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ty v extrémnich gravitacnich polich, Akrecni struktury v blizkosti cernych der 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
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1 AKRECNI DISK U CERNYCH DER ZBLIiZKA

[el[recmenvroms ]

Poftad je vyroben pro sférickou projekci v systému Digistar 6.

[i][ rovopee sruvtew - srupwmirevporusoy ]

Na studenta nejsou kladeny naroky na zadné specidlni znalosti.

(=] wvemrwineo sruommo maremars ]

Privodce vznikem ¢ernych dér a akrecnich diskd se zaméfenim na pochopeni historic-
kého kontextu vyvoje fyziky a dnesnich observa¢nich moznosti. Zakladni diraz je kladen
na imaginaci pouzivanych pojmi a zvySeni zajmu o problematiku.

[E[ceesrompomaremars ]

Student ziska povédomi o procesu vzniku hvézdnych cernych dér, supermasivnich
cernych dér a primordidlnich ¢ernych dér s diirazem na vysvétleni procesu akrece. Mate-
ridl je vstupnim predkurzem budouciho kurzu relativistické fyziky a fyzikalnich a optic-
kych efektl v poli ¢ernych dér.

_

Cerné diry, astronomie, astrofyzika, unisféra, planetarium, sférické projekce
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Stopaz studijniho materialu: 21 minut

Doporuceny ¢as ke studiu: 1 hodina
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Nejsou potieba.

Q-
-«

1.1 Scén

ENGLISH TRANSLATION:
Je tomu néco malo pies padesat let, co slovo| It is about 50 years now since the new
“Gernd dira” spatfilo svétlo svéta. Byl to slavny| term “black hole” has been introduced to

fyzik John Wheeler, ktery v roce 1967 zarugil, the public. A famous physicist Mr. Jon
» . . Wheeler himself made in 1967 sure that
7e se tento pojem zapsal do ucebnic fyziky.

this new terminology will be written
across all the physics textbooks.

I

Za téch padesat let pokroCily naSe znalosti o| In the course of the previous 50 years we
téchto nejextrémngjich objektech ptirody vel-| were able to deepen our knowledge about
mi daleko. Jesté pred nc¢kolika lety by se opatr- th_e most extreme objects of nature_. It_is
ny védec bal ukazat na oblohu a s urcitosti fici: still not too long ago when any scientist
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”tam, piimo nad vami, tam je Cernd dira!”

would be quite cautious to point up to the
sky and proclaim: “right over here is the
black hole!”

I

Prestoze slovni spojeni “Cernd dira” je dilem
genialniho Wheelera, historie lidského pozna-
vani, ve kterém se o objektech s vlastnostmi
c¢ernych dér mluvi, sahd na dvé stovky let na-
zpatek, sice si je lidé neptfedstavovali tak vérné
jako je zname my dnes, ale princip se kterym
piisel jiz v roce 1783 u€enec z Cambridge John
Michell a nezavisle na ném v roce 1796 také
francouzsky matematik Pierre Simon Laplace.

While the term “black hole” is the crea-
tion of Mr. Wheeler only, there was al-
ready a mention of objects with similar
nature like this about 200 years before-
hand. People did not know them so well
like we do nowadays but even back then
in 1783 were people interested in this
subject: one of them was Mr. John
Michell, a novice from Cambridge and
after him Mr. Pierre Simon Laplace in
1796 who was a French mathematician.
Both of them were able to provide better
definitions of black holes separately on
their own.

//

I

Jiz tehdy byly ptedstavy sice prozaické, ale
vesmes spravné: Predstavme si délovou kouli
vystrelenou ze Zemé kolmo vzhiiru. Bude se
zpomalovat, az dosahne nejvyssiho bodu své
drahy, otoci se a bude padat zpatky. To, Ze je
koule pri letu brzdéna, je zpiisobeno gravitacni)
silou, ktera vsechny predméty pritahuje k Zemi.
To, jak vysoko koule vyleti, zavisi na jeji rych-
losti. Kdyz bude takova rychlost dostatecné ve-
lika a prekona urcitou kritickou rychlost, neob-
rati se jiz, ale bude pokracovat dal v kolmém
letu a Zemi nendvratné opusti v kosmickém pro-
storu.

