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PREDMLUVA

Tento privodni list byl vypracovan k jednomu ze serialu 10 vzdélavacich potadi uréenych
pro sférickou projekei, které vznikly v ramci projektu ,,Rozvoj vzdélavani na Slezské univerzité
Vv Opave®.

Zabyvaji se vesmes astrofyzikalnimi tématy, jak je zfejmé i z ndzva jednotlivych potadii:

Binarni systémy s neutronovou hvézdou, Binarni systémy s cernou dirou, Optické efekty v ex-
tréemnich gravitacnich polich, Akrvecni struktury v blizkosti cernych dér a neutronovych hvezd,
Vyzarovani v silné gravitaci, Zivot pod cernymi slunci — exoplanety u cernych dér, Kosmické
mikrovinné pozadi, Rentgenové observacni kosmické mise, Akrecni disk u cernych der zblizka,
Astrofyzika plna extrémii

Jednotlivé scénafe pripravovali samostatné jejich tvirci — Jan Hladik, Adam Hofer, Debora
Lancové, Jan Novotny, Martin Petrasek, Jan Schee a Tomas Graf.

Na vyrob¢ se vSak kromé autorti scénait podileli také dalsi tviirci z fad zaméstnancii 1 studen-
tl univerzity: Jan Barto$, Lucie Dospivova, Viky Kurec¢kd, Adam Langer, Vojtéch Pazdera, On-
diej Smékal a Katefina Simeckova.

VSichni tviirei dékuji Slezské univerzité v Opaveé za moznost podilet se na tomto projektu a ja
si dovoluji podékovat vSem kolegynim a kolegim za spolupraci, bylo mi cti se s nimi pii praci

na projektu setkavat.

Tomas Graf
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1 OPTICKE EFEKTY V EXTREMNICH GRAVITACNICH PO-
LICH

[el[recmenvrons ]

Audiovizuélni dilo vzniklo vyhradné ve formatu vhodném pro projekce potadané ve fulldome
planetariich. PIné vyuziva moznosti danych zobrazovanim na sféru. Neni vhodné pro béznou,
rovinnou, projekéni plochu, byt’ nahledoveé jej 1ze i na ni sledovat.

L] rovonce srvtew - sruoumrenzoromsor ]

Od divéka (studenta) neni vyzadovana zadna predbéznd znalost problematiky ani jakakoli
ptiprava. Pro porozuméni — na zamyslené tirovni — diskutovaného témata postaci dusevni pii-
tomnost zucastnéného po dobu prezentace obsahu. Jednim z klicovych piedpokladii je tak
schopnost udrZet pozornost.

Nejvhodnéjsi cilovou skupinou jsou studenti stiednich Skol, ¢i jejich absolventi, dosud nezna-
1i obecné teorie relativity a jejich dasledkd.

[@][mvemywneo sruoumbomaremas ]

Porad ,,Optické efekty v extrémnich gravita¢nich polich® uvadi zakladni poznatky a vycho-
diska problematiky gravita¢niho ¢o¢kovani mezi laickou vefejnost (jmenovité studenty stfednich
Skol). Pfemost'uje propast mezi védeckou odbornou literaturou a divaky, ktera se rozevird s ne-
znalosti boziho jazyka — matematiky. Je zaméfen komplexné, od popisu ranych fazi lidského
poznavani, pies prvni predikce, objevy, simulace a pozorovani az po soucasny vyvoj smerujici
k praktickému uplatnéni.

Dopliujici text je privodnim materidlem k vytvofenému AV pofadu a jeho studium neni pro
shlédnuti potfadu podstatné. Informacné jej vSak déle rozviji. Krom jiného, obsahuje textovy
ptepis (autorsky upraveného) komentaie dila, ktery lze déle efektivné pouzit, napt. pro tvorbu
cizojazycného piekladu ¢i titulkt. Uvadi uziteény soupis literatury hloubkou myslenek i zpraco-
vanim pristupné zamyslenému okruhu divakda.
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cresoumpomaremie  |[7]

Dilo cili seznamit divéka s problematikou optického zobrazovani v silnych gravitaénich po-
lich. S historii jeho modelovani, prvnich objevi i s jeho uzitim pfi dne$Snim zkoumani vesmiru.
Klade si za cil poucit 1 motivovat. Je vstupnim kriickem k budoucimu hlubS§imu studiu zminé-
nych dé&jh. Dotvaii divakovu zakladni (¢i mizivou) pfedstavu o fungovani svéta kolem nas, dle
vSeobecné¢ piijimané Einsteinovy obecné teorie relativity.

gravitace — obecna teorie relativity — optické zobrazovani — prostoroc¢as — nulové geodetiky —
extrémné kompaktni objekty — gravitaéni ¢ockovani — astronomie — vesmir

casrormemviesow— [[7]

Stopaz studijniho materialu: 27 minut

Doporuceny ¢as ke studiu: predbézné ani nasledné studium se nevyZzaduji (autofi doporucuji
vénovat se problematice po zbytek Zivota)

oo

e Luminet, J. P. : Black holes. Cambridge University Press, Cambridge 1992. ISBN 0-521-
40029-5.

e Miiller, T.; Weiskopf, D. : General-Relativistic Visualization. Computing in Science & En-
gineering 13(6), 2011.

e Solc, M. : Gravitatni ¢ocky, Einstein a Praha. Pokroky matematiky, fyziky a astronomie
44(3), 1999.

e Taylor, E. F.; Wheeler, J. A. : Exploring Black Holes — Introduction to General Relativity.
Addison Wesley Longman, USA. ISBN 0-201-38423-X.
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[ o

Zakladni ucebnice obecné relativity:

e Misner, Ch. W.; Thorne, K. S.; Wheeler, J. A. : Gravitation. Princeton University Press,
Princeton and Oxford 2017. ISBN 978-0-691-17779-3.

Zakladni ptehled o soucasné astrofyzice:

e Carroll, B. W.; Ostlie, D. A. : An Introduction to Modern Astrophysics. Cambridge Universi-
ty Press, Cambridge 2017. ISBN 978-1108422161.

Jediny (ndm) zndmy studijni, ¢esky psany, text o gravitanim ¢ockovani:

e Bakala, P. : Extrémni gravitacni lensing v silné gravitaci ¢ernych dér a neutronovych hvézd
[studijni  text]. Slezska univerzita v Opavé, Opava 2019. [Dostupné z:
https://www.researchgate.net/publication/338611765 Extremni_gravitacni_lensing_v_silne
gravitaci_cernych_der_a_neutronovych _hvezd skripta ]



https://www.researchgate.net/publication/338611765_Extremni_gravitacni_lensing_v_silne_gravitaci_cernych_der_a_neutronovych_hvezd_skripta
https://www.researchgate.net/publication/338611765_Extremni_gravitacni_lensing_v_silne_gravitaci_cernych_der_a_neutronovych_hvezd_skripta

Jan Hladik a kolektiv — Optické efekty v extrémnich gravitacnich polich
1.1 Scénar

— Jezto ptepis nenahrazuje shlédnuti poradu, nejsou zde vlozeny obrazky, animace, videa a
ani odkazy na n¢; uplnou audiovizudlni roli zastava pouze vzdélavaci potad sdm o sobé.
Ptedkladany ptepis komentafe (autorsky upraveny) slouzi jako vyrazna opora pfi orienta-
ci ve struktufe a obsahu dila.

Scéna 1
Planety, hvézdy, souhvézdi, cizi svéty... od usvitu lidskych dé&jin ¢loveék vzhlizel na nebe. Sle-
doval zdanlivé pohyby hvézd, zékryty nebeskych téles a jiné rozlicné tikazy odehravajici se na
hvézdné obloze. Svétlo mu bylo jedinym zpravodajcem o veSkerém déni v okolnim vesmiru.
Avsak jeho povaha zlstdvala naprostou zdhadou. Ptisuzoval se mu bozsky ptivod. Jedna jeho
vlastnost ale byla nasnad€. A tak se jiz minimalné od starovéku nekriticky véfilo, Ze svétlo se
$ifi po piimkach. Tento zab&hly omyl definitivné vyvratil Albert Einstein, jako nutny dasledek
své obecné teorie relativity.

Planets, stars, constellations, alien worlds...humankind has looked up to the sky since the first
dawn in human history. All of them watched the apparent movement of the stars, overlaps of star
bodies and any other possible views occuring on the sky itself. The only reporter of any event in
the space represented a light. Its character remained a whole mystery for them all and thus they
decided upon giving it a divine origin. One of its characters though was all but questioned: sin-
ce antiquity was a general belief that light spreads along a bisector. This was refuted by Albert
Einstein with his general theory of relativity over time.

Scéna 2

Optické jevy v extrémnich gravita¢nich polich

Scéna 3
S popisem vzajemného gravitacniho piisobeni dvou hmotnych téles piisel jiz Isaac Newton, kte-
ry svym pisobenim vyrazné zasdhl nejen do matematiky, mechaniky, ale i optiky. Svétlo si
piedstavoval jako proud cCastic, a tak nejspiSe v analogii s vrhy téles na Zemi, si ve svém pojed-
nani o optice pokladéa zasadni otazku: ,,Neplisobi na svétlo télesa na dalku? A neohyba toto pl-

v

sobenti jejich paprsky? A neni snad takové plisobeni nejsilné;si, jsou-li si nejblize?

The description of the law of universal gravitation by Isaac Newton had a major influence not
only on math, but also on mechanics and optics as well. He thought about light as a particle
stream, so in his analogy of litter of bodies to the ground asked himself these significant questi-
ons about optics: is the light affected by the distant ensembles? And if so, does this have an
effect on its beams? And is it not the most effective if both get as close to each other as they
can?

Scéna 4
DalSich téméf sto let trvalo, neZ Johann von Soldner provedl na zakladé¢ Newtonovy teorie pii-
slusné vypocty. Vyslo mu, Ze Slunce odkloni blizko prochdzejici paprsky ze vzdalenych hvézd
maximalné o 84 setiny thlové sekundy. A€ své zjisténi publikoval v Astronomické rocence,
jednalo se Cisté o teoreticky vysledek, ktery nebyl podepifen méfenim. Na jeho soucasniky mél
¢lanek pramaly vliv. Dnes vime, Ze ho v tomto zjisténi o pér let pfredb¢hl Henry Cavendish. Ten
svlij objev neuvetejnil.
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Rozdélime-li obvod nasi Unisféry na 360 casti a kazdou z nich dale na 3600 dilki, ziskame pfi
jeho pozorovani ze stiedu projekéni plochy nazornou piedstavu velikosti jedné thlové sekundy.
Linearni velikost takového dilku by ale byla vice nez 100krat mensi, nez je rozmér projekcniho
bodu, ktery vam zde mizeme ukazat! Ani lidské oko takovou rozliSovaci schopnost nema. Ta je
zhruba 28 tihlovych sekund. Sousedni dilky byste tak z této vzdalenosti viibec okem nerozlisili.

