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PREDMLUVA

Tento pravodni list byl vypracovan k jednomu ze serialu 10 vzdélavacich potradii urce-
nych pro sférickou projekci, které vznikly v ramci projektu ,,Rozvoj vzdélavani na Slez-
ské univerzité¢ v Opave®.

Zabyvaji se vesmes astrofyzikalnimi tématy, jak je ziejmé 1 z nazvi jednotlivych pota-
di:

Binarni systémy s neutronovou hvézdou, Bindrni systémy s cernou dirou, Optické efek-
ty v extrémnich gravitacnich polich, Akrecni struktury v blizkosti cernych deér a neutrono-
vwch hvézd, Vyzarovani v silné gravitaci, Zivot pod cernymi slunci — exoplanety u cernych
der, Kosmické mikrovinné pozadi, Rentgenové observacni kosmické mise, Akrecni disk u
Cernych der zblizka, Astrofyzika plna extrémii

Jednotlivé scénare pripravovali samostatné jejich tviirci — Jan Hladik, Adam Hofer,
Debora Lancova, Jan Novotny, Martin Petrasek, Jan Schee a Tomas Graf.

Na vyrobé¢ se vSak kromé& autorti scénarii podileli také dalsi tvilirci z fad zaméstnanci 1
studentl univerzity: Jan Barto§, Lucie Dospivova, Viky Kureckli, Adam Langer, Vojtéch
Pazdera, Ondiej Smékal a Katefina Simeckova.

VSichni tviirci dékuji Slezské univerzité v Opavé za moZnost podilet se na tomto pro-
jektu a ja si dovoluji pod€kovat v§em kolegynim a kolegiim za spolupraci, bylo mi cti se
S nimi pfi praci na projektu setkavat.

Tomas Graf
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1 BINARNIi SYSTEMY S CERNOU DIiROU

[el[recmenvroms ]

Pro ptehrdni je tieba systém umoziujici digitalni sférickou projekci a software DI-
GISTAR.

L[] rovonce srew - sruoumrenzoromsoy ]

Tento materidl navazuje na piedchozi videoprojekci s nazvem ,,Binarni systémy
s neutronovou hvézdou®. Pro pochopeni tohoto materidlu je tedy nutné jeji znalost.

(][ wemrnineosruommomaremar |

Materidl se zabyva popisem a vysvétlenim problematiky binarnich systéml v okoli
¢erné diry, a je pokracovanim materialu ktery se zabyva binarnimi systémy v okoli ne-
utronovych hvézd (pted pusténim této projekce je tieba zajistit shlédnuti tohoto dilu).
V obou ptipadech se jednd o sféricka videa.

ek srombomaremars ]

Student by mé¢l ziskat konkrétni piedstavu o téchto pojmech a problémech:
e Binarni systém.
e Rentgenové hvézdy.
e Neutronové hvézdy.
e Cerna dira.
e Kompaktni objekty v binarnich systémech.
e Rentgenové pulsary vs. Neutronové hvézdy s rentgenovymi zablesky.

e Binarni systém s ¢ernou dirou.
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e Binarni systém se dvéma neutronovymi hvézdami.

e Gravitacni viny.

Binarni systém, gravita¢ni vlna, neutronova hvézda, ¢erna dira, kompaktni objekty, bi-
narni systém se dvéma neutronovymi hvézdami, rentgenové pulsary.

casrormeanviesow [[7]

Stopaz studijniho materialu: 15 minut

Doporuceny ¢as ke studiu: 1 hodina

ooy |

LYNE, A. G. a Francis GRAHAM-SMITH. Pulsar astronomy. 4th ed. New York:
Cambridge University Press, 2012. Cambridge astrophysics series. ISBN 978-
1107010147.

oo o, |

CARROLL, Bradley W. a Dale A. OSTLIE. An introduction to modern astrophysics.
Second edition. Cambridge: Cambridge University Press, 2017. Cambridge astrophysics
series. ISBN 978-1108422161.
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Obraz 001

Odlet

50 sec

//

Ernest: “Tak to mame konecné za
sebou. Uz jsem si myslel, Ze to odebi-
rani vzorkd nikdy neskondéi.”