While their ideas were mostly prosaic,
they actually got some basics right: Just
imagine a cannonball fired vertically up
from Earth. At some point it slows down
until it reaches the highest point and
starts to fall down instead. The gravity
power helps the cannonball to slow down
during its fall since it attracts all the ob-
jects down to Earth. The final height it
could reach depends primarily on the
speed of the subject. If the speed is high
and reaches a certain critical speed it
will not turn around and fall down, quite
the opposite actually. It will continue in
its vertical flight and leave the Earth for
good into outer space.

I

Predstavme si vSak, Ze jsme na takovem télese,
ktera ma kritickou unikovou rychlost rovnou
rychlosti svétla. A protozZe je rychlost svetla
mezni rychlosti, kterou mizeme ve vesmiru do-
sahnout, znamenda to, ze z takové hypotetickée
planety nemiize uniknout vithec nic. A tedy ani

svetlo. To pak znamend, Ze se planeta stane

Imagine being on an object whose escape
rate equals to the one of the light. Since
the speed of light has got the maximum
speed limit we can ever achieve in the
universe, it means that no life can escape
from this imaginary planet including the
light itself. In conclusion, this planet
would become a dark confinement of
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temnym vézenim vseho!

everything.

I

Ono se to lehce fekne - najit objekt ve vesmiru,
ktery ma tak velkou gravitaci aby z n¢ho neu-
niklo ani svétlo. Ale kde ho hledat?

It is easy to say - find the object out there
with gravity power so big that even light
could not escape from it. The question is
though: where should we start looking
out for it?

I

Co tieba stla¢it nasi Zemi do velikosti hrasku?

What about compressing our Earth down
to the size of a mere pea?

I

Nebo nase Slunce...

*

Kdybychom jej zmenSili z jeho priméru 1,4
milionu kilometrti na mén¢ nez 3 kilometry.

*

Zatimco naSe predstavivost jesté v téchto méetit-
kach troSku funguje (hrasek 1 tf1 kilometry si
umime ptedstavit), ruka fyzikova zvedd ukazo-
vacek varovné vzhiru? Copak tak obrovskeé
mnozstvi hmoty do tak malého objemu vibec
1ze vmeéstnat?

And what about our Sun...

*

What if we decrease its diameter of 1,4
millions of kilometers down to less than
3 kilometers.

*

While our imagination allows us to pur-
sue an idea like that, any present physi-
cist would quickly change our mind.

Would it be really possible for such an
enormous mass to fit into such small vol-
ume?

I

Jedna z nazornych odpovédi na tuto otazku se
nachazi na vrcholu dospivani hvézd. Astrofyzi-
kové védi, ze hvézdy nejsou nesmrtelné. Ziji
svym plamennym zivotem termonukledrnich
reakci a prozivaji podobna vyvojova obdobi
jako lidé. V obdobi zrozeni se seskupi mracna
mezihvézdného prachu a plynu, a je-li takového
materidlu dostatek, natlaci jej gravitace do
kompaktni koule, ze které zahy vzplane hvézda.

Sva détska léta po prvotnim formovéani a stabi-
lizaci zakon¢i hvézdny pubertdk vstupem na
takzvanou "hlavni posloupnost", kde Zije vétsi-
nu svého hvézdného dospélackého Zzivota. A

One of the most setting examples are
stars at the peak of their growth. We
know from astrophysicists that stars are
not actually immortal as many of us
thought. They keep undergoing fiery life
cycles due to their thermonuclear reac-
tions. In fact, all of them experience their
lives in similar development stages as we
do. In its birth stage are clouds and inter-
stellar dust regrouping together and once
it is big enough, it is pushed by gravity
power all together into the compact ball
from which arises a new star.

