‘/ V Ye 1 & ( tq/:h:
N :'Q\ //"7 X “|‘ N o | . g rpadas *
> \/9(\ ‘ , a s—f /,,f,' N ( g V @

| A./ P — "}f B o nao

Prve fotografije crnih rupa
- kako pobeci iz crne rupe -
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Nobelova nagrada za fiziku
2020. godina

* Rodzer Penrouz (Roger Penrose)

Roden 8. avgusta 1931. Engleski fizicar, matematicar, filozof
nauke. Prof. emeritus na Univerzitetu u Oksfordu.

» Rajnhard Gencel (Reinhard Genzel)

Roden 24. marta 1952. Nemacki astrofizicar, ko-direktor Maks
Plankovog institua za vanzemaljsku fiziku. Prof. emeritus na
Univerzitetu Berkley, Kalifornija.

* Andrea Gez (Andrea Ghez)

Rodena 16. juna 1965. Americka astronomkinja i profesorka na
Departmanu za fiziku i astronomiju na UCLA.



Sta je to crna rupa?

« Objekat Cije je gravitaciono polje toliko jako da
nijedan oblik materije ili zracenja ne moze da
,pobegne* iz nje

« Prema opstoj teoriji relativnosti mesto u kome
je prostor-vreme beskonacno zakrivljeno

* Dzon Viler (1967) prvi put pojam ,,crna rupa*“
 Graficki opis ideje koja je stara 200+ godina




,Ne moze da ’pobegne’ iz nje“?

orbital velocity

Copyright @ Addison Wesley

L EVENT HORRZoy,

Laght = stationary

Izvor: Answers magazine.

Liaght is pulled in

Inside the event horizon, space is being
pulled faster than the speed

of light.

Light escapes




Sta je to crna rupa?

* Prva ideja: DZon Micel, 1783. godine (Kembridz)

- Ako je zvezda dovoljno masivna i gusta; smatrao je da postoji mnogo
takvih zvezda ali ne mogu da se vide ved samo detektuje efekat njihove
gravitacije

« Slicnha ideja: Pjer Laplas, nekoliko godina kasnije

* Smatrao da malo znamo o prirodi svetlosti da bi mogli da pretpostavimo
kako na nju deluje gravitacija i da nije sasvim na mestu izjednaciti
svetlost sa topovskom duladi u Njutnovoj teoriji gravitacije, jer je
brzina svetlosti konstantna

« Albert Ajnstajn, novembar 1915. godine

« Opsta teorija relativnosti




Skretanje svetlosti

« Pomracenje Sunca: 29. maj 1919. godine
 Britanski astronomi Frenk Dajson i Artur Edington
« Zapadna Afrika, ostrvo Prinsipe

(manje od dva ostrva drzave Sao Tome i Prinsipe, 136 km?2, danas 5000 stanovnika)

* Prva ideja o skretanju svetlosti: Johan Dzordz fon Soldner (1801), iz Njutnove
gravitacije

 Prvi Ajnstajnovi proracuni (1911) - pogresni (rezultati priblizni Njutnovoj teoriji)
« Pokusaj merenja pomracenje 1912. god. iz Brazila - oblacno!

« Ocekivani rezultati - gravitaciono socivo, skretanje 1,75 lu¢nih sekundi
(2 puta vise od Njutnove teorije gravitacije)




Edingtonov eksperiment

Apparent
position
of star

Actual
position
of star




Sta je to crna rupa?

» Nekoliko nedelja kasnije
« Karl Svarcsild - reSenja Ajnstajnovih jednacina koja
pokazuju kako masivna tela savijaju prostor-vreme.

« Kasnija istrazivanja
 Crna rupa - okruzena horizontom dogadaja

« Veca masa = veca crna rupa
« masa Sunca = precnik horizonta dogadaja oko 3 km
* masa Zemlje 2> 9 mm




Kako nastaju crne rupe?