It took almost 100 hundred years before Mr. Johann von Soldner did relevant calculations based
on Newton's theory. The results provided him with the conclusion that all the incoming beams
from far away stars are diverted by the Sun with the maximum up to 84 hundredth of an angular
second. Even though he published this information within the astronomy yearbook, it was taken
lightly since it was only a theory result with no supporting measurements as a backup. More-
over, his research did not have a significant influence on his contemporaries back then. As of
now we are aware that Mr Henry Cavendish actually reached this conclusion a few years before
him already but unfortunately he did not publish his discovery anywhere at that time.
If we divide the perimeter of our Unisphere into 360 parts and after that into another 3600
parts, we get an idea of the size of one angular second based on the observation from the middle
part of the projection screen. Although the linear size of such a part would be over 100times
smaller than the perimeter of the projection point which we can show you here. Besides the fact
that even the human eye does not have such a distinguished ability - it is around 28 angular se-
conds. As a matter of fact, you would not be able to distinguish even its adjacent part with your
own eye.

Scéna 5
Za sto let pfichazi na scénu Albert Einstein a nezavisle na Soldnerovych vypoctech dochazi z
principu ekvivalence k obdobnému vysledku. Pozdéji si do deniku poznamenava, ze by tak gra-
vitacni pole mohlo zplisobovat vicenasobné obrazy zdroje. Myslenku nepublikuje.
Astronoma Erwina Freundlicha se pta na uskutecnitelnost mé&feni ohybu paprsku vlivem gravi-
tacniho pole. Je uspofaddana védecka vyprava na rusky Krym, kde béhem tplného zatméni Slun-
ce by snad bylo mozné takovy jev pozorovat. Usili je viak zhaceno Prvni svétovou valkou.
Einstein pokracuje v budovani své teorie a tyden pred finalizaci jeji logické struktury odvozuje z
linearizované rovnice pole, ze hodnota odchylky svételného paprsku by méla byt zhruba dvojna-
sobné oproti predpovédi dané gravitaéni teorii Newtona. Zhruba 17 desetin uhlové sekundy. PiSe
se listopad roku 1915. Kratce na to Karl Schwarzschild naléza ptesné feSeni Einsteinovych rov-
nic a piesny vypocet miize byt dokoncen.

100 hundred years later and Albert Einstein reached the same conclusion on his own as Soldner
did based on the Equivalence principle. He later on wrote down in his notebook that this way
the gravitational field would occur in multiple pictures of the source. He has decided not to pu-
blish this news. Instead he inquired astronomer Ervin Freundlich to conduct the measurement of
beam bend by the gravitational field. They started organizing a science trip to Krym in Russia
where they would be hopefully able to watch such a phenomenon during the eclipse of the Sun.
Alas, their plans were stopped because of the first world war which has just started.

Despite this, Einstein still continued to build up his theory. One week before he finalized the
theory’s logical structure, he deduced from the linear’s equation a field which comes up with the
following: the deviation’s value of light beam should be two times bigger against the gravitatio-
nal theory concluded by Newton with its 17 tenths of an angular second. In November 1915 Karl
Schwarzschild found a relevant solution to Einstein's equations: the accurate calculation could
be finally done.
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Scéna 6
Jesté 3 roky bude trvat, nez Arthur Eddington na ostrové Principe v Zapadni Africe vyfotografu-
je pozici hvézd v okoli Slunce a porovna ji s pozici, v niz paprsky vzdalenych hvézd nejsou
Sluncem takika ovlivnény. Potvrzuje ohyb svételnych paprski i to, ze je vyraznéjsi, pokud pa-
prsky prochazeji blize Slunci.

A¢ ne vSichni védci t¢ doby povazuji pozorovani za prilkkazné, zprava plni titulky svétového
tisku a mezi lidmi se Einstein stava pies noc celebritou. Toto jediné pozorovani strhava po 2
stoletich vladu Newtony mechaniky a po 22 stoletich Euklidiiv popis geometrie prostoru. Fyzika
se borti v samych zakladech.

It took another three years before Arthur Eddington photographed the positions of the stars on
the Principe island in West Africa. He compared it with the positions of beams from far away
stars which are barely influenced by the Sun. With this he was able to confirm the bend of light
beams including the fact that it is also more intense when those beams go through the areas clo-
ser to the Sun.

Although not all scientists considered his observation as conclusive, the international ne-
wspapers published this discovery and Einstein became a world sensation at once. After two
centuries this observation has erased the domination of Newton's mechanics and also Eklid’s
description of geometry’s space after twenty two centuries. The physics started crumbling down
in its foundation.

Scéna 7
Einstein vysvétlil gravitacni silu tim, Ze ji zrusil.
Prostor a ¢as jiz nadale nejsou nezavislé, tvofi Ctyfrozmérné jevisté zvané prostorocas. Ten je
deformovan ptfitomnosti hmoty a energie. T¢€lesa se v ném pohybuji nejpifimocareji jak mohou —
vzdy s ohledem na jeho zakiiveni. Nadale tedy nikoli po pfimkéch, jak tomu bylo v plochém
Eukleidovském prostoru, ale po tzv. geodetikéch.
Pozdéjsi koryfej obecné relativity John Wheeler to vymluvné shrnul slovy: prostorocas tika
hmoté¢, jak se pohybovat; hmota fik4 prostorocasu jak se zakfivit.
Koncept byl ve své dobé natolik pfevratny a matematicky obtizny, Ze jej chapala jen hrstka as-
tronomt. V casech, kdy byla teorie potvrzena méfenimi Eddingtona, o nich tisk hovofil jako o
tuctu moudrych muzi. Neni tplné jisté, kdo se mezi n¢, kromé Einsteina a Eddingtona, skutecné
fadil.

Einstein has explained a gravity power by its immediate cancelation.

Space and time are not independent anymore; they make a four dimensional stage called space-
time which is deformed by the presence of mass and energy. The ensembles inside are moving in
the most straightforward way, always in accordance with its own curvature. They stopped mo-
ving along the straight lines based on the flat Euclidean’s space and they use the so-called geo-
detic curves instead.

John wheeler, a coryphaeus in general relativity, has eloquently described this in words in his
life with the following statement: spacetime tells matter how to move; matter tells spacetime how
to curve.

This concept has been so significant and so mathematically complex that it was understood by
only a small part of astronomers only. In times when the theory was primarily supported with
Eddington’s measurements, the press was presenting it like it was an outcome of a dozen wise
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men. To this day it is uncertain who they were talking about apart from Eddington and Einstein
themselves.

Scéna 8
Od téchto pionyrskych dob byla vyvinuta i¢inna metoda zndzornéni nékterych aspektti zakiiveni
Ctyfrozmérné geometrie zvana vnofovani. Pokud byste Zili na povrchu koule jako dvourozmérmé
bytosti, jeji tvar si predstavite jen stézi. Pfidejte vSak jeden rozmér navic a jak vypada povrch
koule v trojrozmérném Eukleidovském prostoru, uz vite. Podobné¢ bychom mohli vnofrovat
Ctyfrozmérny prostorocas do petidimenzionadlniho nadprostoru. Protoze si neumime ptedstavit
ani ten, musime se uchylit jen k znazornéni jeho fezl. Jeli prostorocas staticky, neproménny, 1ze
uvazovat okamzité Casové fezy — jakési momentky; je-li jeho prostorova ¢ast navic sféricky sy-
metricka, bez ztraty informace o jejim zaktiveni lze dale uvazovat jen fez rovnikovou rovinou
prochazejici sttedem takové sféry. Tim se zbavime dvou dimenzi a ptedstavit si plochu v troj-
rozmérném Euklidovském prostoru umime.
Vznikla plocha pfipomind gumovou blanu prohnutou uprostied pod tihou kulicky. A¢ se jedna o
Casovy fez, ptesto do tohoto diagramu vnofeni mizeme orienta¢né zaznacit pohybové kiivky
Castic — tzv. geodetiky.

Since this pioneering period has been developed quite an effective method reflected in some
aspects of four dimensional geometry called embedding. If you ever lived on the surface of a ball
as two dimensional creatures, you would be hardly able to imagine its shape. However, with one
additional dimension you would get the idea already since you know how the surface of a ball
looks like in a three dimensional Euclidean’s space. We could keep embedding the four dimensi-
onal spacetime into five dimensional hyperspace in a similar way. Since we are unable to ima-
gine this as well, we can only illustrate its slices. Should the spacetime be static and invariable
we can think about the instant slices; if the spatial part is spherically symmetrical, we with no
loss of information about its curvature we can only conclude a slice of the equatorial plane
going through the core of such a sphere. This way we can get rid of two dimensions beside the
fact that we can imagine such an area in three dimensional Euclidean s space.
The new surface reminds us of a rubber membrane bended in the middle under the weight of a
bead. Despite this time slice, we can still indicate into this embedding diagram a trajectory path
— a so-called geodesic.

Scéna 9
Pokud jste na nerovném terénu nékdy hrali golf, pak vite, Ze je-li v cest¢ micku prohluben,
ovlivni to jeho néslednou cestu. Putuje-li mic¢ek od prohlubné ve vétsi vzdalenosti, bude zména
oproti jeho pfedchoziho sméru jen mirnd; pokud ale mifil ptimo do prohlubné¢, mize v ni 1 uvaz-
nout. Obdobn¢ je tomu s geodetikami v piipade zakiiveného prostorocasu.
Po geodetikach se pohybuji vSechna volné padajici télesa.
Geodetiky, po nichz se pohybuje svétlo nazyvame nulové.

If you ever had a chance to play golf in any uneven area you surely know that each hollow on
the ground will affect the ball's trajectory. When the ball passes by the hollow in a bigger
distance, its change will be against its previous direction mild; if the ball is coming straight to
the hollow, it can get stuck inside. It is the same with geodetic curves with bended spacetime.

All free falling ensembles will keep moving along the geodetic curves.

Geodesics whose surface uses a light for its movement are called zero geodesics.

10
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Scéna 10
Putuje-li v této teorii svétlo oblasti, ktera neni plocha, napt. v okoli Slunce, dojde ke zméné pi-
vodniho sméru vyslaného paprsku. Pozorovateli na Zemi se to bude jevit tak, ze svétlo k nému
pfichazi odjinud, nez je skuteCnost, nebot’ o ovlivnéni jeho cesty nic netusi. Smér ptichoziho
fotonu zkratka projektuje na svoji lokalni oblohu a vytvaii si tak zdanlivy zdroj tohoto svétla.
A to je celd podstata odchyleni — ¢i chcete-li deflexe — svételného paprsku, kterou Eddington
béhem zatméni pozoroval. Diagram vnofeni nam ji pomohl snadno objasnit.

