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1 VYZAROVANI V SILNE GRAVITACI

[i][ rovonce sruview - sruowmrenzororasoy ]

Pro pochopeni problematiky vyzafovani v extrémni gravitaci, je nutné, aby student ro-
zum¢l zakladiim klasické mechaniky a gravitace. Aby mél povédomi o rozdilu mezi Ne-
wtonovym silovym formalizmem a Einsteinovym geometrickym konceptem pii popisu
gravitace. Rozumét analyze pohybu testovacich ¢astic ve fyzikalnich polich, uréeni a in-
terpretaci pohybovych konstant. Zakony zachovani energie a hybnosti. Dale by m¢l stu-
dent rozumét Einsteinovu vztahu mezi hmotnosti a energii. Student by mél také byt obe-
znamen se zaklady kvantové teorie. M¢l by rozumét problémiim vysvétleni spektra zafeni
absolutné ¢erného télesa, které vedly Plancka k formulaci kvantovani energie harmonic-
kého oscilatoru. Koncept vlnové funkce a fyzikalni interpretace vlnové funkce. Rozklad
vlnové funkce do baze staciondrnich stavi.

[ verw waseo sruombsowaremars ]

Studijni material je kratky film, ktery podle, zde pfedlozeného scénare, nejprve pied-
stavi samotny objekt, ktery je centrem vyukového materidlu a ¢ernou diru V jejimz bez-
prostfednim okoli je gravitacni pole extrémni. Jsou vysvétleny dva stézejni mechanizmy
vyzafovani Hawkingovo vyzarovani a Penroseliv proces. Prvni fenomén je disledek ana-
Iyzy kvantovych poli na ¢ernodérovém pozadi. Druhy fenomén je klasicky, nekvantovy.
Nakonec je problematika vyzafovani v extrémni gravitaci shrnuta do tfi termodynamic-
kych zédkonl. Tady termodynamikou rozumime termodynamiku ¢ernych dér ve smyslu
analogie jejich tfi zdkont se tfemi zakony klasické termodynamiky.

Hletesrombomaremars ]

Student nahlédne do néasledujicich témat a otevie se mu cesta k jejich dal§imu pro-
hloubeni a hlubSimu pochopeni:

o Cerna dira a horizont udalosti

e Termodynamika ¢ernych dér

e Hawkingovo zéfeni

e Vyparovani ¢ernych dér

e Extrakce energie z rotujici ¢erné diry

SN
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Schwarzchildova ¢ernéd dira, Kerrova ¢erna dira, Termodynamika ¢ernych dér, Ha-
wkingovo zéfeni, Penrosetiv proces.

casrormeanviesrion ———— [[7]

Stopaz studijniho materialu: 16 minut

Doporuceny c¢as ke studiu: pro vypracovani zadanych uloh a seminarni prace 14 dni

e

Zéakladni popularizac¢ni literatura

Hawking S. W., Cerné diry a budoucnost vesmiru, Mlada fronta (1995)
Novikov I D., Cerné diry a vesmir, Mlada fronta (1985)

Thorne K. S., Cerné diry a zborceny &as, Mlada fronta (2004)

Kulhédnek P., Havlicek 1., Rozehnal J. a Bfen D., vzdélavaci portal
https://www.aldebaran.cz/astrofyzika/

D T

V piipadé hlubokého zajmu o dané téma doporucuji nasledujici zakladni ucebnice:

D’Inverno R., Introducing Einstein’s Relativity, Oxford University Press, 400s (1990)

Carroll S. M., Spacetime and Geometry, Cambridge University Press, 500s (2019)

._________________________________________________________________________________________________________________________________________|
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1.1 Scénar

Scénaf je rozdélen do nasledujicich Sestnacti obrazi:

Po¥. ¢. Obraz Text Piiklad/Example | English translation
Visualizace | Lod s astronauty konec- The ship with astronomers fina-
okoli  Ke- | n¢ dorazila do cile. Par- Ily reached its destination. It
rrovy cerné | kuje na kruhové orbité parks on the circular runway
diry se spi- | rotujici ¢erné diry a asr- nearby the rotating black hole.
nem tonauté sleduji defomo- The astronomers start to watch
a=0.9982. vana souhvézdi a stin the deformed constellations and
Lod je kru- | ¢erné diry na hvézdném the shadow of black hole in the
hové geode- | pozadi. Tady za¢ina naSe star background right away.
tické orbité | cesta za poznanim kon- Here starts our journey for
v ekvatori- | strukce obrazu, ktery knowledge about image con-

alni roviné.

astronomové uvidi.

struction which astronomers are
going to see.

Zabér do
lodi.

Cerna dira je extrémné
kompaktni objekt. To
znamenda, Ze jeji hmot-
nost, cca od 10Msol pro
107 Msol, je napécho-
vand do velmi malého
objemu o poloméru, kte-
ry je mensi nez 2GM/c"2
pro nerotujici Cerné diry
a mensi nez
G(M+Sqrt(M"2-
a"2))/c"2 v ptipadé rotu-
jicich ¢ernych dér.

Tato hranice se nazyva
horizont  udélosti a
znamana, ze zadny sig-
nal, zadna informace, se
nedostane z oblasti pod
horizontem, ani kdyz se
bude pohybovat rychlosti
vys8i nez je rachlost svét-
la.

Pro ilustraci uvazujme
hmotnost  ¢erné  diry
10Msol, pak pro static-

The black hole is an extremely
compact object.This means its
weight from 10 - tens millions
weight of Sun is squeezed into a
very small volume with smaller
radius than 2GM/c”2 for non-
rotating black holes and smaller
than G(M+Sqrt(M"2-a"2))/c"2
for rotating black holes.

We call this boundary an event
horizon. No information or sig-
nal will get away from an area
underneath the horizon even if
it moves faster than the speed of
light.

If the black holes weight is
around 10 of the Sun, this me-
ans that a static black hole
(Schwazchild’s) would have its
horizon’s radius around 30 ki-
lometers big while the extreme-
ly rotating Kerr’s black hole
would have around 15 kilome-
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kou cernou diru
(Schwarzchildovu) bude
mit polomér horizontu
cca 30 km a pro extrém-
n¢ rotujici Kerrovu cer-
nou diru to bude cca
15km.

ters.

Horizont
cerné diry.
Emitované
fotony.

Klasickd cernd dira je
temny objekt, ktery pohl-
ti vSe, co se ocitne pod
jejim horizontem. OvSem
fundamentalnim  zakla-
dem je svéta je kvantova
mechanika.

A I kdyz zatim neméme
kvantovou teorii gravita-
ce, bylo uskute¢nény
dalezité objevy v souvis-
losti se studiem kvanto-
vé-mechanickych poli na
pozadi zaktivenych pro-
storocastl.

Tim velmi dualeZitym
vysledkem je objev, Ze
Cerné diry emituji ¢astice
s tepelnym spektrem —
Hawkingovo zéfeni. Nez
se do n¢j plné ponofime,
zacneme od zacatku.

Co viibec vedlo fyziky
postulovat a studovat
termodynamiku ¢ernych
deér?

A typical black hole is a dark
object which absorbs everything
underneath its horizon.
However, the fundamental basis
of our world happens to be
guantum mechanics.

Although the quantum theory of
gravity has not been formulated
yet, we have made some
discoveries by  conducting
several studies about quantum
mechanics in a background of
bended spacetime.

One of the most important
discoveries is that black holes
apparently  keep  emitting
particles with thermal radiation
- Hawking's radiation. Before
we get too immersed in it, let's
start at first from the beginning.

What led physicists to conduct
and study the thermodynamics
of black holes?

Rotujici
cerna dira a
pohyb cas-
tic. Ukaza-
tele hodnot
E a L. Stavy
vné a uvnitt
ergosféry.

Termodynamika cernych
dér je tzasny predmeét
obecné teorie relativity, a
jeji zacatky hledejme u
analyzy pohybu castic v
Kerrové geometrii (v poli
rotujici ¢erné diry).

