0f, (116f)
L 0 0 —“n-3 dO
~ [d.oy O 0
Ky, 1= 0 s dy (116g)
Ki=0 (n<i). (116h)

where f(r) is defined in (64) and fi = rf'(r), d; and d; denote the exterior derivatives on i-
forms, on M and M respectively, while D and C; are the covariant derivative and the Calabi
complex operators (32) on (S,2), and we have also used the operators Jy (99), Jo (100), Hy, (110),
Hy, (113). (See Appendiz B.3 for a more complete summary of the notation.)

While we have unambiguously defined the operators Jy, Ja, Hy,, and H,, we have not com-
puted them explicitly. For our purposes here, it is sufficient that they exist and satisfy a few
defining properties. Of course, in individual cases, they could be easily computed using computer
algebra.

Proof. The proof is very much parallel to the proof of Theorem 10. We start with the knowledge
that the complex (108) is a full compatibility complex. Then, gluing together (from left to right) the
diagrams (109), (111), (114) and (115), we observe that the glued diagrams satisfy the hypotheses

of Lemma, fl This implies, that K; is a full compatibility complex as well, which in turn implies
that so is K;, whose operators we have explicitly listed in (116). O

The non-vanishing ranks of the vector bundles in the K; complex have the following pattern,
which can be compared to similar table for the constant curvature (Section 3.1) and FLRW cases
(Section 3.2, where m = n — 1, for comparison):
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n=4 n=5 n==6 n>4
i 4 5 6 n—2)+1+1
I_{O 10 15 21 (=002 4 9(n—2)+3
" 18 35 64 22+ (=1 —-2)+(n—-2)+(5) + (n—2)+1
" 12 35 9%  (n—2)(";) +m-2)("3") + &2 My 4 (- 2) +1
R LFR ) 20 = 2)(") + CF2 () + ()
N (20 (100 ¢ )i - 2)(*7) + S () 4 (7)
Z (i) + (=26 = D () + SR 7)) + ()
o 2 4 7 (n=2)n=8) 4 4

Remark 7. In n = 4 dimensions, it is well-known [21, 31] that, for practical purposes, taking
the linearized Einstein equations into account, the gauge invariant degrees of freedom for linear
perturbations on the Schwarzschild background reduce to the Regge-Wheeler (axial) and Zerilli
(polar) scalars, or equivalently the complex Teukolsky scalar. It is even possible to give the
Regge-Wheeler and Zerilli scalars local and manifestly gauge-invariant definitions, based on the
linearization of curvature tensors vanishing on the Schwarzschild background [10]. However, it is
also known that there exist so-called algebraically special modes that are not pure gauge but lie in
the kernel of these gauge-invariants [38]. Hence, this small set of invariants cannot be considered
complete in our sense. In our construction, K; has 18 independent components (without taking
the linearized Einstein equations into account, though). But our construction proves that they
form a complete set of local gauge-invariants.

Remark 8. In analogy with Remark 4 about FLRW geometries, it is worth noting that the K;
complex presented above is not continuously deformable through the class of gST spacetimes to
the M = 0 case, which corresponds to the constant curvature limit. The main reason, again, is
that the operators J; and Ja, introduced in Equations (99) and (100), are proportional to 1/M
and hence diverge in that limit. These operators, together with their factorizations H;, and Hj,
appear in several places in the formulas (116) for the operators K; (for i > 1). Thus, also in this
case, it would be difficult to compare the local gauge-invariant components of our K; operator
to the components of the linearized Riemann operator, which would also be given by long and
unenlightening expressions. A more fruitful comparison would be to try to express the components
of our K in terms of the linearized IDEAL characterization tensors that were recently constructed
for the gST geometries [24].

However, the intuition proposed in the second paragraph of Remark 4 still largely applies to
the components of our K. In particular, our J; operator is directly analogous to the .J operator
introduced for FLRW geometries. On the other hand, the J5 operator did not have a direct analogy,
so the way it induces gauge invariant components of K, is slightly different.