If the light travels in this theory in areas which are not flat such as surrounding areas of the Sun
there can occur a change of the original beam trajectory. Anyone watching on Earth would as-
sume the light is from elsewhere than in reality because no one would know anything about the
change of this trajectory at all. The direction of the upcoming photon is projected on the local
sky, thus it creates the apparent source of this light.

This is the whole matter of light beam diversion (also called deflex) which Eddington observed
during the eclipse of the sun. The embedding diagram has been able to clarify it to us.

Scéna 11
V nékolika raznych ptipadech sledujme cestu svétla podrobnéji.
Animace vlevo nahofe znazornuje Sifeni véjifovité emitovanych fotonli v prazdném prostoru.
Napravo od ni je ukdzano ovlivnéni jejich trajektorie v Newtonové teorii a na spodnich obraz-
cich v obecné relativistickém popisu. Leva spodni animaci je vytvofena pro staticky sféricky
symetricky Schwarzschildlv prostoro€as; v té vpravo je navic zakfiveni prostorocasu ovlivnéno
rotaci centralniho objektu. Jedna se o tzv. Kerrv prostorocas.
Rotace objektu zplisobuje jev strhdvani prostorocasu v jeho okoli a popsat pohyb je v takové
geometrii 0 pozndni komplikovanéjsi.
Vsimnéte si, Ze za takové situace navic zalezi, zda foton pfichazi k objektu ve sméru, ¢i proti
sméru jeho rotace. Geodetiky proto v animaci nevypadaji rozloZeny symetricky, tak jak je tomu
v ptipad€ Schwarzschildovy geometrie nalevo.

Let's go ahead and watch the light journey with close attention in a few other situations.

On the left side you can see an animation which reflects the spread of fan-shaped photons in the
empty space. On the opposite right side is shown the influence of their trajectory in Newton's
theory and on the lower pictures can be seen in the general relativistic description. The left
lower animation is made for static spherically symmetric Schwarzschild's spacetime; on the
right is also the spacetime curvature influenced by the rotation of the central object which is
called the Kerr’ spacetime.

The object's rotation is caused by the phenomenon which tears down the spacetime in its
surroundings. To describe any movement in such geometry is quite complicated.

You can notice that in a situation such as this is the most important the fact whether the photon
comes to the objects in its direction or against the direction of its rotation. Due to this are geo-
desics in this animation not spaced symmetrically as can be seen in Schwarzschild's geometry
on the left side.

11
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Scéna 12
Pti zpétném sledovani geodetik vSech k nam ptichazejicich fotonl az k jejich zdrojim, dosta-
neme vzajemnou korespondenci mezi onim skute¢nym a tim pro pozorovatele zdanlivym obra-
zem vesmiru. Dva rozdilné svéty.
Je k tomu vsak tfeba znat, jaké je zakfiveni mezilehlého prostoro¢asu. Pfipadn¢ naopak, ze zna-
losti pozorovaného obrazu a jeho realné predlohy miizeme zjistit, jaké je zaktiveni prostorocasu.
Z toho lze pak usuzovat na rozlozeni hmoty a energie mezi nami a sledovanym objektem.
Timto zplisobem vznikaji mapy rozlozeni temné¢ hmoty ve vesmiru. Ta se navenek projevuje
pouze gravitacné — tedy zaktivuje prostorocas v jejim okoli.
AC je myslenka trasovani paprskii jednoducha, jeji realizace nardzi na obtize. Uplatiuji se tu i
dalsi relativistické jevy, které jsou spojeny s piechody mezi vztaznymi soustavami. Proto pama-
tujme, ze pozorovany obraz nemusi byt zkreslen jen v dasledku odchyleni geodetik od jejich
puvodniho sméru.

Looking back at our geodetic observations of all incoming photons to their sources, we get a
mutual connection between the real and apparent picture of space. Two different worlds.
For this purpose we need to know what the curvature of intermediate spacetime is. If not this, we
can use our knowledge from image observation. We can find from its real model the curvature of
spacetime. Based on this we can conclude the mass composition and energy between us and the
monitored object.
Thanks to this, maps are made with composition of dark mass in space. The dark mass
outwardly functions in a gravitational way - it curvatures spacetime in its surroundings.
Although the idea of beam tracing looks quite simple, we would face an obstacle with its reali-
zation. There also applies a relativistics phenomena which is connected with transitions between
frame references. And thus, we have to keep in mind that our observed image does not have to
be distorted only because geodetics deviations changed their original trajectory.

Scéna 13
Z dtvodu zaktiveni casoprostoru dochazi k riznému ovlivnéni méfeni casu i délek v rtiznych
mistech gravitacniho pole.
Dochazi k odlisnostem mezi vinovymi délkami emitovanych a pozorovanych fotond i ke zme-
nam v dobach jejich putovani po rtiznych geodetikach. Dostane-li se foton do oblasti v niz bézi
¢as pomaleji, tedy napt. do blizkosti ¢erné diry, zaznamename posun v jeho vlnové délce smé-
rem k modré oblasti spektra. Bude-li se od takového mista vzdalovat do oblasti s mensi gravita-
ci, bude opét Cervenat.
Danym efektim se fik4 gravitacni ¢erveny ¢i modry posuv a Shapirv jev zpozdéni signdlu. Oba
byly Cetnymi méfenimi potvrzeny a fadi se mezi klasické testy obecné teorie relativity.

Due to curvature of spacetime is influenced measurement of time including the lengths in diffe-
rent areas of the gravitational field.

As a result there occurs a difference between the wavelengths of emanated and observed pho-
tons. Moreover, the time of their travels along the different geodetics is changed as well. If the
photons land in the area where time runs slower such as black hole we notice the shift in its wa-
velength in the direction to the blue area of the spectrum. If it moves back to areas with smaller
gravitation, it will start to change its colour to red.

These effects are called either a gravitational blueshift or redshift. It can also be called a Shapi-
ro time delay. Both were confirmed by many measurements and rank among standard examina-
tions in general relativity.

12
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Scéna 14
Zacnéme s nejjednodussim pripadem, v némz postaci uvazovat jen ohyb paprskii. Pozorovatel i
zdroj obrazu jsou znacné vzdaleny od mezilehlého objektu, kterym mohou byt jak osamocené
hvézdy, tak i jejich shluky, ¢i celé galaxie. Ty, prostiednictvim zakfiveni prostoro¢asu, ohyb jim
blizko prochazejicich paprskii zplisobuji a vznika tak deformovany obraz. Hovofime o gravitac-
nich ¢ockach. Ty mohou obraz nejen deformovat co do tvaru, ale mohou vytvaret i vicenasobni
obrazy jednoho objektu. V jisté analogii s fatou morganou hovoiime o tzv. gravitacnich ptelu-

vvvvv

temné hmot¢; ale 1 o piitomnosti planet obihajicich v ndm vzdélenych hvézdnych systémem.

Let's start off with the most simple case when we only have to think about the curvature of be-
ams. The observer and image source are substantially distant from intermediate objects such as
individual or cluster stars but also different galaxies. They are bended due to the curvature of
time and thus the image becomes deformed. We call it a gravitational lens. Not only can it de-
form the image, it also makes a multiple image of one individual object. Generally, when you
think of somewhat a “space mirage” we can actually find such an official term: a gravitational
delusion. The study of it provides the astronomers news about the composition of the basic space
component — a dark mass; besides that, it also informs them about the presence of orbiting pla-
nets in a distant star system.

Scéna 15
A¢ Einstein ptili§ nevétil, ze by dvé hvézdy a pozorovatel mohly byt piimo v zakrytu, na zadost
Rudiho Mandla publikoval v ¢asopisu Science studii, v niz gravitaéni ¢ocku popisuje a predkla-
da jeji zobrazovaci rovnici.
Pojmenovani ,,gravitani coCka® by nam mohlo siln¢ pfipomenout klasickou sklenénou cocku,
ktera soustfed’uje rovnobé&zné paprsky do jednoho bodu — ohniska, pii¢emz nejvice lomeny jsou
paprsky ty nejvzdalené€jsi optické ose, avSak u gravitacni ¢ocky takové ohnisko neni a nejvice
ohnuté paprsky jsou ty prochéazejici nejblize cockujicimu objektu. Gravitani co¢ky jsou také
achromatické. Nulové geodetiky nezalezi na vinové délce svétla, které po nich putuje.
Tvarové podobné zkresleni obrazu gravitani cockou vykazuje sledovani pfedmétu skrze stopku
skleni€ky na vino. Jedna se ale jen o pfiblizny model vzdaleny redlnému gravitacnimu cockova-
ni.
Podivejme na pocitacovou simulaci.

Although Einstein did not believe that two stars and observers could happen to be in an occulta-
tion, he later on published in the Science newspaper on request by Rudi Mandl his studies with
the description of gravitational lens with its rendering equation.

The name of a gravitational lens may remind us of a standard glass lens which concentrates its
parallel beams to one point only — a focal point. The most angled beams are the most distant
ones from the optical axis. However, the gravitational lens does not have such a focal point and
so the most angled beams are the ones coming through the nearest lens object. Gravitational
lenses also happen to be achromatic. For zero geodetics does not matter the wavelength of light
which travels along it.

The most similar image distortion of gravitational lens for any object observation can be done
through the lower stem part of the glass. Although this is a talk about only an approximate mo-
del, still not even close to the real gravitational lens. Let's view the computer simulations in a
second.
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Scéna 16
Hvézdickou uprostfed zeleného kruhu je v animaci vyznacena poloha mezilehlé, témet bodové
hvézdy ¢i galaxie zplusobujici zakiiveni okolniho prostorocasu, které ovliviiuje svétlo, jez pii-
chazi k pozorovateli od hvézdy znazornéné cervenym krouzkem. Jeji deformovany obraz vidény
pozorovatelem je vykreslen modre.

The animation shows a star in its middle with the green circle - this represents an intermediate
position of an almost point star or galaxy which causes the curvature of its surrounding space-
time. This actually influences the light coming to an observer from a star shown as a red circle.
Its deformed image is drawn in blue to any observer.

Jelikoz je poloha obrazu v této jednoduché aproximaci dana kvadratickou rovnici, jsou obrazy
vzdy dva a lezi s ¢oc¢kou na jedné ptimce. Avsak, je-li hvézda v presném zakrytu s mezilehlym
objektem, piechdzi jeji obraz, diky symetrii situace, v kruh obklopujici mezilehly ¢ockujici ob-
jekt. Nazyvame jej Einsteinovym prstencem a v animaci je vyznacen zelené. Paprsky emitované
v jistém prostorovém uhlu budou v idealnim piipadé vSechny soustfedény k pozorovateli, a tak i
jinak slaba hvézda bude dobfe viditelna. Pomysinym Einsteinovym prstencem jsou oddéleny
prostory vyskytu obou obrazi, jak je vidét v animaci z jejich Srafované stopy.