Pohyb castic je ve staci-

The thermodynamics of black
holes represent an amazing
subject in the theory of
relativity. We can find its origin
in the analysis of particle
movement in Kerr's geometry
(in a field of a rotating black
hole).
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onarnim prostoroCase
uréen dvéma pohybovy-
mi konstantami, kovari-
antni energii E a momen-
tem hybnosti L. Daleko
od cerné diry (a hlavné
vn¢ ergosféry) je E>0
(¢asovy Killingliv vektor
je Casupodobny), ovsem
pokud se vnofime do
oblasti ergosféry, tak
zjistime, ze tam existuji
trajektorie podél kterych
je E<0 (¢asovy Killingiiv
vektor je zde prostorupo-
dobny).

Vné ergosféry takové
trajektorie, tj. s E<O, ne-
existuji. To znamend, Ze
Castice, kterd je na trajek-
torii s E<O musi bud'to
zustat v ergosféfe nebo
spadnout pod horizont
udalosti nebo musi byt
akcelerovéna aby se do-
stala ne orbitu s E>0 a
mohla  tak  ergosféru

The particle’s movement in a
stationary spacetime is defined
by two movement constants,
covariant energy E and the
angular momentum L. Far away
from black hole ( most
importantly outside the
ergosphere) is an E>0 (the time
of the Killing” vector field is
similar to time interval).
However, if we get into the area
of the ergosphere we would find
out that there are trajectories
with E<O along them (the time
of the Killing’s vector field is
similar to the space interval
here in this case).

Trajectories with E<0 do not
exist outside the ergosphere.
Due to this, any particle which
is with E<0 on any trajectory
must either stay in the
ergosphere  or must fall
underneath the event horizon; it
also has to be accelerated in
order to get on the orbit with
E<0 and then leave the

opustit. ergosphere right away.

Penrostiv Existence trajektorii s The existence of trajectories
proces. E<0 vede k procesu, jimz T | with E<0 leads to a process
Experiment | mizeme t&zit z emé| [ . where we can extract the black
alni sonda diry energii na ukor jeji | ""-\w_; el VA hole” energy at the expense of
slozena ze | rotace — Penrostv proces. T its rotation. This is the so-called
dvou Penrose process.

modult A a | Uvazuyyme  sondu S

B. Trasa sloZzenou ze dvou modult Now we move onto the probe
sondy Sdo | SA a SB. Sondu vrhneme consisting of two models SA
ergosféry. po vybrané trajektorii do and BA. We send off the probe
Rozpad na | ergosféry rotujici Cerné with our chosen trajectory to the
SA a SB. diry. Soustava SA+SB ergosphere of a rotating black

ma 4-hybnost P(0) a
odpovidajici kovariantni
energii E(0)>0. \Y
ergosfére dojde k
fizenému rozpadu sondy
S na moduly SA a SB.

hole. The united system
SA+BA has got 4-momentum
P(0) and the corresponding
covariant energy E(0)>0. The
ergosphere undertakes a
controlled decline of probe S to
the models SA and SB instead.
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Velicina P(A) oznacuje
4-hybnost modulu SA a
veli¢ina P(B) oznacuje 4-
hybnost modulu
SB.Protoze se 4-hybnost
soustavy zachovava, plati
pro 4-hybnosti  vztah
P(0)=P(A)+P(B) a
potazmo
E(0)=E(A)+E(B)

The quantity P(A) refers to the
4-momentum’s model SA and
the quantity P (B) refers to the
4-momentum’s  model  SB.
Since the 4-momentum system
is preserved, there are applied
the following connections:
P(0)=P(A)+P(B) and thus also
E(0)=E(A)+E(B).

SB  zanika
pod
horizontem
a SA
opousti
ergosféru s
kovariantni
energii vetsi
nez byla
energie
puvodni
sondy S.