* Robert Openhajmer (1930)

 Prva izracunavanja - gravitacioni
kolaps masivnih zvezda

NURSERY ) NURSERY
: 5

SUPERSHELL

* Do 1960+ godine

 Smatrano da su ova resenja samo
teorijske analize idealne situacije A | 3
(zvezda i crna rupa savrseno | ot . TN

sferne i simetricne)

TYPE

* Rodzer Penrouz (1964)

WHITE
DDDDDDDDD

PROTOSTAR

* Prvo resenje za realan slucaj : s s
kolapsirajuce zvezde!



Sta znaci ,,videti“?

Penetrates Earth's

atmosphere?
Radiation type Radio Microwave Infrared Visible  Ultraviolet X-ray Gamma ray

Wavelength (m) 103 102 10-° 0.5x10° 102 1020 10724

2 o 5 : f)

Approximate (ol W N @) @
1B 44 / ; J P

scale | ‘ |

Buildings  Humans Honey bee Needle Point Protozoans Molecules Atoms  Atomic Nuclei
Frequency (1) NN W T .
104 108 10%2 10% 10 10 10%

Temperature of
bodies emitting
the wavelength

1K 100 K 10,000 K 10,000,000 K
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Sunce na razlicitim ,,talasima*“

SDO/AIA  SDO/AIA  SDO/AIA
@17.1nm @13.1nm @ 9.4nm
SDO/AIA
@ 19.3nm — ~ o

SDO/AIA
@ 21.1nm

SDO/AIA
@ 30.4nm ’;r

s

SDO/AIA
@ 33-5n'

SDO/AIA
@ 160.0 nm

’

SDO/AIA
@ 170.0nm

SDO/HMI
@617.3 nm



Proces posmatrackog rada

1. lzbor informacija (zvezda, galaksija,
meduzvezdani oblak itd.) izvor
2- IZbor (V]\dljlva Svetl05t7 medjugalakticka

radiozracenje, kosmicko zracenje itd.)
3. Pracenje

_medjuzvezdana ...
3 sredina

na nosigce informacjja
(meduzvezdana prasina, galakticko magnetno
pgc%l]e, gravitaciono polje, atmosfera Zemlje
1td.

Zemljina
atmosfera

4. lzbor informacija (opticki teleskop,
radioteleskop, neutrinski teleskop itd.) KladiStenie 3
5. lzbor informaci . N g |
nja (opticki filteri, spektralni uredaji,
fotometrija, polarimetrija itd.) N
6. lzbor prijen informacija (okg, fotoploca, N7 === \ :
fotomultiplikator, komora za praznjenje itd.) prijemnik =
7. posmatrackih podataka l. Vince, skripta :
8. (skladistenje) posmatrackih

podataka




Kolektori

* Sva nebeska tela slabi izvori nosioca informacija
(osim Sunca)

 Uloga kolektora:
 Da prikupe sto vecu kolic¢inu nosioca informacija
« Da povecaju ugaonu razvojnu moc opreme

* Princip rada i konstrukcija
» razlikuje u zavisnosti od nosioca informacija koje
prikup(jaju
 Razlike i izmedu kolektora istih informacija (u
zavisnosti od objekata)

 Drugacija konstrukcija za posmatranje polozaja i
fotometriju

« Sunce i druge zvezde, itd.




Opticki teleskopi

« Ogromna ekspanzija astronomske posmatracke
opreme van VIS, ali...

 Najvise informacija na osnovu posmatranija
fotona u VIS

« Opticki teleskopi
 Tradicionalni posmatracki uredaji

» Dobro ispitane osobine i parametri
* Sluze za uporedivanje sa drugim vrstama teleskopa

* Kolektor zracenja -




Otkrice teleskopa

 Pouzdani podaci o upotrebi socCiva za
pobol{sanle vida nalaze se u XllI veku. Kao
pronalazac naocara oznacava se

italijanskom opticaru i fizicaru

 Engleski astronom (i astrolog), fizicar i
hemicar Roc (1212-1294)
nagovestio je da se “koriscenjem cevi sa
socivima ili pomocu ogledala mogu
'pribliziti’ udaljeni predmeti i predeli”.

 On, jpak, nije pronasao teleskop. Postoje i
crtezi | _ . (1452-1519),
na_kojima se vide cevi sa sabirnim
socivima.