The position of the image in this simple approximation is given by the quadratic equation - there
are always two images and both lie along the lens on one single straight line. However, if the
star happens to be in a direct occultation with the intermediate object, its image switches thanks
to the symmetry in this situation to the circle surrounded by an intermediate lens object. We call
it Einstein's ring and it can be seen in animation as green colour. All emitted beams in a certain
space angle would be in the most ideal situation and are all concentrated in the direction of the
observer. This way even a weak star could be quite visible. The imaginary Einstein ring is divi-
ded by areas as can be seen in the animation when looking at the hatched footprint.

I pokud detektor pozorovatele nedokaze rozlisit oba obrazy vzdalen¢ho objektu, pfesto na ngj
bude dopadat vice svétla, nez kdyby mezilehla cocka nebyla pfitomna. Dojde k nahlému zvySeni
jasnosti, které nazyvame mikrocockovani. Jeho ¢asovy pribéh je znazornén ve spodni ¢asti ani-
mace.

Z uhlové Sitky Einsteinova prstence miizeme urovat hmotnost ¢ockujici galaxie. Také ji Ize
vypocitat z thlové separace obou obrazil. Z napozorovanych svételnych kiivek miizeme usuzo-
vat na mnozstvi temnych hvézd, hvézdnych pozistatkl, ¢ernych dér ¢i hnédych trpaslikii v na-
Sem okoli. Ty vSechny pfispivaji k temné hmoté¢ Mlé¢né drahy a jinymi pozorovacimi metodami
jsou jen obtizné zjistitelné.

Even if the detector from the observer cannot distinguish two images of the distant object, the
light would fall down on it in a much bigger amount than if the intermediate lens was not pre-
sent at all. If there occurs a sudden increase of brightness we call it microlensing. It's time
course is shown in a lower part of animation.
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From the angle width of the Einstein ring can be defined the weight of the lens galaxy. We can
also calculate it from separation of both images. We can conclude from observed light curves
the amount of dark stars, star remains, black holes or brown dwarfs in our surroundings. All of
them contribute to the dark mass in our Milky way. Any different observation methods would
make it harder for us to find it all.

Scéna 17
Neni-li hmota v ¢oc¢kujicim systému rozloZena rovnomérné, nebo ji nelze pokladat za bodovou,
muze byt pocet obrazll i vyssi nez dva. Na obrazku vidite ptiklad co¢kovani binarnim systémem
stejné hmotnych hvézd.

Scéna 18
If the mass in the lens system is not spread evenly or if it cannot be considered as a point, the
amount of images could be higher than two. On the picture you can see the example of the len-
sing by binary systems of the same heavy stars.

Prvni objev dvojitého obrazu vzdalené¢ho kvazaru zobrazeného gravitaéni coCkou byl ucinén
roku 1979 v mikrovinné oblasti elektromagnetického spektra. Jsou pod nim podepsani Walsh,
Carswell a Weymann.

The first discovery of the double image was actually a distant quasar through the gravitational
lens in 1979. It was in a microwave area of the electromagnetic spectrum found by Walsh, Car-
sweel and Weymann.

Pozorovany objekt je dnes znacen QSO 0957+561 A/B. V dobé, kdy byly oba obrazy objeveny,
se vetilo, Ze se jedna o dva rtizné objekty. Brzy se ukazalo, Ze identickd dvojcata. Proto se ob-
jektu ¥ika Twin Quasar. LeZi 14 miliard svételnych let od Zemé. Cockovaci galaxie je od nas
vzdalena 4,6 miliard svételnych let. Je to ten Cerveny drobny fli¢ek nad spodnim obrazem. Z
toho, Ze obrazy a ¢ocka nelezi na jedné piimce soudime, Ze Cockovaci galaxie neni sféricky sy-
metricka.

Ve viditelném spektru oblast zaznamenal i Hubbliv vesmirny dalekohled. Rozpoznate na snim-
ku oba obrazy jednoho kvazaru?

This observed object is nowadays known as QSO 0957+561 A/B. When it was discovered there
was a general belief that both are separate objects which was soon corrected by the revelation
that these are actually identical twins. Thus its name is Twin Quasar and is from Earth around
14 billions of light years away. The lensing galaxy is around 4,6 billions of light years distant.
You can see it as the tiny red spot above the lower image. Because the image and lens do not lie
on one straight line there can be concluded that the lensing galaxy is not spherically symmetri-
cal.

The Hubble Space Telescope also took notice of this area in the visible spectrum. Could you
distinguish both pictures of one quasar in this image by yourself?

Scéna 19
Roku 1987 Jaquelin Hewittova pozorovala v radiové oblasti objekt MG1131+0456, ktery se v ni
jevil jako zativy elipticky prstynek doprovazeny parem kompaktnich zdroji. Morfologie radio-
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vych zdroji vSak napovidala, ze se jedna o ptipad, kdy je obraz zdroje deformovan gravitacni
cockou. Jednalo se o prvni pozorovani Einsteinova prstence vibec.

Od téch dob byl zaznamenan jest¢ mnohokrat. Lvi podil na téchto objevech m¢l Hubbliv ves-
mirny dalekohled.

When Jaqueling Hewitt was observing in a radio area an object called MG1131+0456 back in
1987, it did look like a bright elliptical ring accompanied by two sets of compact sources. The
morphology of the radio source did show that it was a case with the image source deformed by a
gravitational lens. It was the first observation of the Einstein ring ever. Since then we did have
many other occasions to take notice of it. The Hubble Space Telescope played a significant part
in all of our discoveries.

Scéna 20
Casteénou formou Einsteinova prstence je Einsteintiv kifz. Odpovida 4 obrazéim stejného objek-
tu ¢ockovaného napiiklad mezilehlou galaxii.
The Einstein cross partly represents the form of the Einstein ring. It reflets to four images of the
lens objects such as the intermediate galaxy.
Velmi pozoruhodnou ukédzkou je obraz galaxie znamé jako UZC J224030.2 032131 potizeny
rovné¢Z Hubblovym vesmirnym dalekohledem. Uprostied struktury pfipominajici kiiZ vidime
slaby difizni objekt — galaxii, kterd ¢oc¢kuje za ni se nachazejici kvazar, od nas vzdaleny 11 mi-
liard svételnych let v souhvézdi Pegase. Mezilehld galaxie je asi miliardu svételnych let od nas.
Pravdépodobné se jedna o nejkrasnéjsi ukazku Einsteinova kiize ve viditelném oboru. Napo-
mohl tomu téméf dokonaly zakryt obou objektl, které jsou od sebe vzdaleny jen asi 5 setin Uh-
lové sekundy. Pro lepsi pfedstavu, celkovy thlovy rozmér zobrazeného pole je 26 na 26 uhlo-
vych sekund.

Quite remarkable example is the galaxy image known under name UZC J224030.2 032131 also
provided by The Hubble Space Telescope. In the middle of the structure similar to the cross can
be seen a weak diffuse object - a galaxy which is lensed by the quasar behind it with its distance
around 11 billions of light years away in the Pegasus constellation. The intermediate galaxy is
around one billion light years distant from us. It is most likely one of the most beautiful
examples of Einstein’s cross in a visible field. The nearly perfect occultation of both objects had
a hand in that. Both objects are from each other around 5 hundredths of an angular second
away. To get a better idea: a total angular dimension of the displayed field is 26 x 26 of an an-
gular seconds.

Scéna 21
Nékdy gravitacni obrazy nebyvaji na prvni pohled patrné a plné€ se projevi az po odecteni zareni
pochézejiciho z cockujici galaxie. Tak, je tomu naptiklad 1 v pfipad¢ blizké galaxie ESO 325-
G004. Soucasné metody zpracovani obrazu, které astronomové pouzivaji, si v8ak i s timto doka-
7 poradit.

Sometimes the gravitational images are not not noticeable at a first glance and usually show up
after the deduction of radiation from the originating lensing galaxy. The same way it is in the
case of a close galaxy ESO 325-G004. The current methods of image processing by astronomers
are quite helpful in this matter too.
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Scéna 22
Vicenasobného obrazu vzniklého ¢ockovanim v gravitacnim poli galaktického klastru MACS
J1149.5+2223 bylo vyuzito k sledovani vybuchu supernovy. Jelikoz se cestovni doby jednotli-
vych obrazii 1i$i, mohli jsme jeji vybuch vidét s odstupem casu vicekrat. Prvni obraz astronomo-
vé zmeskali, nachazel by se v oblasti vyznacené hornim Cervenym koleCkem, druhy byl spatfen
hned ctyfikrat jako Einsteiniv kiiz ve spodni Cervené vyznacené oblasti, ukazalo se vsak, ze
Sesty obraz byl v té dob¢ stale jesté na cest¢ k Zemi a skutecné, rok na to byl i1 tento obraz za-
Znamenan.
Takova pozorovani umoznuji nejen studovat exploze masivnich hvézd, ale i expanzi naSeho
vesmiru.
Urceni zpozdéni obrazi vybuchu supernovy umoznilo vypocitat Hubblovu konstantu. Jiz dfive,
a zde poprvé pouzitou, metodu vypoctu navrhl astrofyzik Sjur Refsdal, a tak je na jeho pocest
supernova znama pod jeho jménem.

Using the method of multiple images constructed by the lensing in the gravitational field of ga-
laxy cluster MACS J1149.5+2223 enabled us to watch the supernova explosions. Due to the
different travel timings of each individual image, we could see the explosion in a hindsight many
times right after. The astronomers missed out the first image in the area which is illustrated as
the upper red spot; the second one was seen around four times and it is the Einstein cross image
illustrated in the lower part as a red spot; However we found out that the sixth image was still
on its way to the Earth and one year later on it was really recorded. These observations are
helpful not only in studying massive stars explosions but also the expansion of our space.

The determination of image delay related to the supernova explosion was enabled by the Hub-
ble's law. The astrophysicist Sjur Refsdal suggested to use this method already before that but
was firstly used in this case and thus in his honour we have given the supernova his name.

Scéna 23
Podivejme se na udalost pojmenovanou OGLE-2005-BLG-390. Jednad se o svételnou kiivku
ziskanou spole¢nym usilim Sesti dalekohledli rozmisténych po celém svété z divodu zajisténi
moznosti nepietrzittho méfeni. Zatimco na jednom z pozorovacich mist noc kon¢ila, jinde tepr-
ve nastavala. Kazdy bod kiivky odpovidd jednomu meéteni a ptisluSné hodnoté pozorované in-
tenzity zafeni. Co¢kou je zde trpasli¢i hvézda, tedy mala, pomémé chladna hvézda o hmotnosti
asi dv¢ desetiny hmotnosti naseho Slunce. Zmény intenzity svétla se odehraly v pribéhu tydnd.
Vzhledem k pfedchozimu vykladu to jisté neni nic pfekvapivého, vzdalena hvézda byla Cocko-
vana trpasli¢i hvézdou. Ale prece! V ramci jednoho dne doslo k drobnému zjasnéni. Tento drob-
ny vybezek na kiivce je zvétSen v pravém hornim rohu. Analyzou bylo zjisténo, Ze se jedna o
odchylku zptisobenou planetou o hmotnosti asi 5,5 hmotnosti Zemé obihajici cockujici hvézdu.