Rizenym rozpadem
sondy S navedem modul
SB na trajektorii s
kovariantni energii
E(B)<0 (detailni analyza
ukazuje, Zze  vhodné
traktorie jsou ty se
zapornym momentem
hybnosti ¢astice, tj. SB
musi byt vrZzena proti
sméru rotace ¢erné diry).

Modul B zanikne pod
horizontem wudalosti a
modul A opusti ergosféru
s energii  E(A)>E(0),
tj.modul A bude mit po
opusténi ergosféry vétsi
energii ne§ méla plivodni
sonda S. Timto
mechanizmem, lze ¢erpat
energii Cerné diry na
ukor jejiho momentu
hybnosti, ktery se
zmen$i. A zmenSi se
nejen moment hybnosti
cerné diry.

By controlling decline of probe
S we direct the module SB to
the trajectory with covariant
energy E(B)<0. The detailed
analysis suggests that the most
suitable trajectories are the ones
with the negative time of
particles momentum. In other
words, SB must be tossed
against the direction of black
hole’s rotation.

The Module B  perishes
underneath the event horizon
whereas a module A leaves the
ergosphere  with  E(A)>E(0)
energy. This means that module
A will have afterwards a bigger
energy than the original orbit.
This mechanism enables the
energy derivation of the black
hole at the expense of its
angular momentum which gets
smaller as a result. The angular
momentum of black hole is not
the only element which gets
smaller though.

Ireducibilni
hmotnost.
Do
ergosféry
cerné¢  diry
sypeme

Hmotnost ¢erné diry a
jeji  moment hybnosti
jsou  “obohaceny” o
zaporny prispévek
energie a  momentu
hybnosti modulu  SB.

The weight of the black hole
with its angular momentum is
enhanced by negative energy
contribution and the angular
momentum of the SB module -
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sondy S.
Rotace a
hmotnost
cerné¢  diry
se zmensuji
az se
zastavi. Na
vahach  se
objevi
M=M(Irred
ucible).

dM=E(B)<0 a
dJ=L(B)<O0.

Ted vas napadne, Ze se
takhle mizeme elegantné
zbavit svétového odpadu
a ziskat energii pro celé
lidstvo. To bychom jisté
mohli ale otazka je na jak
dlouho. Protoze
odebirame z cerné diry
moment hybnosti, tak se
jednoho krasného dne
zastavi. V okamziku kdy
se tak stane bude jeji
hmotnost
M(Irreducible)=A/(16 pi
GN2) = (/2)(M~2 +
SQRT(M”™-(J/IM)"2)).

Tato hmotnost je
priléhavé nazvana
“ireducibilni”.

Penrosovym  procesem
nelze hmotnost Kerrovy
cerné diry sniZit na mensi
hmotnost nez je
M(Irreducible). To
znamena, ze musi platit
pro zménu ireducibilni

hmotnosti relace
dM(Irreducible)>=0.
Zmeéna irreducibilni

hmotnosti mize byt
pouze kladna, nebo
jinymi slovy irreducibilni
hmotnost se nemize
zmenSovat.

dM=E(B)<0 and dJ=L(B)<0.

You may think that this
would help us get rid of the
world's waste and while we are
at it we would get the energy
for the whole humankind. We
could certainly go ahead with it
but it would leave us with a
question for how long it would
last. Since we take away the
black hole’s angular
momentum, it will stop moving
one day. The moment it
happens, its weight will be
M(Irreducible)=A/(16 pi G"2) =
(12) (M2 +  SQRT(M"4-
(I/IM)12)).

This weight IS thus
appropriately called irreducible.
The Penrose process is not able
to decrease the weight of Kerr’s
black hole than this weight.
This means that the following
relation must apply for the
change of irreducible weight:
dM(Irreducible)>=0. The
change of irreducible weight
can be positive only. In other
words, its weight cannot be
decreased at all.

Neklesajici
plocha
horizontu
cerné diry.