Once it undergoes its early age through
formation and stabilization, the star pu-

7
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hvézdy také starnou a umiraji. A to, jak takovy
zivot 1 umirani probihd, zdlezi predev§im na
hmot¢ hvézdy.

bescent enters the main sequence where
it spends the rest of its adult star
life. Stars are even aging and dying, did
you know that? Its life and the way of
dying is influenced primarily by the mass
of each individual star.

I

Hvézdy o hmot¢ zhruba jako nase Slunce skon-
¢i sviyj hlavni zZivotni cyklus ve stadiu, kterému
se fikd "bily trpaslik". To kdyz v nitru za¢ne
dochazet zasoba hlavniho paliva - vodik, zac¢ne
hvézda Uporné ziskdvat dalsi energii slucova-
nim jednoho z odpadl ptedchoziho procesu -
helia. Na takové hofeni vSak potiebuje vice
mista a naptiklad nase Slunce, az do tohoto sta-
dia za néjaké 3 miliardy let dospéje, se rozepne
az za dréhu nasi Zemé¢. Zrudne a piipadni pozo-
rovatelé z okolniho vesmiru ji budou nazyvat
moznd jako my nazyvame podobné hvézdy —
¢ervenym obrem

The stars with similar weight like our
Sun has, finishes its main life cycle in a
stage called “white dwarf’. Should the
cores” main supply engine in the form of
hydrogen disappear, it automatically
starts getting a new energy by merging
one of the wastes from the previous pro-
cess - helium. For such combustion it
certainly needs more space. To name an
example: in about 3 billion of years our
Sun will officially become “an adult”, it
will expand beyond our Earth trajectory.
Since it will get red, all the other possible
viewers might start calling it as we are
used to - a red dwarf.

I

Za kratkou dobu vSak gravitace hvézdy nad
tlakem rozpinajiciho se plynu pfevladne. Hvéz-
da se zac¢ne nekontrolovatelné smrStovat. Tepr-
ve az se gravitacni sila vyrovna s tlakem, ktery
proti ni budou vytvaret elektrony utlacované
okolo jader atomdu, tak se hvézda stabilizuje.
Slozené z volnych jader atomil a utiskovanych,
chaoticky a pobldaznéné se pohybujicich elek-
tronll. Ostatné podle toho také nese hmota bilé-
ho trpaslika sviij nazev — degenerovany elektro-
novy plyn.

In a short time, the gravity power takes
charge and starts to expand the gas above
the star. Once it happens, the star starts to
uncontrollably shrink. Once the gravity
power evens with the pressure caused by
oppressed electrons around atoms” cores,
the star will finally stabilize. The star will
consist of free nuclei of atoms including
oppressed and chaotically running elec-
trons. It also reflects the mass of the
white dwarf - degenerate electrons gas.

I

Pokud je hvézda mnohem hmotnéjSi neZ naSe

vvvvvv

zpravidla kon¢i vybuchem supernovy a odvrze-
nim velkého mnozstvi hmoty do mezihvézdné-
ho prostoru a zbytek podlehne také gravitacni-

It becomes more complicated if the star
is heavier than our Sun. The life of the
star is finished with the supernova explo-
sion and ejections of a huge amount of
mass into outer space while the rest suc-
cumbs to the gravitational collapse. The
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mu zhrouceni. A protoZe je hmoty vice, neza-
stavi se gravitaéni smr§tovani na irovni bilého
trpaslika, gravitace prekona tlak degenerované-
ho elektronového plynu a jejimu smr§tovani
zabrani az tlak atomovych jader, které se roz-
padnou na neutrony. Z obii hvézdy o priméru
mnoha miliona kilometrt se stane jen kompakt-
ni, nékolika kilometrovy objekt, ktery nam mu-
ze pripadat jako jedno extrémné veliké jadro
atomu. Takové hvézdy skuteéné existuji, mu-
zeme je bézné pozorovat a muzeme napiiklad
spatfit nékteré jejich rychle rotujici zastupce —
pulsary.

gravitational shrinking will not stop at
the level of white dwarf due to the mass
amount while gravity power overcomes
the pressure of the degenerate electron’s
gas. Moreover, the shrinking process is
stopped by the pressure of atomic nuclei
which will break down to neutrons. The
huge star made of millions of kilometers
will become a compact object which will
look to us as an extremely big nucleus of
an atom. Stars like this really exist and
we can sometimes see them. Apart from
them, we can also discover their quite
quick substitutes we call pulsars.