Let's have a look at the event named OGLE-2005-BLG-390. It is a light curve obtained by the
cooperation of six telescopes across the whole world in order to get constant measurements. In
practice it meant that the moment the night ended at one spot, somewhere else it had just begun.
Each curve point corresponds to one single measurement and appropriate value of the observed
radiation intensity . The dwarf star is a lens here - it is a small and quite cold star with its
weight two tenths of the weight of our sun. The changes of light intensity kept changing during
the upcoming weeks. It is not surprising at all given our previous explanation of the distant star
which was lensed by the dwarf star. And yet - in a matter of one day a small brightness occured.
This tiny protrusion on the curve is seen enlarged in the upper right corner. The conducted ana-
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lysis found it that this is a deviation caused by a planet with weight around 5,5 times that of the
Earth which orbits around the lensing star.

Scéna 24
Zaznamenani kratkodobého achromatického zjasnéni pii dlouhodobém sledovani mikrococko-
vani je dobrym zékladem pro podezieni na vyskyt exoplanety v ¢ockujicim systému, ktera zpu-
sobuje dodate¢né zkresleni jednoho ze dvou obrazil.
Razné zplisoby vzniku tohoto jevu a jeho zavislost na hmotnosti ¢i poloze exoplanety sledujme
v animacich. Exoplaneta je zde znazornéna fialovym krouzkem. PovSimnéte si plynouciho vy-
razného projevu na svételné kiivce.

The record of a short time achromatic brightness during the long term observation of microlen-
sing puts down a great basis for us to assume the presence of exoplanets in a lensing system;
this results in an additional distortion of one of the images.
We can observe the different types of this newly occurred phenomenon and its dependence on
the weight or the exoplanet position on this animation. The exoplanet is displayed as a purple
circle. We can notice its significant dynamics on the light curve.

Scéna 25
Toto je prvni snimek, na némz bylo zaznamenano pét obrazll jediného vzdaleného kvazaru. Je to
objekt, ktery se nam jevi podobné¢ jako hvézdy, ale nejspiSe se jedna o aktivni galaktické jadro —
obfii ¢ernou diru strhujici okolni hmotu.

This is the first ever image of one single quasar displayed in 5 separate pictures. While this ob-
ject seems more like a star it is actually an active galactic core - a huge black hole which pulls
down the surrounding mass around it.

Pfesny mechanismus fungovani kvasarti ale dosud nebyl odhalen.

Kupa galaxii formujicich gravitani ¢ocku je znama jako SDSS J1004+4114. Je od nas vzdalena
sedm miliard svételnych let. Vidime ji tedy tak jak vypadala, kdyz m¢l vesmir jen polovi¢ni sta-
fi. Radi se mezi jednu z nejvzdalengjsich znamych kup galaxii.

Vsimli jste si, Ze se na snimku nachazeji jesté dalsi obrazy vzdalenych galaxii, které jsou gravi-
tacné deformovany do tvarti obloucka?

The correct mechanism of the quasars functions is yet to be found.
The cluster galaxies which form the whole gravitational lens is called SDSS J1004+4114. It is
distant from us around seven billions of light years away. We see its image as it looked like
when the space was only half of its age. It ranks as one of the most distant known cluster gala-
xies.
Did you notice that this picture also includes a few images of distant galaxies gravitationally
deformed into the curl shape?

Scéna 26
Cockovani mezilehlou galaxii si miizete vyzkouset doma na svém mobilnim telefonu ¢ iPadu.
Staci si ze stranek Apple Store zdarma stahnout aplikaci GravLens3.
Zkuste ménit polohu ¢ockujici galaxie a sledovat zmény poctu obrazi, jejich polohy i deformaci.
Pro vétsi zabavu lze pozadi zaménit za libovolnou fotografii.
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Aby vypocet probihal hladce, je pouzit pfiblizny model gravitacniho ¢oc¢kovani, podobny tém,
jakymi jsme se zabyvali dosud.

Pokud by nés ale zajimal piesny obraz zkresleny extrémné kompaktnimi objekty, jakymi jsou
napt. ¢erné diry, neutronové hvézdy ¢i Cervi diry, je relativisticky raytracing — tedy jakési “sto-
povani paprskli”, zna¢né vypocetné narocny.

You can try out the lensing of the intermediate galaxy yourself either on your phone or Ipad. The
only thing you need to do is to download an application called GravLens3 provided free of
charge. Try to keep changing the position of the lensing galaxy and observe the changes of the
image amounts, their positions and even deformations.

To make it more fun you can change the background to your own liking.

In order to have a smooth calculation, we used an approximate model of the gravitational len-
sing similar to the one we talked about previously.

Should we be interested in the accurate picture distorted by the extreme compact objects such as
black holes, neutron stars or wormholes, the method to use is relativistic raytracing. However,
its calculation is quite complex.

Scéna 27
Sledujme vznik extrémné¢ kompaktniho objektu. Postupné snizujme polomér nerotujici hvézdy
pfi zachovani jeji hmotnosti. Rozhodujici je zde kriticky polomér zvany Schwarzschildlv. Za-
timco na pocatku mohly jeho povrch opustit téméi vSechny vné orientované fotony, dosahne-li
hvézda 1,5nédsobku tohoto kritického poloméru, tecné emitované fotony k jejimu povrchu padaji
zpét a utvareji fotonovou sféru, jakousi svételnou obalku obklopujici kolabujici hvézdu. Se
zmenS$ujicim se polomérem miiZze stdle méné a mén¢ fotonli uniknout z povrchu objektu pry¢.
Kuzel vyznacujici mozné sméry uniku fotond se svira. Po dosazeni kritického poloméru — nebo
téZ horizontu udalosti — jsou zachyceny vSechny emitované fotony, véetné téch smeétujicich radi-
aln¢ vn¢ od kolabujiciho objektu. Vznikla Cernd dira.

Let's watch now the extremely compact object upon its rise. We keep decreasing the radius of
the non-rotation star while conserving its weight. The determinative is the critical radius known
as Schwarzschild’s. At its beginning all the externally oriented photons could appear on its sur-
face. Once the star reaches 1,5 times its critical radius, all the tangentially emitted photons fall
back on its surface while forming a photon sphere - it is a light cover surrounding the collapsing
star. The smaller the radius, the less possible it actually is for photons to escape from the object
itself. The cone which signals all the possible escape routes for all photos keeps continuously
getting tighter. The moment the critical radius - we can also describe it as the event horizon -
occurs there are captured all the emitted photons; including the ones which go away radially
and externally from the collapsing object. This makes an opportunity for a new black hole to
arise.

Z hlediska fotont je horizont Schwarzschildovy ¢erné diry délici hranici. Vné horizontu je moz-
né komunikovat se vzdalenymi pozorovateli pomoci svételnych signali. Pod horizontem udalos-
ti svételné paprsky nemohou mifit libovolné mezi udalostmi, jsou orientovany k centru ¢erné
diry. U nah¢ singularity takové rozhrani chybi. Schematicky vznik ¢erné diry dobie vystihuje
struktura svételnych kuZzelt v prostoroCasovém diagramu. Fotony se mohou pohybovat jen po
jejich plasti smérem do budoucnosti.
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In terms of the photons, the Schwarzschild’s horizon of black hole is divided by boundary. There
IS a possible communication between the distant observer and the external horizon in a form of
light signals. The light beams underneath the horizon cannot arbitrarily move between the hori-
zons, it is oriented towards the centre of black hole instead. The naked singularity lacks this
borderline. The light cone structure in a spacetime diagram portraits the schemic rise of a new
black hole. The photons are able to move along only on their mantles to the future.

Scéna 28
Obrazy béznych predmétii miizeme zachytit na fotografiich pomoci svétla, které vyzatuji nebo
rozptyluji. Jak ale zachytit obraz ¢erné diry, pokud z ni zadné zafeni nevychazi? Cerné diry se
natésti ve vesmiru vzdy nachézeji v poli zafeni okolnich objektii. Cerna dira bude charakterizo-
vana siluetou, kterou po sob¢ zanecha ve svétle ptichazejicim k pozorovateli od vzdaleného po-
zadi. Kvuli silné gravitaci bude silueta vétsi, nez je rozmeér horizontu udalosti. To, co ve skutec-
nosti sledujeme neni obraz horizontu udélosti, ale fotonové sféry cerné diry. Fotony, které se
dostanou do jeji blizkosti, ji mohou nékolikrat obéhnout a opét se od cerné diry vzdalit, nékteré
do ni ale padaji. Jedna se o nestabilni kruhovou fotonovou orbitu.

We are able to take pictures of any common objects thanks to the light which is either radiated
or spread out instead. The questing you may ask yourself is how to catch the image of the black
hole if it does not radiate any radiation at all? Fortunately for us, all black holes are always in
the radiation field of other objects in space. The black hole is displayed by its silhouette it leaves
in light which comes to any observer from the distant background. The strong gravity makes the
silhouette look bigger than the size of the event horizon. Unlike our belief we do not watch the
event horizon image; these happen to be photon spheres of black holes instead. Some photons
are able to get close, move around and once again move away whereas some directly fall inside.
1t is an unstable circular photon’s orbit.

U rotujici ¢erné diry je vlivem strhavani prostoroCasu vytvafeny obraz nesymetricky, silueta je
zplostéla do tvaru pismene D. Jeji pfimé sledovani by umoznilo zjistit hodnotu rotace cerné diry.
Na obrazku jsou zachycené geodetiky fotonli vyznaceny cern€. Vlevo vidime piipad
Schwarzschildovy ¢erné diry a vpravo rotujici Kerrovy. Opét si vS§imnéte projevu strhavani pro-
storo¢asu. Cerna dira rotuje z naseho pohledu po sméru hodinovych ru¢i¢ek. Horni obrazky za-
chycuji fez rovnikovou rovinou ¢erné diry, spodni zobrazuji siluetu ¢erné diry vidénou pozoro-
vatelem z boku.

The new image of a rotating black star is asymmetric due to the frame-dragging and its silhouet-
te is displayed in a flat in shape similar to a letter D. We would be able to determine the value
or its rotation if we observed it directly though. On the picture are geodetic photons displayed in
black. On the left side is an example of Scharzchild’s black hole and on the right is the Kerr’
one. You may once again notice the frame-dragging here. From our point of view is black hole
rotating clockwise. All upper images display a section through the equatorial plane of black
hole. The lower part is a black hole silhouette which can be seen by the observed from the side.
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Scéna 29
Toto je prvni snimek, nebo pfesnéji pocitatova interpretace namétenych dat, supermasivni ¢erné
diry v centru eliptické galaxie Messier 87, ktera se nachazi 55 miliona svételnych let od Zem¢.
A¢ teba nevite, co zafi v jejim okoli, siluetu ¢erné diry zde dokéazete snadno rozpoznat. Pro po-
zemstany ma primér pouhych 40 miliontin tthlové sekundy.