Ireducibilni hmotnost a
plocha horizontu cerné
diry jsou svazany piimou
umérou. Pak je jasné, Ze
bude pfiristek plochy
horizontu ¢erné diry dA
také nezaporny,tj.
dA>=0. Plocha horizontu
Cerné diry se nemuZze

Both the irreducible weight and
surface of black hole’s horizon
are connected by a direct
proportion. So it makes sense
that the new addition of black
hole dA would be negative, that
1s dA>=0. The horizon’s surface
cannot be decreased then.

10
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zmensit.

Detailni vypocty ukazuji,
7ze zména hmotnosti, dM,
plochy horizontu, dA, a
momentu hybnosti, dJ,
jsou vzijemné svazany
rovnici dM=k dA/8pi G
+ OmH dJ (A) kde je k
povrhova gravitace
Kerrovy cerné diry k=
SQRT(G"2M"2-
a"2)/(2GM(GM+SQRT(
G"2M”2-a”2))). Rovnice
(A) ptfiméla odborniky
pfemyslet 0
korespondenci mezi
mechanikou Cernych dér
a termodynamikou.

The detailed description shows
that the change of weight dM
and horizon’s surface DJ are
mutually connected by equation
dM=k dA/8pi G + OmH dJ (A).
The Kerr’s gravity of its surface
over there is k=
SQRT(G"2M"2-

a"2)/(2GM(GM+SQRT(G"2M"
2-a"2))).The equation (A) made
experts  think  about the
correspondence between the
black hole’s mechanics and
thermodynamics.

Termodyna
mika
cernych dér.

Prvni zakon
termodynamiky tvrdi,ze
dE=TdS-pdV (B) kde je
T teplota soustavy, p
jejjeji tlak a pdV je prace
vykonand na systému.

O ¢lenu OmH J v rovnici
(A) mlzeme prirozené
uvazovat jako o praci
vykonané na Cerné dite.

Tu praci jsme vykonali
tim, Ze jsme navedli SB
na spravnou trajektorii.
Korespondence mezi
mechanikou cernych dér
a termodynamikou
nabude redlnych obryst v
okamziku kdy
ztotoznime

termodynamické veli¢iny
energie (E), entropie (S),
a teplota (T) s veli¢inami
popisujici¢ernou diru, tj.
Hmotnost (M), plocha
horizontu (A) a
povrchova gravitace (k).
(E<-->M,  S<-->A/4G,

The first thermodynamics law
claims that in the dE=TdS-pdV
(B) equation represents the
temperature system, p is its
pressure and pdV is the work
conducted on the system itself.

We can think about the OmH J
in the equation (A) as a work
conducted on the black hole.

This was done by the direction
of SB to the correct trajectory.
The correspondence between
the black hole mechanics and
thermodynamics acquires the
ral outline the moment when we
identify the thermodynamics
quantities energy (E), entropy
(S) and temperature (T) with
quantities describing the black
hole which is weight (M), the
horizon’s surface (A) and the
surface’s gravity (k). (E<-->M,
S<-->A/AG, T<-—k/2pi).

The thermodynamics system is
in balance in the stationary
condition which corresponds

11
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T<-—k/2pi). with the stationary black hole.
Systém \%

termodynamické

rovnovaze je ve

stacionarnim stavu, tomu

odpovida stacionarni

¢erna dira.

10 0-ty zdkon | Pokud je If the thermodynamic system is
termodyna | termodynamicky systém in a thermal balance, then the
miky.Termo | v tepelné rovnovaze, pak system's temperature is the
dynamicky |je teplota systému ve same in all the levels. The
systém (ty¢ | vSech jeho hodech stejna. analogous claims also apply on
ponozena Analogické tvrzeni plati I the black holes because the
do pro cerné diry, protoze stationary black hole has got a
nekone¢né | stacionarni ¢erna dira ma surface gravity all the same and
lazn¢), povrchovou gravitace ve constant in all horizon's places.
ilustrace Sech mistech horizontu
vyvoje ke stejnou a konstantni.
konstantni
teploté.

Horizont
cerné diry,
vlajecky
levitujici
tésn¢ nad
horizontem
ukazujici v
raznych
mistech
horizontu
stejnou
hodnotu
povrchové
gravitace.