4 Discussion

In this work, we have studied the construction of the compatibility complex (Definition 2) Kj,
1=0,1,2,..., for a linear differential operator K of finite type (Definition 7). The construction
proceeds by putting the operator K into a canonical form of a flat connection and then lifting the
resulting twisted de Rham complex to a compatibility complex for Ky (Theorem 9). Our primary
and motivating example of an operator of finite type is the Killing operator Kup[v] = Vv + Vi,
on a Lorentzian (or even pseudo-Riemannian) manifold (M, g). Once known, the components
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of the first compatibility operator K7 can be interpreted (as discussed in the Introduction) as a
complete set of local gauge-invariant observables in linearized gravity on (M, g).

We have applied the abstract construction of Section 2 to several physically motivated examples:
flat (Minkowski) and constant curvature (de Sitter or anti-de Sitter) spacetimes in Section 3.1,
cosmological (FLRW) spacetimes in Section 3.2, (Schwarzschild-Tangherlini) spherically symmetric
black hole spacetimes* in Section 3.3. In each case, we have kept the dimension n = dim M general,
allowing at least n > 4. While the contents of Section 3.1 are well-known (they were previously
reviewed in more detail in [23]), the Killing compatibility complexes constructed in Sections 3.2
and 3.3 are new.

One may wish to compare the main result for FLRW geometries, Theorem 10, with the recent
works [13, 9, 14], which were the first to (a) construct, (b) give a geometric interpretation to
and (c) prove completeness for the first compatibility operator K; in a context very similar the
one considered in Section 3.2 (the difference is that here we do not include the presence of a
dynamical scalar inflaton field on an cosmological FLRW geometry). The systematic approach
developed in this work can also be easily applied in the presence of an inflaton field. Then, the
systematically constructed compatibility operator K; would be necessarily equivalent to what was
obtained in [13, 9, 14]. The difference is that our systematic construction automatically comes
with a proof of completeness, while the previous proof of completeness given in [13] relied very
heavily on parallels with known results for the flat and constant curvature cases [19, 23], without
an obvious way to generalize it. On the other hand, our systematic construction does not give a
Stewart-Walker-like (cf. the introduction to Section 3) geometric interpretation to K as a linear
local gauge-invariant observable. On the other hand, the approach put forward in [9, 14], of
constructing a candidate K1 by linearizing an IDEAL characterization of the background geometry,
automatically gives K a Stewart-Walker-like geometric interpretation, but does not automatically
prove completeness.’ Thus, we see great potential in joining the methods of the current work with
those of [9, 14] to construct universal Killing compatibility operators (equivalently, complete sets
of linear local gauge-invariant observables) on a variety of backgrounds, while getting the benefits
of straightforward geometric interpretation and of a systematic way to prove completeness.

For the Schwarzschild black hole (and its higher dimensional generalizations), the Regge-
Wheeler and Zerilli local gauge-invariants have been known for a long time [25]. Other local
gauge-invariants have also been proposed (see [21, 31, 1] for a brief review). However, to our knowl-
edge, no claim of completeness has ever been made for an explicit set of local gauge-invariants on
Schwarzschild. Thus, even our construction of the first compatibility K7 operator in Section 3.3
appears to be new. On the other hand, the 4-dimensional Schwarzschild black hole does have a
known IDEAL characterization [12], recently extended to higher dimensions [24], so as was argued
in the previous paragraph its linearization would have provided a good candidate for K;. To our
knowledge, this has not been done explicitly in the literature. Again, comparing that heuristic
construction with our systematic approach would be very interesting.

The next logical step is to apply our methods to the Kerr black hole and higher dimensional
(Myers-Perry) generalizations. As a first step, we intend to construct a Killing compatibility
complex for the Kerr geometry [2], thus providing a proof of completeness for the list of local
gauge-invariants recently proposed in [1].

Once the Killing compatibility complex is known on a given geometry, this information has
interesting applications to the symplectic and Poisson structures on the space of solutions of lin-
earized gravity [23, Sec.5].

Acknowledgments. The author thanks S. Aksteiner, L. Andersson and T. Béckdahl for many
useful discussions on gauge-invariant observables, as well as B. Kruglikov and W. Seiler for pertinent
feedback at the early stages of this work. Also, the author was partially supported by the GACR
project 18-07776S and RVO: 67985840.

4The family of spacetimes considered Section 3.3 is actually richer than just asymptotically flat spherically
symmetric black holes (the Schwarzschild-Tangherlini ones). More generally, it allows for a non-zero cosmological
constant and also allows to substitute spherical symmetry for planar or pseudo-spherical symmetry, which respec-
tively give rise Taub’s plane symmetric spacetimes or to pseudo-Schwarzschild solutions.