This is a first ever image or more accurately computer interpretation of measured data showing
a supermassive black hole in a center of the elliptic galaxy called Messier 87. It is located 55
millions light years away from Earth. Despite not knowing what radiates in this area, the black
hole silhouette is easily recognizable. For all earthlings it has got its radius only about 40 milli-
onths of an angular second.

Scéna 30
Zminili jsme se jiz o Einsteinov¢ prstenci. Jsou-li pozorovatel, ¢ocka i zdroj v presném zakrytu,
svétlo emitované v jistém uhlu prostorové vymezujicim kuzel je ¢ockou ohnuto, ptfichdzi k po-
zorovateli, pficemz symetrie situace zpusobi, ze obrazem je kruh. Nazyvame jej prvnim Einstei-
novym prstencem.
Ten ale neni jediny. Ty nasledné jsou vzdy uhlové blize a blize ke stfedu ¢ocky, presnéji, ke
zdanlivé pozici fotonové sféry. Tteti Einsteintiv prstenec tvoii fotony, které jednou obehly ¢ocku
dokola pobliz fotonové sféry a az poté dorazily k pozorovateli.
Fotony mohou ¢ocku obéhnout i vicekrat, nez se dostanou k pozorovateli. Rizny pocet ob&ht
odpovidé jinému Einsteinovu prstenci. Aby vSak mohly fotony né¢kolikrat obéhnout fotonovou
sféru a poté putovat opét do nekonecna, musi byt pfi jejich vyzareni ze zdroje nasmérovany k
Godce velice presné. Cim vice ob&htl — tim piesnéjsi musi smér emitovanych fotond byt a tim
mén¢ fotonil tuto podminku splituje. Proto maji nasledné prstence slabsi a slabsi jas.

We have already mentioned Einstein’s ring. If the observer, lens and sources happen to be in an
accurate occultation, all the emitted light in a certain spatial angle by defining cone is bended
by the lens. This way it comes towards the observer while its symmetry seems to look like a cir-
cle shape. We call it a first ever Einstein ring.

However, it is not the only one. The other ones are always angled closer towards the lens center
to the apparent position of the photons sphere. The third Einstein’s ring is made of photos which
went around the lens already once near the photons sphere. It reached the observer right after
this.

Photos can sometimes run around the lens many times before it reaches the observer. A different
amount of circulation correspondents with different Einstein' ring. Photons can orbit around
the photons sphere a few times under the condition that the source radiation is directed accura-
tely towards the lens. The more it orbits, the more exact the direction of emitted photos must be
and thus the small amount of photons actually meets this condition. That is the reason why the
new rings have got much weaker brightness.

Scéna 31
Pti ¢islovani jsme pieskocili druhy Einsteinliv prstenec. I ten existuje a nachdzi se mezi prvnim
a tietim prstencem. Vznika vSak odliSn€. Pozorovatel i zdroj jsou v tomto pfipad¢ na stejné stra-
né od ¢ocky. Svétlo emitované smérem k Cocce ji ob&hne a vraci se zpét k pozorovateli. Ud¢la
tedy jakousi oto¢ku o 180°. V piipadech, kdy ud¢€la otocku a jesté Cocku nekolikrat obeéhne pred-
tim, nez doputuje smérem k pozorovateli, vznikaji vyssi sudé fady Einsteinovych prstenct. Po-
kud by svétlo emitoval pfimo pozorovatel, foton se po probéhnuti takové trajektorie vraci zpét, a
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tak by mohl pozorovatel spatfit sam sebe. A dokonce nekonecnékrat, navic zesilen¢ a v postup-
ném casovém sledu! Témto geodetikam fikdme boomerangové.

We skipped over the second Einstein’s ring during our numbering. It also exists and is located
between the first and third ring. It rises up differently though. Both observer and sources are on
the same side of the lens in this case. The emitted light in the direction of the lens orbits around
it once and returns back to the observer, so in a way it makes a 180° turn. In cases when it does
a turn and orbits around the lens a few times before it reaches the observer there occurs higher
even orders of Einstein rings. If the light was emitted directly by the observers, the photon would
return back to its trajectory after its orbit which would enable the observers to catch a sight of
them. Not only that but they view themselves infinitely, it would be amplified in a gradual time
sequence as well. These geodesics are called boomerang ones.

Situace je vSak jest¢ komplikovanéjsi. Jsou-li zdroje v rizné vzdalenosti od Cocky, vytvareji
rizné mnoziny Einsteinovych prstenct. Bylo by je tedy mozné navic ¢islovat polomérem. Vidi-
telnost Einsteinovych prstencti rovnéZ zavisi na vlastnostech ¢o¢ky a pozici pozorovatele. Vzdy
je vsak podstatna poloha a existence fotonové sféry.

Einsteinovy prstence jsou matematicky konstrukt. Vyzaduji kolinedrni uskupeni pozorovatele,
coc¢ky a zdroje. Jejich uzite¢nost vyplyva z toho, Ze tvoii pomyslnou hranici mezi mnoZinami
obrazu.

The situation is complicated even more than it seems. If those sources are in different distances
away from the lens, it creates a set of different Einstein rings. It would be possible to number it
by radius then. The visibility of Einstein rings depends on the lens’ properties and the position of
the observer. The position and the existence of the photon’ sphere is the most important part
here. Einstein’s rings are a mathematician construct. All of them demand kollinear grouping of
the observer, lens and source. Their usefulness lies in the imaginatory borderline between the
images sets .

Scéna 32
Uplny obraz viech zdrojti umisténych na sféfe soustiedné s ¢ockou je viditelny mezi kazdymi
dvéma nasledujicimi Einsteinovymi prstenci odpovidajicimi vzdéalenosti dané sféry. Ma-li cocka
fotonovou sféru, miizeme vidét az nekonecné mnoho obrazl celého jejiho okoli zaroven.
Prvni obraz je v nejméné odchyleném sméru od zdroje. Nazyvame ho primarni obraz. Je pted
prvnim Einsteinovym prstencem. Mezi prvnim a druhym Einsteinovym prstencem se nachazi
sekundarni obraz. Je na opacné strané ¢ocky a je zrcadlové prevracen.

The whole image of all displayed sources on the sphere concentrated with the lens is visible
between two upcoming Einstein’s rings which correspond with the distance of the particular
sphere. If the lens has got a photon sphere as well, we can see the infinitive amount of images in
its surroundings at the same time. The first image is located from the smallest deviation directi-
on of the source. We call it a primary image and it is located right in front of the first Einstein
ring. The secondary image is located between the first and second Einstein ring. It is on the op-
posite lens’ side displayed as a mirror image.
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Tteti obraz je na shodné stran¢€ jako ten prvni, avSak mezi druhym a tfetim Einsteinovym prsten-
cem. Nez jeho fotony dorazily k pozorovateli, ob&hly ¢ocku jednou dokola. Je blize obrazu foto-
nov¢ sféry nez primarni obraz. Takto bychom mohli pokracovat dale, avSak obrazy, jejichz foto-
ny ob¢hly ¢ocku nékolikrat, jsou jen obtizné spatfitelné pro nizky jas. Vyssi a vyssi obrazy jsou
také stale vice a vice deformované. Musi se vejit mezi prislusné dva Einsteinovy prstence, je-
jichz odstup se zmensuje s jejich vzristajicim fadem. A musi se mezi né vejit nejen obraz jedné
hvézdy, ale obraz celého okolniho vesmiru!

The third image is on the same side as the first one but is located between the second and third
Einstein’s ring instead. The photons did orbit around the lens once already before they got to
the observer. We could keep going around more but alas the images whose photons did orbit
around the lens a few times already are hardly noticeable due to a low brightness. The higher
the images are, the more the images are deformed. However, all of them must fit between two
particular Einstein’s rings whose interval is getting smaller with their increased order. What
makes the situation more complicated is the fact that not only the image of one star must fit
between them but the image of the whole space must fit in between as well.

Scéna 33
Podivejme se na obraz Mlécné drahy zkreslené gravitacni Cockou.
Nejprve si ukaZzeme nezkresleny panoramaticky snimek Mlécéné drahy. Ta bude tvotit vzdalené
pozadi cockované mezilehlym kompaktnim objektem.
Je-li timto objektem Schwarzschildova ¢erné dira, pak by pozorovatel od ni 25krat dale, nez je
polomeér jejiho horizontu vidél Mlé€nou drahu takto zkreslen€.

Let's look at the Milky way picture distorted by a gravitational lens.

Firstly, we will view the undistorted panoramic image of the Milky way which would make the
distant background lensed by an intermediate compact object. Should this object happen to be a
Schwarschild’s black hole, the observer would see the Milky way in a distorted way due to the
25times bigger distance.

Scéna 34
Cerné diry mohou nést i néboj. Nerotujici nabita extrémni Serna dira popsana Reissnerovou-
Nordstromomou geometrii tvoii co¢ku na dal§im obrazku.
Naboj lze objektu odebrat a ptidat rotaci. Extrémné rotujici Kerrova ¢erna dira vytvoii pro pozo-
rovatele na jeji rovnikové roviné ve shodné vzdalenosti jako ptedtim takovouto podivanou.
Ptidame-li navic naboj, vznikne Kerrova-Newmanova Cerna dira. Zde je opét zobrazena jeji ex-
trémni varianta kvlili maximalizaci projevu na vysledny obraz.
Zpozorovali jste né¢jaké rozdily?
Pokud ne, zde je postupna animace zmén v jednotlivych geometriich.
Ve vsech piipadech snadno rozpozname siluetu ¢erné diry 1 nékteré obrazy. Vzhled popisuje
zaktiveni v okoli ¢ockujiciho objektu. Ze znalosti redlného snimku bychom byli schopni porov-
nanim s modely urcovat typ, hmotnost, rotaci i ndboj ¢ern¢ diry.
Velmi zajimavé snimky dostavame pro piipady nahych singularit, v nichZ neni vnitini prostor
skryt pted zraky vnéjSiho pozorovatele pod horizontem udalosti.

Black holes might carry a charge as well. Non-rotating extreme black holes are charged and are
described by Reissner—Nordstrom metric’s. It is displayed as a lens in the following picture.
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Moreover, we can take away the charge and add the rotation instead. An extreme rotation of
Kerr’s black hole located in the equatorial plane can provide quite a show for all observers.

If we add another charge, a new Kerr-Newman's black hole arises. We are displaying its extre-
me example in order to show you its increased value of the image. Did you notice any differen-
ces at all? If the answer is negative, here is the gradual animation of all changes in each indivi-
dual geometries. The silhouette is in all cases easily recognizable. The appearance is described
by the curvature in the surroundings of the lens object. With our knowledge of real images we
should be able to determine the type, weight, rotation and even charge of black hole if we com-
pare our knowledge with models.