11 1. Prvni  termodynamicky The first thermodynamic law is
termodyna | zdkon je uréeny vztahem defined by the connection (B)
micky (B) a je zakonem and is the law for the
zéakon. zachovani energie. conservation of law. The

Zména jedné fromy change of one single form of
energie odpovida energy corresponds with the
pfislusné zméné jiné relevant change of different
formy energie. forms of energy.

Tteba mechanickd prace For example, the mechanical
se méni na vnitini energii work changes to the internal
a na teplo. Analogickym energy and warmth. The

12
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zdkonem v mechanice
c¢ernych dér je rovnice
(A) ve které jsou
propojeny zmény
hmotnosti, povrchu a
momentu hybnosti ¢erné
diry.

analogous  laws in  the
mechanics of black holes are
equations (A) where the weight
change, surface and angular
momentum of black holes are
connected.

12 2. Jedna z forem druhého One of the forms in the second
termodyna | termodynamického thermodynamic law indicates
micky zakona ftika, ze entropie that the entropy of
zakon termodynamického thermodynamic systems does

systému neklesa, dS>=0. not increase dS>=0.
Analogickym principem The analogous principle in the
v ¢ernodérové mechanice black holes’s mechanics is the
je  zékon  neklesajici law of non-decreasing area of
plochy povrhu horizontu horizon’s black hole surface,
¢erné diry, dA>=0. dA>=0.

13 Hawkingov | Aby byla korespondence To have the correspondence
0 zafeni. mezi termodynamikou a between the thermodynamics

mechanikou Cernych dér
korektni, chybi v ptipadé
cernych dér  dllezita
ingredience a tou je
zafeni.

Cerné diry jsou
produktem klasické
teorie a podle ni prosté
nezafi. Fundamentdlnim
zdkladem pfirody je
kvantova teorie. BohuZzel
zatim  jeSt€  nemame
vybudovanou kvantovou
teorii gravitace. Co ale
mizeme  udé¢lat, je
zkoumat jak se chovaji
kvatovd pole na pozadi
zaktiveného

prostorocasu.

V roce 1976 Stephen
Hawking publikoval
praci ve které zkoumal
feSeni Klein-Gordonovy
rovnice pro kvantové
skalarni pole na pozadi

and black holes” mechanics
correct, there is a missing piece
for black holes and that
represents radiation.

The black holes are the product
of the classic theory and
according to it it does simply
not radiate. ~ The  most
fundamental basis in nature is
quantum theory. Unfortunately
the quantum theory of gravity is
not formulated yet. What we are
able to do though is to observe
how the quantum fields behave
on the background of the
bended spacetime.

Stephen Hawking published in
1976 his study where he
observed the solution to Klein-
Gordon’s equation in the
quantum scalar field on the
background of the static
Schwarzschild’s black hole.

The outcome of his research

13
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statické,
Schwarzchildovy, cerné
diry.

Vysledkem jeho
zkoumani byl objev, Ze
cerné  diry  vyzatuji
Castice. Spektrum téchto
Castic (rozdéleni cCastic
podle energie) odpovida
spektru tepelného zéieni
s teplotou T=k/2pi kde je
povrchova gravitace
k=1/(4GM). Teplota
¢erné diry je tedy
nepfimo umeérna  jeji
hmotnosti. Cim mensi je
cernd dira tim vys$i je
jeji “povrchova” teplota.

was the discovery that black
holes radiate the particles. The
spectrum of these particles (the
distribution of particles based
on the energy) is in accordance
with the spectrum of thermal
radiation ~ with  temperature
T=k/2pi where the surface
gravity is  k=1/(4GM). The
temperature of black hole is
inversely proportional with its
weight. The smaller the black
hole the bigger is its surface
temperature.