I

Na zavér té zdlouhavé evoluce hvézd se dosta-
vame k prvnim hvézdnym cernym dérdm. Pozl-
statky velmi hmotnych hvézd nic v gravita¢nim
kolapsu nezastavi, a kdyZ piekonaji 1 tlak dege-
nerované¢ho neutronového plynu, mize se zacit
povrch hvézdy hroutit rychlosti volného padu
sam do sebe, az se zastavi v bezrozmérném ne-
kone¢né¢ hustém nic, v misté, které nazyvame
singularitou.

Cerna dira je na svété!

In the final stage of stars” evolution we
finally get to our first black holes. Gravi-
tational collapse takes hold of the stars’
remains. When it overcomes the pressure
of the degenerate matter, the surface of
the star starts to break down in a matter
of free fall into itself until it becomes a
dimensionless thick nothing, we call sin-
gularity.

And the new life of black hole begins!

I

Nikoliv zhroucena hvézda, ale astrofyzikoveé
samotni pak vytvofili hypotetickou hranici, pod
niz se nachazi to, cemu fikame Cerna dira. Je to
plocha, z pod které je tnikova rychlost z takto
samo do sebe zhroucen¢ho objektu vyssi, néz
rychlost svétla. Nazyva se horizont udalosti.

Astrophysics have defined the hypothet-
ical boundary where the black hole lies
underneath. Escape rate from this area is
higher than the speed of light and we
officially call it the event horizon.

Na hvézdnych cernych dérach se jejich vznik
ukazuje nejsnaze, ovSem nejen z hvézd mohou
¢erné diry vzniknout. Napiiklad nékteré z teorii
popisujicich okamziky jen velmi kratce po vel-

The starry black holes are the easiest
ones to explain how they started; howev-
er they have other options from which
they can arise from. Several theories
about the time right after the Big Bang
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kém tiesku se zminuji o ¢emsi, co se nazyva
"primordidlni ¢erné diry" o rozmérech mensich
nez proton. Védci se domnivaji, ze tyto malé
cern¢ diry se mohly vytvofit v rané epose ves-
miru, a pokud se jejich hmota dostala k hranici
stability, mohly se takové cerné¢ diry dozit
dneska a potom bychom méli, krom¢ dalSiho
typu exotickych vesmirnych sousedl, jedno z
mnoha feSeni problému nazyvaného temna
hmota vesmiru.

happened include mentions of primordial
black holes with measurements smaller
than protons. Scientists have linked their
existence to the early epoch of outer
space. Should their mass reach the
boundary of stability, they could survive
until now. This means that apart from the
other exotic types of universe types, we
could conclude the solution of the dark
mass of the universe.

I

Jako protipol primordidlnich cernych dér mu-
zeme povazovat jadra vSech galaxii a donedav-
na tajemné objekty zvané kvasary. Pravé se
setkavame se skute¢nymi veleobry. Hmota Cer-
nych dér v jadrech galaxii anebo aktivnich ga-
laktickych jadrech (kvasarech) dosahuje i sto-
vek miliont Slunci.

The counterparts of the black holes are
cores of other galaxies including the
mystery objects until recently called qua-
sars. Right here we are introduced to
some real giants. The cores’ masses in-
side black holes or quasars reach up to
hundreds of millions of Suns.