Aida:” No tobé se to lehko fekne, ale
kdo tu spoustu vzork( musi v pribé-
hu cesty zpatky analyzovat?”

Ernest: “Jen si nestézuj, alespon se
nebudes$ nudit.”

Aida: “Myslim, ze koncept nudy se s
cestou vesmirem neslucuje.”

Ernest: “No dobfe, dobfe, je pravda,
Ze tvoje zasluhy o nasi bezpecnou
cestu jsou nepopiratelné.”

Aida: “To bych fekla.”

Ernest: “Jaka skromnost! Hmm. No ...
mame vsechno pfipraveno na cestu
zpatky?”

Aida: “Samoziejmé. Staci jen, kdyz té
uvedu zpét do staze.”

Ernest: “To zas bude bolest hlavy...”

Aida: “Neboj, budu ti zase néco povi-

dat, abys jsi rychleji usnul.”
Ernest:” No, to se pravé bojim! Tak
ale zacni, at to neprotahujeme.”

Aida: “Kde jsme minule skon¢ili? ...A
ano, u binarnich hvézd s kompaktnimi
objekty.”

Ernest: ,Thank god we are
already done. | have thought
that the sampling process
will never end “
Aida: “Well, it is easily said
for you is it not? | am the
one who must analyze all
the samples on our journey
back to home “
Ernest: ,,Ahh, stop complain-
ing. At least you will stay

active”.

Aida: ,,In my defense | actu-
ally think that this is highly
impossible when you are
traveling across space “
Ernest: ,Alright, no need to
get so offended — | take my
words back. | admit that
your input in our safe jour-
ney is highly significant “
Aida: “I would certainly say
so”.

Ernest: “So humble! So, is
everything ready to go
then?

Aida: “Of course. The only
thing left is putting you
down to cryogenic sleep.”
Ernest: “Oh no, | can already
see the headache coming...”
Aida: “I shall tell you a story
to make it easier for you to
fall asleep then”.
Ernest: “That is exactly what

| am worried about! Alright,
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let's start right away.”
Aida: ,,Where did we finish
the last time? Oh yes, | got
it. It was about the Binary
stars with compact objects.”

Obraz 002

Rentgenové dvoj-
hvézdy

60 sec

//

Ernest: “Vysvétlovala jsi mi, co jsou to
rentgenové dvojhvézdy, takzvané X-
ray binaries.”

Aida: “Jako “X-ray binaries” se ozna-
Cuji binarni systémy s periodickymi
narlGsty luminozity, tedy zablesky,
které se opakuji. Tyto astrofyzikalni
systémy se skladaji ze dvou slozek,
jedna z nich je kompaktni objekt (te-
dy neutronova hvézda, nebo cernd
dira) a druha je hvézda hlavni po-
sloupnosti (nebo hvézda ve stadiu
obra), ktera je oznacovana jako “do-
nor star”, neboli darcovska hvézda.
Darcovska hvézda se ji fikd proto, ze
pfeddva hmotu kompaktnimu objek-

“«

tu.

Ernest: “No jo, ale nevzpominam si,
Ze bys minule kompaktni objekt néjak
presnéji definovala. Takze kompaktni
objekt muZe byt jen neutronova
hvézda nebo ¢erna dira?”

Aida: “Minule ses hlavné zajimal o to,
co se muzZe stat s Alfou Centauri. A
tak jsme na definice neméli ¢as! Mezi
kompaktni objekty se pocitaji ne-
utronové hvézdy, cerné diry a bili
trpaslici. Nas s ohledem na x-ray bi-
naries zajimaji pravé ty dva prvni
typy.”

Ernest: ,You explained to me
what the X-ray binaries are. “
Aida: ,, Those mentioned X-ray
binaries are in other words
binary systems with frequent
increase of luminosity which
means the flashes are con-
stantly repeating themselves.
These astrophysical systems
consist of two parts: the first
one is a compact object (which
can be either a neutron star or
a black hole). The second part
refers to the star of the main
sequence (or it might be a star
in early stages of Giant) which
is commonly called a “donor
star”. The reason why we de-
cided to name it this way is
because it passes on its sub-
stance to other compact ob-
jects.”