Otkrice teleskopa

%B%r)onalaskom durbina dovodi se u vezu i Frankastoro (1483-

On navodi (]1538. .gk) da Mesec izgleda mnogo blize kada se gleda
kroz dva sociva ili kada se gleda kroz jedno debelo socivo.

Vlada potpuna nedoumica oko pronalazaca teleskopa.

I(Dﬂ];g\él)juju se imena Portija (tvorac camera obscura), Portinija
42\6%()“ se sa teleskopima prvi put upoznaje u Holandiji (Milderbah)
. 8.

Holandski opticar Zaharijas Jansen Ig)rodaje durbine, ali ih, po
svemu sudeci, nije sam proizvodio. Pravo patentiranja teleskopa
trazili su i holandski opticari Lipersej, Andrianson.

Francuski kralj Anri IV trazi 1608. g. od holandskih posetilaca
durbin, sa namerom da ga koristi u vojne svrhe.

%okom sledece godine, Heriot uz pomoc durbina posmatra i crta
esec.




Otkrice teleskopa

4~A »K. /‘Ilﬂk Korabo onfoumils 9 pmtsine <7
f{*lwrdxd‘ - I ayvthL el G onll ark o e e
A~ Aslory %2 o {A/ abed. seuliy "l

* Galileo Galilej 1609. godine saznaje da se u Rt s S e EY

€ — _,_73

Parizu prodaju durbini. Na osnovu opisa nije mu  ~“&————

oz . 1 o /e4w@% zxf«

bilo tesko da napravi nekoliko teleskopa. .‘:f“f*“:m&i:é oy W/ %,

Q“-" redire” Utz /dﬁm/lﬁ‘([w "7("»

' pulhbs arpus mpu-»é(’f{“h/. SrE&h ) pem

- Pomocu njih 1610. otkriva Venerine mene, B e
Jupiterove satelite, planine na Mesecu, zvezde TSRSl Ay A o

u Mlechom Putu, itd.

* U to vreme durbine u nebo upiru i drugi
astronomi, a Majer, Fabricije, Peresk, Heriot
osporavaju Galileju prvenstvo nekih otkrica.




Elementi teleskopa

 Osnovni opticki deo svakog
teleskopa je

 Treba da sakupi sto vise svetlosti
i da omoguci posmatranje
objekta pod vecim uglom.

 Zavisno od toga da li je objektiv
socCivo (sistem sociva) ili ogledalo
(kombinacija ogledala) opticki
teleskopi dele se na:
« Refraktore,
« Reflektore,
 Katadioptricke.

Eyepiece

svetlost

ogledalo sekundarno

svetlost

ogledalo

Ziza

Zizna daljina

primarno

ogledalo

i@/ =
SOCIVO

/N
/

Reflektor Refraktor oku/lar



Najveci teleskopi

» ELT (Extremly Large Telescope)
* Prvo ime E-ELT (European...)
« Skraceno 2017. god
« ESO, 39.3 m (4.2 m sekundarno ogledalo)

« 798 ogledala (sestougaonih), po 1.4 m
(debljina 50 mm)

» Atmosfera ekstrasolarnih planeta
 First light: 2027 (plan)

* OWL (OverWhelmingly Large Telescope)
* ESO (European Southern Observatory)
Precnik 100 m

« 2000 segmenata, od po 2,2 m
* Do +38 mag! (1500 puta bolje nego HST)
» Predlozen 1998. godine

« Tehnologija ocekivana za 2010-15. god
« Cena 1,5 milijardi $S$
« Napustena ideja u korist ELT

Yerkes Observatory
refractor (40" lens
at the same scale)
Williams Bay, Wisconsin,
| USA(1893)