We also got quite an interesting image of naked singularities whose internal space is hot and
hidden in front of the internal observer underneath the event horizon.

Scéna 35
A jak by vypadal oblet okolo ¢erné diry? Zkusme si pustit simulaci.
Jen si predtim jest¢ nejprve vSimnéme, jak bude zkreslena hvézdnd obloha pro pozorovatele
pohybujiciho se postupné se zvysujici rychlosti az témét k hodnotée rychlosti svétla.
Zatimco zprvu rozpoznadme snimek zachycujici Sirius, Orion, souhvézdi Byka a Plejady, se zvy-
Sujici se rychlosti se nase zorné pole méni, obraz se scvrkavéa do uzké oblasti a jeho barvy jsou
vyrazné zménény. Projevuji se zde jevy znamé ze specialni teorie relativity.
Takové dodatecnd zkresleni k efektu gravitacni cocky bude vnimat i pozorovatel pohybujici se v
okoli ¢erné diry.

What would flying around the black hole look like? Let's play the following simulations.

Before we do that though, take a notice how much the star sky would be distorted if the observer
keeps continuously moving until the speed of light is reached. At first we recognize the image
with the displayed Sirius, Orion, Taurus and Pleiades constellations. The increase of speed
changes our field of vision, the image keeps shrinking and its colours happen to be significantly
changed. The phenomenons known from special general relativity take a place here.

These additional distortions related to the changes of the gravitational lens would be also noti-
ced by any observer being in the surrounding area of black hole.

Scéna 36
Ve videu vlevo obiha pozorovatel Schwarzschildovu ¢ernou diru pétinovou rychlosti svétla po
kruhoveé geodetice, hvézdné pozadi je umisténo v nekone¢nu. Pozorujme pohyb dvou vyraznych
hvézd a jejich obrazii. Zdanlivy pohyb prvni hvézdy je na spodnim casosbérném snimku vyzna-
¢en zluté, té druhé Cervené. Fialovy kruh zde zastupuje Einsteinliv prstenec.
Ve spodni simulaci rychlost obéhu pozorovatele dosahuje poloviny rychlosti svétla. Pozorovatel
je tudiz bliZe jejimu horizontu. I zde snadno rozpozname prvni Einsteiniiv prstenec.

The video on the left side shows an orbiting observer around Schwarzschild’s black hole in a
fifth speed of light along the orbital geodesics while the star background is located in an infini-
tive space. Keep watching the movement of two quite significant stars and their images. An ap-
parent movement of the first star is displayed on the lower time lapse image in a yellow colour,
on the second one is the colour red. The Einstein ring represents the purple circle.
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The lower simulation shows the speed of orbit which reaches the half of the light for any obser-
ver. This pushes the observer closer to its horizon then. The Einstein ring is easily recognizable
here as well.

Scéna 37
Rotace Cerné diry narusuje symetrii, kterou jsme pozorovali u Schwarzschildovy cerné diry.
Einsteinovy prstence nahrazuji tzv. kritické kiivky. Situace je komplikovanéjsi, takze jen sle-
dujme, jak simulace dopadnou. Lehce rozpoznate typickou siluetu tvaru D.
Na pfipojenych obrazcich jsou zaznamenany trajektorie dvou rtiznych hvézd a jejich obrazii az
do ctvrtého fadu.

The black hole rotation disturbs the symmetry which we have seen in Schwarzschild’s black ho-
le. The so-called critical curves replace the Einstein rings. The situation just got more compli-
cated, so just sit tight and keep watching how the simulations will end. We are able to identify
the typical silhouette of the D shape. The additional pictures include trajectories of two different
stars including their images up to fourth order.

Scéna 38
Dosud jsme ¢ernou diru pouze obihali po jisté uzaviené orbité. Jak by ale vypadal pad do ¢erné
diry, pokud by jej pozorovatel prezil? NejspiSe by zazival problémy uz v oblasti kolem jeji foto-
nové sféry, ale pfesto, podivejme se na simulaci pro Schwarzschildovu ¢ernou diru.
Horizont udalosti je zde pokryt imagindrni ¢ervenou soutadnicovou siti. Dobie tak vidime, ze
svétlo k nam pfichazi i protilehlé strany objektu. Podstatné by to bylo u neutronové hvézdy.
Cerna dira ale zadny povrch nema.
Vlevo dole je vyznacena pozice pozorovatele padajiciho skrz oblast stabilnich nenulovych kru-
hovych geodetik, nasleduje oblast nestabilnich kruhovych geodetik, oblast, v niz kruhové geode-
tiky neexistuji a pad pokracuje skrz horizont udéalosti s nevyhnutelnym koncem v singularité.
MozZna jste si vSimli, Ze po pruletu horizontem se jeho plocha rozdélila ve dvi. Vysvétleni by si
vyZzadovalo hlubsi znalosti teorie relativity. Nebyt zde ale horizont vyznacen, ani byste neza-
znamenali, Ze jste jim prolétli.

Until now we have orbited by black holes around a certain closed orbit only. How would our
fall into the black hole look like though should the observer survive this incident? He would be
most probably having some problems in the area of the photon sphere already. But still despite
this let’s have a look at the simulation for Schwarzschild’s black hole. The event horizon is
covered here by the imaginary red grid. This enables us to clearly see that the light comes to us
from the opposite side of the object as well. This would be substantially important for the ne-
utron star for example. However, this is not the case of black hole since it does not have any
surface. The lower part on the left side shows the position of the observer who falls through the
area of stable non-zero orbital geodesics, the next up is the area of unstable orbital geodesics
where the orbital geodesics does not exist and all of it continues with the fall through the event
horizon with the inevitable end in a singularity. You might have noticed that the horizon'’s surfa-
ce has divided in two right after the flyby. The explanation demands deeper knowledge in the
theory of relativity. With no displayed horizon here, you would not be even able to recognize
that you flew through it.
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Scéna 39
Nechejme pozorovatele dal spokojené zit.
Dostane-li se do okoli ¢erné diry néjakeé téleso, miize zde byt gravitacné zachyceno. Slapové sily
se postaraji o jeho destrukci. Dochazi zaroven k vzajemnym kolizim mezi materidlem obihaji-
cim Cernou diru. Ten se siln¢ zahtiva a vyzafuje. Material kolem Cerné diry formuje tzv. akrecni
disk jenz mize byt riznych typt.. Ne vSechny ¢erné diry jej kolem sebe maji. Je-li pfitomen, je
zdrojem zafeni, které lze z bezpecné dalky pozorovat. A jak bude vypadat obraz Cerné diry s
akre¢nim diskem?

Let's leave the observer for now.
Any object which comes close to the black hole itself can be gravitationally captured. The tidal
forces can carry out its destruction. There simultaneously occurs mutual collision between the
materials which orbit around black hole. This material keeps warming up and also keeps radia-
ting. The material around the black hole forms an accretion disk which can form many different
types. Although, not all black holes have them around themselves. If its presence is confirmed, it
becomes a source of radiation which can be seen from a safe distance. So, how would the image
of black hole would look like?

Scéna 40
I na tuto otazku jiz bylo prakticky odpovézeno studiem zdanlivé pozice bodové hvézdy obihajici
cernou diru. Podivejme se na obrazek pro dvé rizné pozice pozorovatele. Plnéd ¢ara ukazuje po-
zici primarniho obrazu, ¢arkovana sekundarniho. Cisla pak polohy obrazu v ekvidistantnich &a-
sovych intervalech.

Even this question was answered by the study of the apparent position of a point star which or-
bits around black hole. Now, we will take a look at two different positions with the observer. The
full line shows the position of the primary image whereas the one with commas shows the se-
condary image instead. The numbers represent the image of positions in the equirectangular
time interval.

Scéna 41
Akrecni disk je v nejjednodussim pohledu jen prstenci hmoty obihajicimi a osvétlujicimi Cernou
diru.
Predstavime-li si tenky kruhovy disk s pozorovatelem umisténym nad jeho rovinou, bude pri-
marni obraz disku vytvaren fotony z horni strany disku a sekundarni obraz fotony emitovanymi
z jeho spodni strany. Tu bychom v ploché geometrii nepozorovali, jak je tomu napf. u Saturnu.
Terciarni obraz opét zobrazuje vrch disku a tak dale, avSak vyssi fady obrazi jsou stlaceny k
centralni temné oblasti, kterd je obrazem cerné diry. Akrec¢ni disk nesaha az k horizontu udalosti,
jeho nejvnitingjsi stabilni kruhova orbita je nad fotonovou sférou. Pokud ji hmota piekroci,
rychle padd do Cerné diry. Mezi obrazem disku a ¢ernou dirou tak mizeme ocekavat urcitou
mezeru.

In a simpler view, the accretion disk is viewed in mass 'spring which orbits and illuminates black
hole. If we imagine a thin circle disk with an observer located above its plane level, the primary
disc’s image would consist of photons from the upper side of the disk while the secondary ones
would be made of emitted photons from its lower part. We would be unable to watch it from the
flat geometry the same way with Saturn. The tercial image once again shows the top of the disk
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and so on. Although, the top rank images are pressed towards the central dark area seen as
black hole. Moreover, the accretion disk does not reach to the event horizon, its most internal
stable orbit is located above the photons sphere. Should the mass exceed it, it quickly falls down
to the black hole. So, between the disc image and black hole can be expected a certain gap.

Scéna 42
Jako prvni obraz akre¢niho disku vykreslil Jean-Pierre Luminet. Nadany fyzik, ale i grafik. Data
z realnych vypocti vynasel jako tecky na papir ru¢né. Zde vidime negativ jeho kresby, ktera
neuvazuje pouze prichdzejici viditelné zéreni, ale cely vinovy rozsah.

The first image of the accretion disk was drawn by Jean-Pierre Lumined himself who was a very
gifted physicist and graphic designer. All the data taken from real calculations have been
illustrated by his hand as points on the paper. This is a negative of his drawing which includes
incoming visible radiation but also the whole wavelength range.

Scéna 43
Hlavni prvky obrazu jsou vyznaceny na této ilustraci. Jsou jimi: silueta ¢erné diry, fotonovy
prstenec, akrecni disk a jeho obraz horni a dolni ¢asti.
Povs§imnéte si rovnéz zjasnéni na levé stran€ obrazu. V této oblasti se vyzatujici hmota pohybuje
smérem k pozorovateli. Vyzarené svétlo se proto pozorovateli nejevi izotropné rozlozené, ale
pfevazné Uzce soustfedéné do sméru pohybu. Vlivem tohoto relativistického jevu dochazi ke
zvySeni zdanlivé svitivosti zminéné oblasti. Napravo v obrazku pak naopak k jejimu snizeni.
Hmota se zde totiz pohybuje smérem od pozorovatele. Jev oznacujeme jako Dopplerovo zesileni

.....