I

Ostatné 1 NaSe galaxie Mlé¢nd draha ma ve
svém nitru obfi ¢ernou diru. Dnes uZ pomérné
piesné vime, Ze hmota tohoto naSeho superzrou-
ta je zavratnych 3,7 miliont hmot Slunci a jeji
polomér je 45 AU (piiblizné 6,5 miliard kilo-
metril). Kdyby se tato ¢ernd dira nachéazela na
mist¢ Slunce, méla by horizont udalosti az za
drahami poslednich planet Slune¢ni soustavy.
Tuto velebii Cernou diru oznacujeme astrono-
micky SgrA* [Cti: sagitarius A-hvézda] a je s
kone¢nou platnosti jejim pfesnym stfedem nasi
galaxie.

Zatimco vznik malych Cernych dér je nesmirné
zajimavy, u supermasivnich ernych dér ne-
predpokladame z laického pohledu nic vic nez
prosté obrovské mnozstvi hmoty, které ma za
ze dochéazi k prolomeni bariéry gravitacniho
poloméru. Zadné velké exploze se nekonaji.

Also, even the Milky way has got inside
its core a huge black hole. Nowadays, we
know that the weight of this is about 3,7
million times heavier than that of the Sun
and its radius is about 45 AU (approxi-
mately 6,5 trillion of kilometers). Should
this black hole be placed at the same spot
as the Sun, its event horizon would be
beyond the trajectories of the last planets
in the Solar system. This gigantic black
hole is astronomically called SgrA and it
is confirmed to be the core of our gal-
axy.

The formation of smaller black holes is
much more interesting than of supermas-
sive black holes. From an amateur’s
point of view we can simply assume that
there is just a huge amount of mass
which has got such a huge density in its
core that it breaks barriers of gravitation-
al radius. In conclusion, there are no
huge explosions happening.
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I

Vnitfek kazdé ¢erné diry je obklopen horizon-
tem udalosti. VSe nad nim je otrokem efektl
rotace padajici hmoty, elektromagnetickych
jevii a samoziejmé a predev§im zakiiveni pro-
storoCasu. Zatimco piekroceni horizontu takové
obrovské Cerné diry byste nijak nepocitili, déje
nad horizontem udalosti by byly jist¢ velmi
zajimavé. Obrovské mnozstvi hvézdného mate-
rialu, nabitych Castic, prachu, plynu a vliv za-
kiiveni prostoroCasu zde davaji vzniknout nej-
bizarnéjSim jevum, které si jen cloveék dokaze
predstavit. Cerné diry zde okolo sebe vytvafi
rotujici disky tohoto materidlu, ktery se na hori-
zont udalosti nabaluje a nendvratné¢ pada do

hlubin.

The inside of each black hole is sur-
rounded by the event horizon. The area
above it is submitted to the effect rota-
tions of falling mass, electromagnetic
phenomenon’s and primarily the curva-
ture of spacetime. While you won't feel
anything with the curvature of spacetime
above such a huge black hole, the hap-
penings above the event horizon would
surely hold our interests. Just to add a
few intriguing happenings: a huge
amount of sterall material, charged parti-
cles, dust, gas and the dominant curva-
ture of spacetime. All of this gives a
space for a spectacular show a person can
only imagine. Black holes are surrounded
by a rotation disk consisting of all this
material until it surrounds it all and fall
down to abyss.

I

Snad vyjma primordialnich ¢ernych dér, o kte-
rych jesté stile nevime, jestli existuji, si snad
ani ¢ernou diru bez akreujiciho materidlu dnes
nedokaZzeme piedstavit. Ve své podstaté je pro-
ces akrece velmi pfirozeny. Sféricky symetricka
a staticka (tedy nerotujici) cerna dira je fyzikal-
n¢ velmi nestabilni téleso. Jakdkoliv perturbace
ji pfiméje dat se do pohybu a rotovat. Gravitac-
ni interakce s okolnim materidlem (prachem,
plynem, hvézdami, zafenim), to vSe ovlivni jeji
dynamiku. A pak uz je snadné si piedstavit ob-
jekt podobny jako oko hurikénu, spirdlni gala-
xi1, nebo vir vody kdyz vytdhnete Spunt z vany.
Diskova struktura, ktera se vytvori kolem Cerné
diry pfinasi neobvykla pfedstaveni a je doslova
kosmickou laboratofi nejextrémnéjSich fyzikal-
nich piedstav.