L] @ Large Sky Area
. T Multi-Object Fiber
Great Paris Exhibition Spectr(l)scoplc
Telescope Telescope Gran Telescopio
Rt I I T g
’ (2009) Canary Islands, USA (1993, 1996)
Spain (2007)
Hooker Telescope (100")
Mt Wilson,
California, USA (1917)
I
. Gemini North Subaru
% 3 m:#gﬁ ﬁfg{\ Jgh?;gg; Thirty Meter Telescope
, , Mauna Kea, Hawaii, USA
Hale Telescope (200v)  Hobby-Eberly Southern African (1999) Hawaii, USA (planned 2027)
Mt Palomar, California, Telescope Large Telescope (1999)
USA (1948) Davis Mountains, Sutherland,
Texas, USA South Africa

(1996) (2005)

‘_) Gemini South

(T Cerro Pachon,
(1979-1998)  (1999-) Chile (2000)
Multiple Mirror Telescope

Mount Hopkins, Arizona, USA
Large Binocular

Telescope
Mount Graham,
Arizona, USA (2005) .
Vera C. Rubin

Observatory

BTA-6 Large
(Large Zensigth Cerro Pachon, Chile
Altazimuth Telescope (planned 2022)
Telescope) British
Zelenchuksky, Columbia,
Russia Canada
(1975) (2003)
—-—— [ ]
Gaia Kepler
- fri Extremely Large Telescope
Eanh_(szlé'l ‘Il_)z L Eg&g}“;'tl;{l‘ 9 Very Large Telescope Cerro Armazones, Chile
(2009) Cerro Paranal, Chile (planned 2025)
(1998, 1999, 2000, 2000)
i
Human ] 5 10m
Hubble Space at the 0 10 20 30 f
James Webb Telescope Magellan Telescopes Sagg-
-Espr?rfeSTEI?.SCOPeI Lo‘grgﬁrth Las Campanas, Chile Giant Magellan Telescope
=Wy 2‘6’;12 poin (1990) (2000, 2002) Las Campanas, Chile
(2021) (planned 2029)

e\\ed\
Arecip, hﬂm'"gly Large TelescoP® tee®
° obse”’amfy 305 m radio telescope at the same . scale
FAST (Five-hundreg-

meter Aperture Spherical [radio] Telescope)
at the same scale

Basketball court at the same scale

Tennis court at the same scale
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HET (Hobby-Eberly Telesco .

* McDonald opservatorija, visesegmentni
» Sferno ogledalo, 91 heksagonalni segment;

 kontrola polozaja segmenta - senzor u centru
krivine(toranj teleskopa); povremeno usmeri ka
senzoru

* Dimenzije 11,1 x 9,8 m (koristi deo)
« Efektivni precnik 9 m, fokusno rastojanje 13 m
 Cilj:

« Sto vise svetlosti za spektroskopiju po $to nizoj ceni




L=
HET (Hobby-Eberly Telescope) EXGAzAT7/A

« Teleskop se moze okretati po azimutu ali
zenitska daljina opticke ose teleskopa je
konstantna (35°)

» Posle izbora odgovarajuceg azimuta teleskop
se ne pomera, pa pracenje izabranog
nebeskog tela i fokusiranje njenog lika
obezbeduje sistem za pracenje koji pomera
prijemnik (detektor) zracenja po sfernoj
povrsi primarnog fokusa teleskopa

» Zahvaljujuci takvoj konstrukciji cena
teleskopa je znatno manja (za oko 807%) od
cene teleskopa sa klasicnom konstrukcijom.




SALT (Southern African Large

Telescope)

« Precnik 11 m, konstrukcija kao HET (poboljsanja)

U Africi, na posmatrackoj stanici Sutherland SAAO (South African
Astronomical Observatory)

« Opticka osa - ugao 37° sa vertikalom
» Mehanizam za pracenje - oko 2 sata, bez pomeranja teleskopa po azimutu
« Sirina pojasa za posmatranje 12°

Centre of
Curvature
& Sensor

N\ Optical Payload




Ali, kako videti crnu rupu?



Detekcija



Prvi kandidat Cygnus X-1

 Dvojni sistem, najveci deo zracenja emituje u X
spektru

* Prvi kandidat Cygnus X-1
» Otkrili: Luis Vebster, Pol Murdin i Carls Bolton (1972)




... gravitacioni
talasi!