Ernest: “Well | remember
some parts of it but to be fair
you have not offered me any
clear definition regarding
compact objects before today.
So, if | understand it right, it
seems to me that the compact
object can be either a neutron

star or black hole, right?”
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Aida: “lI remember the reason
why. Last time you were so
interested to get to know
more about what might hap-
pen to Alpha Centaur that we
did not have any time to dis-
cuss this further. The compact
objects include neutron stars,
black holes and white dwarfs.
But since we talk about x-ray
binaries the most important
ones are the first two men-
tioned types.”

Obraz 003

Neutronova hvézda

50 sec

//

Aida: “Jestli chces, mohu je definovat
ted.

Ernest: “Eeee...”

Aida: (bez ohledu na to, co Ernest
fika) “Jako neutronova hvézda se
oznacuje jadro masivni hvézdy, které
zUstane po jejim vybuchu. Explozi
skondi aktivni faze vyvoje této hmot-
néhvézdy, a zlstane jen jeji jadro.
Jedna se o jedny z nejmensich a zaro-
ven nejhustsich hvézdnych objektd.
Neutronova hvézda ma polomér v
radech desitek kilometrd, a hmotnos-
ti kolem 1,3 aZ 2,5 hmotnosti Slunce.
Velmi casto se neutronové hvézdy
projevuji také jako pulzary. To jsou
extrémné rychle rotujici objekty, vysi-
lajici periodické rentgenové zareni v
Uzce smérovaném segmentu. Jejich
rotace je tak rychla a periodicita pul-
su tak presna, Ze si podle nich fidim
hodinky."

Ernest: “Vidyt ani Zadné hodinky

. ,If you are up to it, we
can start with the definition
right away. “

: ,Eeee.... “(does not
sound very sure nor eager
about it)

Aida (starts talking despite
Ernest’s obvious lack of en-
thusiasm): “Once the mas-
sive star explodes the only
remaining thing left is its
core which we call the Neu-
tron star. Following the
explosion, the active devel-
opment stage of that partic-
ular massive star ends, and
its core remains instead. It is
one of the smallest and
thickest star objects out
there. Neutron star has got
its radius by tens of kilome-
ters and its weight between
1,3 — 2,5 in comparison to
the weight of the Sun.
Moreover, neutron stars can
very often behave like pul-
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nemas...”

sars. Those are extremely
quick rotating objects send-
ing periodic X-ray radiation
in a very narrow and fo-
cused segment. Its rotation
and periodicity are so quick
and even that | even adjust
my own watches in accord-
ance with it”:

»Are you kidding?
You don't even own a pair...!

“«

Obraz 004

Cerna dira

50 sec

/1

Aida: “Cerné diry jsou objekty z as-
tronomického hlediska jesté exotic-
téjsi. Jejich gravitacni pole je tak sil-
né, ze z néj zadny objekt véetné svét-
la nem(zZe uniknout. Povrch cerné
diry se nazyvda horizont udalosti a je
definovan hranici, kde rychlost po-
tfebnd k Uniku prekracuje rychlost
svétla. Hmota i zafeni padaji dovnitf,
ale nemohou uniknout. Jsou rozliso-
vany dvé tridy cernych dér podle
jejich hmotnosti. Hvézdné cerné diry
s hmotnosti stovek az tisic hmotnos-
ti Slunce a potom supermasivni ¢erné
diry o hmotnostech statisictl az milio-
nd hmotnosti Slunce. Ty se nachazeji
ve stfedu velkych galaxii, vCetné té
nasi.

Prvni potvrzenda cernd dira byla obje-
vena v roce 1971 v souhvézdi Labuté
pomoci rentgenového zareni.”