Apart from primordial black holes which
we are yet to officially confirm, we can-
not imagine any black hole with no ac-
cretion disk around at all. The process of
accretion is quite natural really. Spheri-
cally symmetrical and static (non-
rotating) black hole is from a physics
point of view quite an unstable ob-
ject. Any perturbation makes it move
and rotate. A mutual interaction of gravi-
ty and other materials such as dust, gas,
stars or radiation, influence the whole
dynamic of the black hole. The only
thing left is to imagine an object similar
to the eye inside the hurricane, spiral
galaxy or scene from a more common
occurrence, a whirl of water once you
take out the plug from the tub. A disk
structure around the black holes gives an
incredible performance and is quite liter-
ally a cosmic lab of the most extreme
quantities you can only imagine.

I

Material pro akrecni disk se formuje z okolniho
mezihvézdného prachu a plynu, ale mize byt

Accretionary disk material is made of
interstellar dust and gas but it can also
take it from nearby stars instead. While

11
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také odebiran blizkym hvézdam. Zatimco v
centrech galaxii obvykle nejbliz§i hvézdy obi-
haji po stabilnich orbitach a do ¢ernych dér ne-
padaji, tak u hvézdnych systémul to muze byt
jinak. Zname hned n¢kolik kandidath na Cerné
diry, které vznikly z kanibalizmu hvézd. Napfti-
klad nejblizsi kandidat na ¢ernou diru vzdaleny
jen 6000 svételnych let, rentgenovy zdroj Cyg-
nus X-1. Cernou diru na tom mist¢ nevidime,
ale pravé akrece materidlu vydava charakteris-
ticky rentgenovy profil, kdy ¢erna dira uzird
hmotu svému obiimu plynnému souputnikovi.

the stars in the centers of galaxies run
along the stable orbits and do not fall into
the black holes, the binary systems are
another different story. We know of a
few possible black holes made as a prod-
uct of “cannibalism” practices of
stars. The nearest candidate to black hole
is around 6000 light years away - Xx-ray
source Cygnus X-1. Even though we will
not see a black hole right at this spot, we
can sense from its materials x-ray charac-
teristics of black hole taking the mass
from its bigger gas companion.

I

I kdyZ jsou Cerné diry vlastné¢ nesmirné jedno-
duché objekty, jejich svét je neobycejné pestry.
Kombinace extrémnich gravitacnich poli, neo-
bycejnych optickych efektl v jejich tésné bliz-
kosti a paradoxil teorie relativity umoZznilo
vzniknout fascinujicim kosmickym objektim,
které vesmir provazeji od jeho pocatkti a budou
s nim az do jeho konce. A diky pokroku v po-
slednich n€kolika letech mame stale vétsi Sanci
je poznat a pochopit.

Black holes are actually quite simple
objects but their lives are incredibly col-
orful. The combination of gravitational
fields, optical effect nearby and paradox
nature of theory of relativity enabled the
birth of star objects which is a subject of
fascination for us since its beginning un-
til now. Thanks to the technology devel-
opment we have got a chance to get to
know the universe better and grasp a bet-
ter understanding of its whole nature.

I

Svét Cernych dér je nam stale jesté ukryt tak
hluboko, Ze cesta naseho poznani do jejich nitra
bude jesté néjakou dobu vyletem do fiSe snl a
fantazie.

The life of black holes is still hidden, still
too far away from us, so the path of
knowledge will be replaced by our fanta-
sy instead in the near future.

KONEC

THE END
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2 PEDAGOGICKO DIDAKTICKE POZNAMKY

provovcesroew ——— [[i]

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

Studentiim 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.

|
Vyhledejte na obloze mista, kde byste mohli najit v pofadu zminéné kandidaty na cer-

né diry.

Projdéte literaturu a online zdroje a popiste a na hvézdné mapé ukazte alespon pét dal-
Sich kandidatd na cernou diru.

|
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