GW150914

Nobelova nagrada za fiziku, 2017. godina

Ripples in spacetime

Theorized by Einstein, gravitational waves are
finally observed in the merger of two-black holes

Black hole 1

Rotating giants

Two black holes rotate around each other
before merging. The closer they get, the
faster they spin. The energy from their
spiralling and' merger releases energy in
the form of gravitational waves, orripples
in spacetime

Enormous energy

The result of the merger is a bigger black
hole, though it's less massive than the
two combined black holes. The equivalent
of three solar masses is converted into
energy, in the form of gravitational waves

Solar mass

:] Ripples in spacetime

(_ ) Black hole 2

Black
hole 2

-5

29
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New
black hole
62

Gravitational
waves

3




FIrRsT Cosmic EVENT OBSERVED
IN GRAVITATIONAL WAVES AND LIGHT

Colliding Neutron Stars Mark New Beginning of Discoveries

Collision creates light across the
entire electromagnetic spectrum.

LIGO - A GIGANTIC INTERFEROMETER

GRAVITATIONAL WAVE BLACK HOLE SPACETIME

MIRROR
On August 17,2017, 12:41 UTC, Within two seconds, NASA's
LIGO (US) and Virgo (Europe) detect Fermi Gamma-ray Space Telescope
gravitational waves from the merger detects a short gamma-ray burst from
of two neutron stars, each ar i n of the sky overlapping the | IGQ
s he r of our Sun
boint the origin of this sig

m neut ita 1 galaxy located 130 mr n

A “"beam splitter” splits the
light and sends out two
identical beams along the
4 km long arms.
A gravitational wave affects the
interferometer’s arms differently;
Laser lightis sent into when one extends the other contracts GW150914
the instrument to as they are passed by the peaks and
measure changes in troughs of the gravitational waves.
the length of the two
arms. \ Normally, the light returns unchang-
ed to the beam splitter from both
arms and the light waves cancel
each other out. GW151226

LIGHT WAVES i GW170104
-» g#:g:va acu MR
GW170104

BEAM SPLITTER  LIGHT DETECTOR VVW'»“.‘",‘\";'.\} GW170814

If the arms are disturbed by a 0 sec. 1 sec.
gravitational wave, the light waves = )%‘ n #:?:Lgfﬁi_}g}rm ST ' time observable by LIGO-Virgo

LVT151012

will have travelled different distan-

ces. Light then escapes through the  ggam SPLITTER LIGHT DETECTOR
splitter and hits the detector. GW170817

15 20 25 30 35 40 45 50 55
time observable (seconds)

LIGO/University of Oregon/Ben Farr

http://www.ligo.org/detections/GW170817.php
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Masses in the Stellar Graveyard

in Solar Masses

o -
EM Neutron Stars . i
2 . . s o v :. | s v . B, . .
* o o o %0 o ¢ . * s
L] --i- . -l ".-'. a & ae '-...l'. .ul-i.l s .
1 = . LIGO-Virgo Neutron Stars * - *

LIGO-Virgo | Frank Elavsky | Northwestern




Sudar dve neutrons

zvezde

e Gravitacioni talasi
« GW170817
« GW170814
« GW170104
« GW151226
« GW150914

(XXX} —— H1 signal, band and notch filtered
— NR template
~— NR template, band and notch filtered

5

o
=
=
©
S
‘-
wv

-0.20 -0.15 -0.10 -0.05
Time (s)

* Nobelova nagrada iz fizike
« za 2017. godinu

0.00

GW170817

Binary neutron star merger

A LIGO / Virgo gravitational wave detection with
associated electromagnetic events observed by over X
2 . : - Distance
70 observatories. (& - . )
130 million light years
Discovered
@ 17 August 2017
12:41:04 UTC -
A gravitati . N\ Type
gravitational wave from a
‘ binary neutron star merger is detected @ Neutron star merger
Q’ ignal
h the size

gamma ray burst
A short irst is an

gamma ray

+ 2 seconds

A gamma ray burst
is detected.

)

GW170817 allows wus to
measure the expansion rate and
the age of the universe directly
using gravitational waves for the
first time.