: ,From an astronomical
point of view black holes are
even more exotic types for us.
Its gravitational field is so
strong that no object or even
light can escape its reach. The
surface of the black hole is
called the event horizon and is
defined by the boundary of]
speed which needs to exceed
the speed of light in order to
break away. The substance
and radiation fall inside but
both are unable to escape. We
distinguish two types of black
holes based on their weight
measurements. Stellar black
holes with its weight from ten
to thousand times bigger than
the sun and the second ones
are supermassive black holes
with weight from ten thou-
sand to million times bigger
than the sun itself. Both can
be found within the center of
big galaxies such as ours. The
first confirmed black hole was
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in 1971 in the
swan’ s constellation X-ray”.

discovered

Obraz 005

Kompaktni objekty v
bindrnich systémech

40 sec

//

: (zivnuti) “A takové objekty
tedy mohou byt soucasti binarniho
systému?”

: “Ano, existuji rizné typy binar-
nich systému, podle toho, jaka je
darcovska hvézda, nebo podle toho,
jaky je kompaktni objekt. Existuje tak
mnoho kombinaci, mezi nejzajima-
véjSi soustavy patfi rentgenové pulza-
ry (tzv. X-ray pulsars), systémy s ne-
utronovymi hvézdami (tzv. neutron
star mergers) nebo binarni systémy s
cernymi dirami (tzv. black hole bi-
naries).”

: “A ¢im jsou pravé tyhle typy
tak zajimavé?”

: (is jawing out loud): so,
to sum it up: those objects can
be a part of the Binary system,

am I right? “
: Yes, that is indeed cor-
rect. There are numerous

types of Binary systems, but it
mostly depends on what type
of a donor star or a compact
object it is. The combination of|
systems is endless. | can name
the
among all of them; for exam-

most intriguing ones
ple, X-ray pulsars, neutron star
mergers or black hole bina-
ries.”

: “Well and what is so
interesting about those partic-

ular types then?”

Obraz 006

Rentgenové pulsary vs.
Neutronové hvézdy s
rentgenovymi zablesky

60 sec

/1

: “Zvlasté rlznosti jejich chovani.
Nejdrive se podivejme na dvojhvézdu
s neutronovou slozkou. Zde dochazi k
darcovskou

predavani hmoty

hvézdou neutronové hvézdé, coz
vede k vyslani rentgenového zables-
ku. Existuji dvé varianty., V prvni kon-

figuraci dopada hmota po ztraté hyb-

: ,Primarily the diverse
pattern of their behavior.
Let's have a look first at the
binary star accompanied by
neutron essence. What hap-
pens here is the transmis-
sion of the substance from
the donor star onto the neu-

10
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nosti na povrch neutronové hvézdy,
dochazi k termonukledrni reakci nebo
k uvolnéni gravitacni energie a na-
sledné k rentgenovému zablesku z
povrchu hvézdy. Jednd se o tzv. X-ray
neutron neutronovou

burst star,

hvézdu s rentgenovymi zablesky.
Druhou mozZnost reprezentuji pulza-
ry, kde také dochazi k pretoku latky,
ale rentgenové zéareni je emitovdno
jako kuZely rentgenovych zablesk( z
magnetickych pdll tzv. x-ray pulsars.
Vsechny tyto pfipady jsou pozorova-

nimi dobre rozlisitelné.”

: “Pfedpokladam, Ze je to dlle-
zité hlavné kvali tém hodinam.”

tron star which results in a
direct send-off of x-ray
flashes. As a matter of fact,
there are two alternatives
we know of. The first one is
when the substance falls off
following the loss of the
weight right on top of the
neutron star and this con-
cludes either into a thermo-
nuclear reaction or a release
of gravitational energy fol-
lowed by the x-ray burst on
the surface of the neutron
star. We officially call it X-
ray burst neutron stars. The
second occurrence is repre-
sented by pulsars whose
substance is overflowing but
its x-ray radiation is instead
emitted in a form of conical
flashes called x-ray pulsars.
All these types are easily
distinguishable based on our
observations.”