14

Vypareni
cerné diry

Kdyz ¢erna dira vyzatuje
energii (prostfednictvim
Hawkingova zéfeni) tak
ze zakona zachovani
energie plyne, Ze bude
ztracet hmotu
(pfipomenime si
oslavovanou Einsteinovu
poucku  E=m  c¢"2).
Ptirozené si pak klademe
otazku mize se cerna
dira vypafit? A pokud
ano jak dlouho takovy
proces vypafovani trva?
Protoze m4 Hawkongovo
zéteni charakter zafeni
absoltné Cerné¢ho télesa,
tak nam na tyto otazky da
odpoveéd Stefantiv-
Boltzmantv zakon.
Zativy vykon ktery do
prostoru vyzaiuje téleso
o poloméru R a s
efektivni teplotou T je
umérny soucinu R”2
T/, \Y/
geometrodynamickych

jednotkach (délka a cas
jsou métené v jednotkach

When the black hole radiates
the energy (through the
Hawking's radiation) it follows
the law of energy conservation
which means that it will keep
losing its mass (let's remind
ourselves of the most celebrated
Einstein's theorem E=m c"2).
Naturally we ask immediately if
the Dblack hole can actually
evaporate. And if so, how long
would it last for? The
Hawking's radiation has a
character of the absolute black
assembly, so the answer will be
provided by Stefan-Boltzmann's
law instead. The Luminosity
which is radiated into the space
by assembly with its R radius
and with effective temperature
T is directly proportional with
product R"2 T7. In the
geometrodynamics units (the
length and time are observed in
units M of black hole) is the
radius of black hole rp~m

along with its temperature

14
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M cerné diry) je polomér
cerné diry a jeji
teplotaje  R~Mm

~M-1
takze vysledny zafivy
vykon bude ~ M=2

Dostavame rovnici

-2
M
Tento vysledek napovida,
ze ¢im bude cernd dira
mén¢ hmotna tim rychleji
se vypaii. Doba, za
kterou se cCerna dira
vypafi, se da shrnout do
vzorecku:

tuyp
M
~ 2 x 10 let (—) 3
Mo
Supermasivni ¢erné dira
M = 10°Mg

se bude vypafovat 10%*

rokd, zatimco
primordidlni C¢ernd dira
S hmotnosti
- -20
M =2x10"20M,

se bude  vyparovat
pouhych 10°  let, coz
dava astrofyziklim nadé¢ji
pozorovat Hawkingovo
zafeni ve Vesmiru.

so the final result of the
luminosity willbe ~ _ ps-2

We get the equation d_M~M—2

dt '
The result indicates that the less
material the black hole has got,
the faster it evaporates. The
time sequence during the which
it evaporates can be summed up
by the following equation:

M
tyyp = 2 X 10%7let <M—®> 3

The supermassive black hole
M =10°Mg
will keep evaporating for 1%

years, whereas the primordial
black hole with weight around

M =2x10"2M,

will be evaporating for a mere

10%  only. This gives all the
astrophysicists hope to observe
Hawking's radiation in space.

15

Unruhuv
efekt.

Ve snaze ngjit fyzikalni
podstatu Hawkingova
zafeni bylo objeveno
Unhurovo zéateni. Toto
zateni pozoruje
rovnomérné¢  urychleny
pozorovatel ve
Minkowského
prostorase a ma také
tepelny charakter.

In the pursuit of finding the
physical aspect of Hawking's
radiation it was discovered an

Unhur’s radiation. This
radiation observes the evenly
accelerated observer in

Minkow’s space time and
moreover, it has got the thermal
character.

In fact, Hawking's radiation is

15
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Hawkingovo =zafeni je
vpodstat¢ Unruhiiv efekt
spojeny principem
ekvivalence, podle
kterého je rovnomeérné
urychleny pozorovatel v
Minkwském prostorocase
ekvivalentni se statickym
pozorovatelem v
zaktiveném prostorocase
(v gravita¢nim poli).

an Uhuru effect combined with
the equivalent principle. Based
on this is the evenly accelerated
observer in Minkow s
spacetime equivalent with the
static observer in the bended
space time (in a gravitational
field).