5 Although, the only possibility we know in which completeness might fail is when the IDEAL characterization
tensors vanish at quadratic or higher order when approaching the isometry class of the characterized geometry in
the space of metrics. Then their linearization might fail to capture all of the linear invariants.
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A Flat connection form for PDEs of finite type

We have chosen to express our definition of a PDE of finite type (Definition 7) directly in terms of a
flat connection (Definition 6). Elsewhere in the literature, the definition is given in different terms,
but the equivalence with the form of a flat connection is well-known, even for nonlinear equations.
For instance, the contents of Rmk.2.3.3, Rmk.2.3.6, and Ex.2.3.17 of [30] concern precisely the
equivalence between these two possible definitions.

For the convenience of the reader, we give an elementary proof of this equivalence for linear
equations, which is all that we will need. When we speak of equivalence below, we mean in the
sense of one operator complexes of Definition 1. The length of our proof mostly reflects the amount
of notation that we have needed to introduce along the way to make the argument as explicit as
possible.

For the following definition, we need to quickly introduce the notion of jets and jet bundles [30,
Secs.2.1-2]. Given a vector bundle V — M, the N-jet jNv at x € M of a section v € T'(V) is the
equivalence class of sections that have the same Taylor expansion about x up to order N in local
adapted coordinates on V' — M. The definition clearly does not depend on the choice of adapted
coordinates. Denote by JNV the vector space of all N-jets at  and let JNV = ||, .., JNV be
the N-jet bundle of V, which can naturally be given the structure of a smooth vector bundle
JNV — M, with J°V = V. By throwing away higher terms of Taylor series expansions, we
can define natural projections 7%, : JNV — JN'V when N > N'. By assigning to a section
v € T(V) its own N-jet at each point of M, we can define the natural N-jet extension differential
operator jV: (V) — I'(JVV), which is universal in the sense that for any differential operator
D:T(V) — (W) of order at most N, there exists a unique vector bundle map p®(D): JNV — W
such that D[v] = d(jVv). Extending this notation, we denote by p!(D) = p°(j' o D) the I-th
prolongation of D.

Definition 12. Let V. — M and W — M be vector bundles and K: T'(V) — T'(W) a linear
differential operator. The PDE K[v] = 0 is said to be of finite type when (a) locally there exists
an integer N < oo, a vector bundle morphism r: J¥V — JNTW and a differential operator
A: T(W) — T(JN*TV) such that jNH v — k(jNv) = NK[v]] for any v € T(V), as well as (b)

locally the dimension of the solution space is finite and constant.

Proposition 13. If a differential operator K: T'(V) — T'(W) between vector bundles V. — M,
W — M defines a PDE of finite type K[v] = 0, then K is equivalent to a flat connection operator
D on some vector bundle U — M.

Proof. Our proof will consist of three steps: (a) equivalence of the original differential operator
K to a connection D on JNV together with a non-differential constraint E: J¥NV — W’  (b)
equivalence to the restriction D of D to the sub-bundle U «— JNV — M _satisfying the non-
differential constraint E() = 0, and (c) equivalence to the restriction D of D to the sub-bundle
U < U — M spanned by flat sections.

Since all of our definitions and claims are local, we might as well work in local adapted coor-
dinates on V, W and any other vector bundles. For instance, we will use coordinates (z%) on M,
(z%,v*) on V and (2%, v, v*! ... v®N) on JNVV, such that v, (N é(z)) = O*v*(4(z)), where
OF stands for all possible independent partial derivatives of order k with respect to the (z®) coor-
dinates, with similar notations used for other bundles. Also, when there is no confusion, we will
denote a general section of a vector bundle V' by v, a general section of W by w, and so on. We
will denote a general section of JVV by v¥) = (v, 01, ... 0N).