“ its im-
portance is so high due to

the time, right?”

assume

Obraz 007

Binarni systém s cer-
nou dirou

50 sec

/1

: (nereflektuje, co bylo feceno a
pokracuje dal)

“V pripadé, kdy je soucdsti bindrniho
systému Cerna dira, dochazi hned k
nékolika efektim. Zaprvé darcovska
hvézda predava svou hmotu cerné
dife a kolem ni se tvofi akrecni disk.
Hmota v akrecnim disku klesa k hori-
zontu udalosti, odkud uz nic nemUze

(carries on while ignoring
what was said out loud by
Ernest himself): If the black
hole happens to be a part of
binary systems there are sev-
eral effects accompanied with
it. Firstly, the donor star pass-
es over its substance onto

black hole with the accretion-

11
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uniknout. Zde pozorujeme dva druhy
rentgenového zareni, prvni, mékké
rentgenové zareni, vychazi ze zahfa-
tého akrecniho disku. Ddle se kolem
cerné diry formuje korona extrémné
horkého plynu. KdyZz se uvolnéné
disku

stfetnou s relativistickymi elektrony z

nizkoenergetické fotony z
okoli korony, jsou vlivem inverzniho

Comptonova jevu rozptyleny do

vy$Sich energii. Pak pozorujeme i

tvrdé rentgenové zareni.”

: “Zase jsem se asi dozvédél vic,
nez jsem potreboval védét.”

ary disk forming around it.
Substance inside the accre-
tionary is dropping down to-
the

where nothing can leave from

wards event horizon
it anymore. We can observe
two types of x-ray radiation
here: let's start with the first
type — soft x-ray radiation
flowing from the inside of the
the

meanwhile, there is a heated

accretionary disk. In

gas forming around the coro-
na. When the released low
energetic futons from the disk
crash against the relativistic
electrons from the surround-
ings of corona it diffuses them
into the higher energy levels
due to Compton's inverse
phenomenon. Afterwards we
can oversee another type —
hard X-rays.
“Once again | have
found out more about this

topic than | asked for”.

Obraz 008

Binarni  systém se
dvéma neutronovymi

hvézdami

50 sec

/1

: (nereflektuje, co bylo feceno a
pokracuje dal) “Specidlni situace bi-
narniho systému nastane v pripadé,
kdyZ jsou obé slozky neutronovymi
hvézdami a obihaji dostatecné blizko
sebe. Hvézdy se stale pribliZuji, az se
vzajemné spoji v masivnéjsi neutro-
novou hvézdu, nebo dojde ke vzniku
Cerné diry. Ktery pfipad nastane,
zavisi na tom, zda vysledna hmotnost

: (does clearly not care
about what was said again
and continues with her ex-
planation): “Quite intriguing
case occurs if both compo-
nents happen to be neutron
stars while orbiting in prox-
imity. Both stars come closer
until they unite either into
one massive neutron star or

12
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prekond Tolmanovu-
Oppenheimerovu-Volkoffovu mez,
ktera je 2,2 az 2,9 hmotnosti Slunce.
Toto spojeni vyvold kratké zablesky
gama zafeni tzv. “short gama-ray
bursts”. Kdyby byl jeden z prvk( bi-
narniho systému cernou dirou a dru-
hy neutronovou hvézdou, doslo by k
podobnym zableskiim. Tuto udalost
obecné oznacujeme jako tzv. “kilono-
vu”.”

: (unavené) “Hele, ty dokonala
inteligence! Tohle uZ mi néco fika. A
nebyly u toho, ... ndhodou ... deteko-
vany gravitacni viny?”

create a new black hole. The
outcome for both cases is
affected if the final weight
exceeds the Tolman-
Oppenheimer-Volkoff  limit
measure by 2,2 - 2,9 of the
Sun’s  weight. The union
causes short gamma-ray
bursts. The same applies if
one of the Binary elements
has been black hole and the
second one a neutron star.
We commonly refer to this
occurrence as ,kilonovae”.

(sounds very exhaust-
ed): Are you sure you are
human, Aida? How come
you know so many things,
that is quite unbeknown to
me.... Anyhow, | am finally
starting to get a better grasp
of it. Which reminds me:
weren't there detected
some...hm...gravitational
waves?”