The main elements of the image are portrayed in this illustration and it includes the following:
black hole silhouette, a photon ring, accretion disk and the image of the upper and lower part.
Take a notice of the brightness located on the left side of the image. The radiating mass is mo-
ving towards the observer in this area. Thus, the radiated light does not seem to the observer
isotropically while being spread out but it is predominantly concentrated in the movement di-
rection. Influenced by this relativistic phenomena, there occurs an increase of an apparent
brightness in this area. In the right picture is the decrease instead since the mass moves from the
observer instead. This phenomenon is relativistic radiation.

Scéna 44
Vzhled akre¢niho disku zavisi rovnéz na poloze pozorovatele. Sledujeme zmény v obraze béhem
jeho pohybu smérem od rovnikové roviny k polu a zpét.

The appearance of the accretion disk also depends on the observer's position. Let's keep wat-
ching the changes on the picture during its movement from the equatorial plane and back to its
original position.

Scéna 45
Identicky obraz cerné diry je vefejnosti znamy z filmu Interstellar. A¢ se v ném filmati snazili
podat divakovi fyzikaln€ vérné vyobrazeni Cerné diry, relativistické jevy jsou natolik bézné zku-
Senosti nepfirozené, Ze od nekterych zkresleni bylo béhem vyroby filmu upusténo, aby nezptiso-
bovaly v myslich divakt zmatek.
Obrazek znazoriuje postupny prechod k fyzikdlni realité. Nejprve je ukdzan obraz akrecniho
disku s centralni rotujici ¢ernou dirou, poté je uvazen frekvencni posun prichdzejicich fotona
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vlivem Dopplerova a relativistického posunu a finalné je piipocCten i posun ve svitivosti dle Li-
ouvillova teorému.

Az tento posledni obrazek zachycuje opravnéné ocekavanou podobu ¢erné diry s tenkym akrec-
nim diskem.

The identical image of black hole is known to the public from the Interstellar movie. While the
filmmakers did their best in portraying the physical look of black holes, some relativistic phe-
nomena happened to be so unnaturally looking that during the production process a decision
was made to drop a few drawings in order to not confuse their audience. This picture portrays a
gradual transition to physical reality. Firstly, there is an image of accretion disk with the central
rotating black hole, then there is added a frequency shift of incoming photons influenced by re-
lativistic shift and finally, it is accompanied by the shift in the luminous intensity based on Liou-
ville's theorem. Only this last picture justly reflects the most expected image of black hole with a
thin accretion disk.

Scéna 46
Exoplanety, planety u cizich Slunci. Jiz jednou nas k nim mikrocockovani ptivedlo. Pfechodny
zablesk upozornoval na jejich moznou existenci.
Pokud bychom je vSak chtéli sledovat optickymi teleskopy z diivodu difrakce bychom potiebo-
vali nepiijateln¢ velké dalekohledy.
Pro exoplanetu ve vzdalenosti 100 svételnych let od nas, bychom pro jeji minimalistické zobra-
zeni o velikosti jednoho pixelu pottebovali teleskop o priméru 90 km. Pfi rozliSeni 1000 pixelt
by jiz primér dalekohledu musel dosahovat zhruba 7 zemskych primérti. Pfesto se nabizi jedna
moznost. PouZit k zobrazeni exoplanety gravita¢ni co¢ku. V nasem okoli madme jako nejhmot-
néjsi objekt Slunce. Tak proc jej nevyuzit?

The exoplanets, planets from different Suns. We have already reached them thanks to the micro-
lensing. The transient flash suggested its possible existence.

Should we wish to observe them with the help of the optical telescope, due to the diffraction we
would need impossibly large telescopes.

To watch a distant exoplanet 100 light years away from us, we would need for its minimalistic
image with the size of one pixel a telescope with radius around 90 kilometers big. If we wished
to have a distinction of 1000 pixels, the telescope’s radius would have to reach up to 7 agricul-
tural averages. Still there is one option: use a gravitational lens when watching the exoplanets.
The most impactful object near us is the Sun, so why don't we use it?

Scéna 47
Myslenka pochazi nejspise z konce sedmdesatych let minulého stoleti od V. R. Eshlemana. Pte-
kazkou je, Ze nejblizsi bod, na ktery Slunce paprsky vzdaleného objektu soustiedi, lezi asi 550
astronomickych jednotek od Zemé. Pokud bychom ale do tohoto mista umistili pozorovatele,
mohl by sledovat cely Einsteintiv prstenec vzdalené exoplanety. Dalsi obtiZi je pfezafeni oblasti
v okoli Slunce jeho koronou, takze bychom potiebovali byt béhem pozorovani jesté o néco dale,
aby Einsteinlv prstenec byl dobfe oddélen od slune¢niho kotouce. Ten by pak bylo mozno za-
stinit. Jiz dnes dostupné metody zpracovani obrazu by vyftesily zbytek. Studie naznacuji, ze 1ze
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ocekavat obraz exoplanety v rozliSeni, které¢ na ni umozni detekovat nejen jednotlivé krajinné
prvky planetarniho méftitka, ale i pfipadny mimozemsky zivot.

NASA s pfipravnymi pracemi na realizaci tohoto inovativniho konceptu jiz zacala. Je mozné, ze
po gravita¢nich vinach budou gravitacni teleskopy dal$im zasadnim prilomem v prostfedcich
zkoumani vesmiru a cizich civilizaci. Dalsim ovocem vzeSlym z Einsteinovych pievratnych
myslenek.

A jelikoz fyzikalni zakony plati v celém vesmiru stejné, musime se ptat, zda tyto civilizace ne-
sleduji nase po¢inani obdobnymi prostiedky z pohodli svych hvézdnych soustav jiz dnes...

And since the physical quantities apply the same way across the whole space, we ask ourselves
if there is anyone out there watching our quest of alien life from the comfort of their own star
system even now...

This thought is most probably from the seventies of the last century from Mr. V. R. Eshleman.
The biggest obstacle is the fact that the nearest spot where the Sun beam reaches is around 550
astronomical unit away from Earth. If we placed the observer here though, he would be able to
watch all Einstein rings on the distant exoplanet. Another problem portrays the overexposure in
an area near the Sun by its corona. In conclusion, we would need to be in a bigger distance du-
ring our observation so the Einstein ring could be correctly separated from the sun disk. This
way we could overshadow the disk. All the current methods of image processing would solve the
rest. A few studies indicate that we can expect the image of the exoplanet in a distinction which
would enable us to detect not only the individual landscape elements of the planetary scale but
also any possible alien life. NASA has already begun to work on this innovation concept. It is
possible that gravitational waves will be accompanied by new gravitational telescopes. This
would make a significant breakthrough in the way we conduct our research in space and look
for the footprints of any possible alien life. It would be yet another success based on Einstein's
significant thought process.

Scéna 48
Jsme na konci naseho vypraveéni. Piibéhu, ktery pred 100 lety zacal psat Albert Einstein a ktery
do dnesnich dntli neni stale dokoncen. Je v§ak dalece rozpracovan a denné na ném pracuji stovky
teoretickych fyzikd, védct 1 inzenyrt — technikt. Jaké dalsi prekvapeni ndm v budoucnu pfinese
muizeme jen snit. Pokud by Vam to vSak bylo malo, neni nic snadngj$iho nez se do jeho psani
aktivn¢ zapojit. Tteba se Vam podafi otocit list a nadepsat novou kapitolu. Zacit mizete uz dnes
a neni pro to potieba chodit p#ili§ daleko. Ustav fyziky v Opavé ma pro Vas dvefe oteviené.

We are reaching the end of our story. The story which has been started by Albert Einstein and to
this day is still not quite finished. There has been some progress though. As of now there are
hundreds of theoretical physicists, scientists and even engineers - technicians working on this
subject daily. We can only imagine and keep dreaming about all the possibilities we can conclu-
de. If its results disappoint you though, you are welcome to start writing along with us. Maybe
you will get lucky and start a new exciting chapter. You can start today already. There is actua-
Ily no need to go too far away for this goal. The Institute of Physics in Opava will welcome you
with open arms.

Scéna 49
Zaveérecné titulky...
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2 PEDAGOGICKO DIDAKTICKE POZNAMKY

[[erovopcesrooen ]

Obory: 053 Védy o nezivé piirodé, 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 dopl-
nek bézné vyuky. Pedagog po zhlédnuti odkéze na doplnujici literaturu a zodpovi na dotazy.

[M[omocnzmorsew ]

e Predpokladame-li, ze svétlo ma povahu hmotnych ¢astic, pak 1ze v rdmci newtonovské teorie
dospét k zavéru, Ze je jejich pohyb v okoli hmotnych téles ovlivnén gravitacni silou. Lze do-
jit k podobnému zavéru, pokud bychom svétlo popisovali v ramci vinové teorie, jak ji prosa-
zoval Christiaan Huygens?

[ swosrarwvocr ]

e Vykonejte exkurzi na blizké pracovisté hvézdarny, kde se podrobnéji zajimejte o odpoveédi
na otazky, které ve Vas porad vyvolal.

4
-

e Vsouladu s obecnou teorii relativity lze se studenty diskutovat zjednoduSeny popis problé-
mu — odvozeni rovnic geodetik v ekvatorialni rovin¢ objektu. Zavéry lze demonstrovat na
pocitacovych simulacich (podobné, jak se postupuje v knize Taylor, E. F.; Wheeler, J. A. :
Exploring Black Holes — Introduction to General Relativity).

e V méné matematicky nadanych skupindch muze tutor doprovodit potad svymi komentaii
k d¢jinam a védeckym piibéhim teorie relativity. Se studenty 1ze na internetu prochazet ka-
talogy fotografii vesmirnych objektii a vyhledavat dalsi a dalsi priklady gravitaéniho ¢ocko-
vani. Zabavnou formou lze pracovat s aplikaci GravLens3; studovat projev volby jednotli-
vych parametrii uzit¢ého modelu na vysledném zobrazeni. Rovnéz lze uzit mobilni aplikace
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AccretionDisk a simulovat vzhled akre¢niho disku u ¢erné diry. (Existuji 1 dal$i simulatory

relativistické optiky a je mozno je se studenty postupné vyzkousSet.)

e Na kterych pracovistich v CR se miiZete zadit dale vzdélavat v oblasti teorie relativity?

Neptedpoklada se testovani studentii po shlédnuti potadu; pofad ma vzbudit motivaci k dalSimu

vlastnimu poznévani, probudit zajem o fyziku a vesmir kolem nas.

Na zakladé shlédnuti potadu a vlastniho dohledani dalSich informaci napiste referat na téma
a) pokroky v poznavani vesmiru, b) matematika v ptirodnich védach, c¢) fyzikalni modely re-

ality — prediktivni modely a jejich testovani.
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