Before proceeding, let us establish some notation. Namely, supposing that K is a differential
operator of order k, there is a unique non-differential bundle map that factors K through k-jets,
which we denote by p°(K)(j*v) = K[v] and similarly p'(K)(j*T'v) = j'K[v]. Also, we will need
the algebraic operators ¢, defined by the identity® 9%(0'v) = 1, (0%t w), as well as the differential
operators Al defined by the identity

AN[Ov — 11 (v1), ..., 00N T — 1 (o), 00N — 1 (VT = OF v — 1 (W7, (117)

6The non-triviality of the identity stems from the fact that 8%(9'v) has more components than %+, if we do
not symmetrize the partial derivatives between the &% and &' operators.
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for k < N. These operators basically encode the identities 9% —v = 0, 8'v — 11 (v!) = dv — 11 (v1),
0?0 — 12(v?) = 9(Ov — 11 (vY)) + (Ovt — 11 (v?)), .. ..

(a) Essentially, all the information that we will need to establish the first equivalence is con-
tained in the bundle map « and the differential operator A from Definition 7. The non-trivial infor-
mation is contained in the highest order components, 9N +1v—xN+L (v, gv, ..., 0Nv) = AN HL[K[v]],
which implies the identity

(O v) — 11 (kN (v, dv, ..., 0N v)) = Lt AN LK [v]]). (118)

That last identity will be a crucial piece of our definition of a connection on JNV.
To complete the necessary definitions, we will need the differential operator P;: I'(W) —
[(T*M ®j; JNV) given by
0

Pilw] = o . (119)
(AN w])

Next, the bundle W’ and the bundle map E: JN — W are chosen so that ker E = 7}’ (ker pV' (K))
for some N’. Since we are allowed to specify N and N’ as we like, we can pick them so that N’ > 0,
N > k. The meaning is that F takes into account all integrability conditions of order NV that can
be obtained by prolonging the equation K[v] = 0 by N’ differentiations. By construction, there
must exist a differential operator Py: T'(W) — T'(W’) such that Py[K[v]] = E(jv). Also, since
we have presumed that N > k, we have 7Y (ker E') C ker p°(K) and there must exist a bundle map
Py: W' — W such that PyE = p°(K)7i'. It remains to define the connection on JNV, which we
give by the formula

v Ov — 11 (vh)
vl ol — 11 (v?)
D| : |= : : (120)
oN-1 N1 — 4y ()
o OvN — 1 (KN T (v, 0t o))

Having introduced all the necessary notation. The desired equivalence is explicitly exhibited
by the diagram

K
v w
Yo R L
SR
Py 0 N 5
e {pj [pr 02} P"], (121)
[-ay o]
7 T N
Py - {ﬁ )}
w/

where v{v denotes a general section of T*M @5, JNV — M. To prove that we have an equivalence,
we must verify all the conditions required by Definition 1. The commutativity of the squares formed
by solid arrows follows from direct computations. One is involves only the defining properties of
P, and P;, while the other uses the definitions of AQI and Py:

8y R [B] - K = 000FD) + () PR ()

= p*(K)my (% mg —id) + p°(K)m (id — jVmg') = 0.
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The remaining checks involve the homotopy corrections:

wéVjN:id—O
i 7r0 —1d—|—(j 7r0 —1id)
=id + AYD,

(1= sy n] (] - 0) & = & - (00 (i) - (K

— K — p"(K)(AND)N — (PoE)N
= K = p*(K)(j*m) — =)™ = p°(K)j* =0,

(o al=[a]pasr ai-[z]imax a)

- [2} B [ﬁj PU(K) ((Fmy =7 )+ 7f)) — [D} (id — jN )

~([2]-[R] )= [

(b) The next step is to eliminate the non-differential E(v,v',...,v") = 0 constraint. By
introducing a sub-bundle ¢: U < JYV — M such that U = kerE In general ker E/ need not
be a vector bundle (the fiber ranks may be non-constant over M), hence U might not exist as
a bundle. However, from requirement in Definition 12(b), we know that the dimension of the
solution space of K[v] = 0 is finite and locally constant, which by part (a) of our proof also
applies to the solution space of D[U(N )] = 0 under the E-constraint. In fact, the dimension of
the solution space on a neighborhood of x € M is bounded from above by dimker, E, simply
because a D-flat section is uniquely determined by its value at any one point. The only reason that
an element u, € ker, F might not correspond to a local solution is that there might exist some
higher order differential consequence of D[v™)] = 0 (or equivalently of K[v] = 0) that imposes
further integrability conditions on j™v, which @, may not satisfy. However, from the theory of
formal integrability of PDEs ( Cartan-Kuranishi theorem [30, Sec.7.4]), it is well known that past
a certain finite differential order N’, no further constraints on jNv will appear from considering
ON'K[v] = 0 or higher order differential consequences. Let us use this order N’ (or any higher
one) to influence the definition of the E-constraint that we introduced in part (a) of the proof.
That is, we are free to assume that E has been chosen such that every element u, € ker, F defines
a unique local solution” of K[v] = 0 with j¥v(x) = @,. In other words, dimker, E is equal to
the local dimension of the solution space about x € M. But then, by the finite type hypothesis
on K[v] = 0, we know that dimker, F is locally constant, meaning that ker E is indeed a vector
bundle, which we can denote by ¢: U — JNV — M.