16

Zaveér

Co fici zavérem?
Nakonec jsme se
dozvédéli, ze cerné diry
nejsou Uplné tak Cerné a
nemusi byt ani vécné.
Pokud cerna dira rotuje

tak Penroseovym
procesem muzeme
odcerpavat rotacni
energii chytrym

vhazovanim castic (tfeba
odpadu z popelnic) do
ergosféry cerné diry. V
podstaté donutime
C¢ernou diru vyzafovat
energii na ukor jeji
rotace, dokud Ji
nezastavime. DalSim
efektem je proces tvorby
paru Castice-antiastice v
bliskosti horizontu cerné
diry vedouci k tomu, Ze
cerna dira ma
povrchovou teplotu a
vyzafuje Hawkingovské
zateni které ma charakter
zéafeni absolutné cerné¢ho
télesa  (podobné jako
hvézdy, akorat je
mnohem,mnohem slabsi)
az se nakonec se Cerna
dira Gplné vypafi.

What to say in our conclusion?
We found out in our search that
black holes are actually not so
black and do not have to be
infinite at all as we previously
thought. If the black hole
rotates, then we can extract its
rotation energy by Penrose
process with a smart throwing
of particles (for example a
waste from our bins) into the
ergosphere. In fact, we shall
force the black hole to radiate
its energy at the expense of its
rotation until we stop it. The
next effect is the creating
process of particles and non-
particles in the surroundings of
black hole’s horizon which
would cause the black hole to
have a temperature. Not only
that, it would radiate the
Hawking's radiation which has
a character of the absolute black
holes (similar like our stars but
these would be much weaker)
until the black hole completely
evaporates.

16
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2 PEDAGOGICKO DIDAKTICKE POZNAMKY

provovcesroew  [[d]

Obory: 053 Védy o nezivé prirodé, 0532 Védy o Zemi, 0533 Fyzika (klasifikace
podle CZ-ISCED-F 2013).

Studentlim bude ve sférické projekci pusténo video s vykladem. Jedna se o interaktivni
doplnék bézné vyuky. Pedagog po zhlédnuti odkaze na dopliujici literaturu a zodpovi na
dotazy.

A 3

Zamyslete se nad nasledujicimi otazkami a pokuste se je zodpoveédeét.
1. Jsou ¢erné diry vécné? Vysvétlete vasi odpoved..

2. Jaké mnozstvi energie lze Penroseovym procesem cCerpat ze statické,
Schwarzchildovy ¢erné diry?

3. Vymyslete konstrukei a organizaci elektrarny, ktera by cerpala energii z ¢erné
diry.
4. Uvazujte izolovanou, supermasivni éernou diru o hmotnosti 10°Mso1. Jak4 je je-

ji efektivni teplota? Vyuzijte Stefantiv-Boltzmanlv vztah a urcete hustotu
energie Hawkingova zareni ve vzdalenosti 8,5 kpc.

5. Jakou hmotnost musi mit statickd ¢erna dira, aby ve vzdalenosti 1AU byla hus-
tota energie Hawkingova zafeni stejna jako solarni konstanta.

6. Predstavte si, ze v LHC se podafi vytvofit mikro-Cernou diru o hmotnosti
4 TeV. Jak dlouho bude existovat? Jaky je polomér jejiho horizontu? Argu-
mentuijte, pro¢ takova &erna dira nezni¢i ani Zemi, ani Svycarsko, ani urychlo-
vac, ani detektor.

17
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[sawosramvoo ]

Pro prohloubeni znalosti a chépani problematiky vyzatovani v extrémni gravitaci na-
vrhuji vypracovat semindrni prace na nasledujici témata:

1. Vznik mikro-¢ernych dér v LHC — zaméite se na vysvétleni divodd, pro¢ je
ocekavana hmotnost produkovanych ¢ernych dér v fadu TeV.

2. lreducibilni hmotnost — diskutujte maximalni mozné mnozstvi energie, které
lze ,,vytézit*“ z Kerrovy Cerné diry.

18
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