Obraz 009

Gravitacni viny

50 sec

/1

: "Ano. Ze ui by ses probral z
dfimoty? Ve Ctvrtek17. srpna 2017
gravitacni observatore LIGOa VIRGO
skute¢né zaznamenaly pulzy gravi-
tacnich vin, zplGsobenych z 99,94 %
pravé spojenim dvou neutronovych
hvézd. Tento pulz gravitacnich vin byl
oznacen jako GW170817.”

: (usinajici) “Tak to si asi neza-
pamatuju. Ale pokud si dobfe vzpo-
minam, tak gravitacni viny jsou defi-
nované jako jemné zahyby v ¢asopro-

: ,Yes, that is indeed cor-
rect. It looks like you are final-
ly taking in everything that |
have said. On Thursday 17" of]
August back in 2017 there
were really recorded pulses of
gravitational waves by LI-
GO/VIRGO gravitational ob-
servatory itself who believe
that those pulses were by
99,94 % product of two con-
nected neutron stars. This
pulse has been officially

named as GW170817.”

13
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storu. (dlouhé zivnuti)?”

Aida: “Je to tak. Byly poprvé deteko-
vany v zafi 2015, kdy jiz zminéné de-
tektory LIGO a VIRGO poprvé zazna-
menaly gravitacni viny. Objev gravi-
tac¢nich vin byl nasledné potvrzen v
unoru 2016. Detekce zaznamenala
slouéeni binarniho systému, jehoz
obé slozky tvofily ¢erné diry o hmot-
nosti zhruba 30 Slunci.”

: (is falling asleep al-
ready): | will probably forget
this in a minute. But if | re-
member correctly those gravi-
tational waves are defined as a
fine swirl in space-time, right?
(yawns out loud)? “

»,Exactly as you said.
They were detected on the
September back in 2015 by
previously  mentioned  LI-
GO/VIRGO detectors who be-
fore that have already been
successful in detecting those
gravitational waves on anoth-
er occasion. The discovery of|
gravitational waves has been
officially confirmed during
February 2016. The detection
device has taken a note of the
union of a binary system
whose element consisted of
two black holes and its weight
about 30 times heavier than
the Sun's.”

Obraz 010 10 sec + video cca 90 sec //
LIGO
usinani : “K zafizeni LIGO/VIRGO mdam
p&kné video, chce$ se na né&j podi- »In relation to the
vat?” LIGO/VIRGO detector | have
got quite a lovely video
S hmm, here! Would you like to take
o ) R look, Ernest? “
: “Tak ja ti ho pustim, ale jesté " .
. :“Hmmm.
nespil”
Aida: ,Excellent, wait until
you see it and please try to
keep your eyes open”.
Obraz 011 20 sec /1

14
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rozlouceni

Aida: “Tak co Erneste, libilo se? Er-
neste... hald ... No nic, sladké sny. A ja
se mUZu dat do prace.”

(Pusti si do pozadi operu Aida a brou-
ka si pfi praci.)

Aida: “TakZze co tady mame, tak po-
stupné - nejprve vzorek Cislo jedna...”

Aida: ,So, what is your opin-
ion on it so far? Did you like
it? Ernest, heyy! Oh, dear —
sweet dreams then. At least
| can focus on my work
now”. (She turns on an
opera music and hums along
with it while she keeps work-
ing.)

Aida: ,,So, what have we got
here — firstly, let's start with

sample number one..."

15
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2 PEDAGOGICKO DIDAKTICKE POZNAMKY

[][erovopcesrooen ]

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
dopln€k bézné vyuky. Pedagog po zhlédnuti odkaze na dopliujici literaturu a zodpovi na
dotazy.

Co vSe muze Aida pii zpatecni cesté ze vzorkl analyzovat?

7]

Pii peclivém astrometrickém meéfeni se zjistilo, Ze komponenta Alfa Centauri A je
vzdalend od barycentra 11,2 AU. Jaka je jeji hmotnost? (pocitejte se vzdalenosti obou
komponent od sebe 23,7 AU a celkovou hmotnosti systému 2,09 hmotnosti Slunce).
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