Since we are working locally, we are free to presume that there also exists a projection bundle
map ¢: JNV — U such that g = id. In the other direction, we have the identity (id — )t = 0,
which means that there must exist a bundle map h: W’ — JNV such that tq = id — hE. Further,
we can define a connection operator D on U by the formula

Di = ¢ (), (122)

where we have introduced the convenient notation ¢1 = id ® ¢: T*M @ JNV — T*M Qu; U.
We will use the same convention also for F1 = id ® F and ¢; = id ® t. We finally have all the

"The existence of such a solution is guaranteed by applying D-parallel transport.
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ingredients to exhibit the next equivalence

¥ o
Ko, > w'
o]
. 1 (123)
[0 —aon] |||
,—‘—_Q——~~\
L’///”/ \\\\\\\ ~
u 5 Uy

The commutativity of the solid arrow squares we first need one more identity. Let us define
E' = hE;D - DhE (124)

and note that it is a non-differential operator (as follows from the basic properties of the connection
operator). From its definition, E’(v(N)) = 0 is also an integrability condition. But by the discussion
from the preceding paragraph, E(V(N )) = 0 already takes into account all possible integrability
conditions. Hence, we must be able to factor £/ = h'E for some bundle map h': W/ — T* M®; W',
from which follows the identity

hiE\D =DhE + h'E = (Dh+ I)E. (125)
Hence,

e [o] =[P = (M = [ = ]

Dg— [@n —qDh] [g} = q1D(q) — 1D(id — hE) = 0.

The first set of identities involving the homotopy corrections also easily follows from the definition
of the ¢ and ¢ bundle maps. We check the remaining ones by direct computation:

id— [¢1 —qDh] {L(ﬂ =id —q1t1 =0,

([ 0]~ [o] ln —amn = 2|0 w) = [l oY

_ -hlEl —(hlEllD))h:| _ |:h1E1 —(Dh+h/)Eh:|

0 id — Eh 0 id — Eh
~[id (Dh+n)] [MEy —(Dh+h)
|0 id 0 id—FEh |’

where the last factor has the property

) o) ) = Lo - o]

(c) At this point, we know that the local solutions of K[v] = 0 are in bijection with the D-
flat local sections of U — M. In principle, it is now sufficient to check that D is flat (if it were
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not flat, then the rank of U could not coincide with the dimension of the local solution space of
K[v] = 0, though the two do coincide by construction from part (b) of our proof). However, we
will take a slightly indirect route and show a more general result, that will also be referred to in
our discussion of the Killing equation in Section 3. Namely, provided the local solutions of Di =0
span a sub-bundle 7: U < U — M, we will show that the restriction of D to U — M is flat and
the original Da = 0 equation is equivalent to the new D@ = 0 equation.

In our case, from the finite type assumption on K[v] = 0, we know that the local solution space
has locally constant (finite) dimension, which is easily seen to be equivalent to the local solutions
of Di =0 spanning a sub-bundle.

Now, under our hypotheses and since we are working locally, we can choose a frame on U — M
which corresponds to flat sections 45 on U. Namely, we define 7(z) = ﬂﬁﬁg. Locally, there also
exists the projection bundle map §: U — U — M, which satisfies o = id and hence acts as
q (P@g) = u. Hence, using again the notation 7; = 1 ® 7, we get the identity

D[i(@)] = di” ® dg + @” (Dig) = di’ @ @5 = 1 (Da), (126)

where d is simply the exterior derivative acting on the scalars % and we have defined D to act on
the frame components of @ as (D@)? = du®. The operator D is clearly a flat connection on the
bundle U — M. It remains only to exhibit the equivalence between the equations Di = 0 and
Da = 0.

As we already discussed in part (b) of our proof, when z is not surjective, there must be
some integrability conditions that follow from the differential consequences of Du = 0. In other
words, there exists a differential operator A such that AD is a non-differential operator, satisfying
(S\D)L =0, with ¢: U < ker 2D actually being an isomorphism. Again, as before, this means that
there exists an operator h such that 7g = h(AD). Recalling again the notation, Uy =T*M @y U
and U3 = T"M @, U, as well as 1 = id ® § and 77 = id ® 7. With that in mind, the desired
equivalence is explicitly given by the diagram

i D i
. B
oo
a| |z @ (Gd—DRX) | |71 - (127)
_o_
U cal BN u
D 1

The arguments to check all the required identities are similar to those in part (b). We check that
the solid arrows form commutative squares by direct computation:

Dg = ¢:D(iq) = 1D — @ DRAD = ¢ (id — DAA)D,
D = 1 D.
To check some of the identities with the homotopy corrections, we need one more identity.
For ease of notation, define £ = A, which by assumption is a non-differential operator which

incorporates all the integrability conditions of the equation D& = 0. Just as in part (b), since
all integrability conditions must factor through E, there must exist an operator i’ such that

hiE\D — DhE = I/ E, which implies the identity

[h1E; — (Dh + K)AID = 0. (128)
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Hence, we can verify that
id — gz =0,
id — g — hAD = 0,
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=
>~

=

=
S
S—

This concludes the proof. O

Since according to Definition 12 the flat section equation Dv = 0 for a flat connection D is itself
of finite type (with N = 0), Proposition 13 shows that Definitions 7 and 12 are clearly equivalent
and can be used interchangeably.

The reader might notice that the structure of parts (b) and (c) in the proof of Proposition 13 is
rather similar. The reason that we have included both of them in detail is that part (c) can basically
be read independently and establishes the following (of course also well-know) more specific result:

Lemma 14. Let I be a connection on a vector bundle V. If the local solutions of the flat section
equation Dv = 0 span a sub-bundle W < V', then the restriction D = D|w of D to W is a

flat connection on W. Moreover, D is equivalent to D in the sense of one operator complexes
(Definition 1).

B Notation reference

B.1 Constant curvature spacetime

e curvature constant Section 3.1
C;, Cy = K Calabi compatibility complex for Killing operator K (32)

ST Kulkarni-Nomizu product (28)
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B.2 FLRW spacetimes
(M, g) = (I x F,—dt* + f2")
«

Ua

Raped, Rav, R

0,V

A, div, tr

v = AfU, + X,

hab = pUan - 2f2U(aY/b) + fQZab

K
Ci,Co=K
J,J

Hy Hy

FLRW geometry, with scale factor f
curvature constant
unit covector normal to F' factor

background Riemann, Ricci and scalar
curvatures on (M, g)

derivative operators extended from I
and F to M

Laplacian, divergence and trace ex-
tended from F' to M

covector parametrization, U X, =0

symmetric 2-tensor parametrization,
UY,=0=U%y4
Killing operator on (M, g)

extension of Calabi and Killing opera-
tors from (F, g") to M

operator to extract A = J o K[v], sub-
component J

factorization of J,.J
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Section 3.2
Section 3.2
Section 3.2
(41)
Section 3.2
(53)

(34)

(36)

(37)

(40)

(44), (47), (51)

(49), (48), (52)



B.3 Schwarzschild-Tangherlini spacetimes
(M,g) = (M xS8,g+7*Q),V,

Rapea, Rap, R

Tabed
(8,),Da
(9:9), Va
Raped, Rav, R

—f(r)

fulr) =rf'(r), fa(r) =" fi(r)

M, A«
te = _fdta
7 Tq = drg

L | fdty + undrg
b r(rXa)

h/uy |:p Talh — 2t(awb)

r(r¥pa)

K

Ci,Co=K

J1

J2

Hy,, Hy,

Hy,, Hy,
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r(rYap)
7"2ZAB

|

generalized Schwarzschild-Tangherlini
(gST) spacetime, covariant derivative
background Riemann, Ricci and scalar cur-
vatures on (M, g)

A-shifted background Riemann curvature
on (M, g)

constant curvature factor,
derivative extended to M
radio-temporal factor, covariant derivative
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