—
—
—

A new bright source of optical
light is detected in a galaxy
called NGC 4993, in the

Detecting gravitational waves Decay y
from a BNS event allows us to n ) \ : constellation of Hydra.
find out more about the producing heavy metals like

structure of neutron stars, gold +11 hours 36 minutes
Infrared emission observed.

5 This multimessenger event +15 hours
' provides confirmation that Bright ultraviolet emission |
neutron star mergers can . detected.
produce short gamma ray bursts. radio remnant
& | +9 days
X-ray emission detected,
The observation of a kilonova
allowed us to show that BNS
mergers could be responsible for ——
the production of all heavy : / N P
elgmems. like gold, in the s / A\ #16 days
universe- { ’ Radio emission

detected.

Observing both electromagnetic
and gravitational waves from the
event provides confirmation that
gravitational waves travel at the
same speed as light.



Struktura crne rupe

Relativistic Jet T J

¢

Accretion disc

Event horizon

Singularity
At the very centre of a black hole, matter has collapsed
into a region of infinite density.called a singul
All the matter and energy that fall into the black hol
The prediction of infinite density by general refativity is
the breakdown of the theory where quantum effects be

Singularity

Event horizon
This is the radius around a singularity where matter and energ)
cannot escape the black hole’s gravity: the point of no return.
This is the "black” part of the black hole.

Y

Photon sphere -
Aithough the black hole itself is dark, photons are emitted from r?Ba /

hot plasma in jets or an accretion disc (see below). In the absence (ﬁ%’wly,
these photons would travel in straight lines, but just outside the event hokizon
of a black hole, gravity is strong enough to bend their paths so that we see

a bright ring surrounding a roughly circular dark “shadow?.

The Event Horizon Telescope is hoping to see both the ring and the “shadow”.

Relativistic jets \w
When a black hole feeds on stars, gas or dust, the meal produces jets of particles
and radiation blasting out from the black hole’s poles at near light speed.

They can extend for thousands of light-years into space. The GMVA will study how these jets fore —

Innermost stable orbit

The inner edge of an accretion disc is the last place that material can A .

orbit safely without the risk of falling past the point of no return. ., ”
. Inmermost stable orbit

Accretion disc .

A disc of superheated gas and dust whirls around a black hole at immense speeds,

producing electromagnetic radiation (X-rays, optical, infrared and radio) that reveal the

biack hole’s location. Some of this material is doomed to cross the event horizon, while other parts
may be forced out to create jets.




Photon ring
Aring of light composed of multiple distorted

5 i

Image of the disk’s far side images of the disk. The light making up these

The black hole’s gravitational field alters the images has orbited the black hole two, three

path of light from the far side of the disk, or even more times before escaping to us.

producing this part of the image. They become thinner and fainter closer to the
black hole.

Black hole shadow

This is an area roughly twice the size of the
event horizon — the black hole’s point of no
return — that is formed by its gravitational
lensing and capture of light rays.

Doppler beaming

Light from glowing gas in the accretion disk is
brighter on the side where material is moving
toward us, fainter on the side where it's moving
away from us.

Accretion disk

The hot, thin, rotating disk formed by matter
slowly spiraling toward the black hole.

Image of the disk’s underside

Light rays from beneath the far side of the disk
are gravitationally “lensed” to produce this part
of the image.

Credit: NASA's Goddard Space Flight Center/Jeremy Schnittman




Opsta teorija relativnosti




Kako vidimo crnu rupu?

. ) 2 »

Side view Top view i
1
Direct and bent light rays f R

from the top of the disk 7\ ~
\ i
Viewer 8
| " »
Bent light rays from ! > / - =

beneath the disk’s farside

Bent light rays from beneath the
farside of the disk travel more
than 180°, so their paths cross.
They produce an image that
swaps left and right.

Top view

Direct and bent light rays from
the top of the disk do not cross,
so they produce an image
without swapping left and right.

Apparent image and disk motion

Izvor: NASA’s Goddard Space Flight Center/Jeremy Schnittman
https://svs.gsfc.nasa.qgov/13326



https://svs.gsfc.nasa.gov/13326

Credit: NASA's Goddard Space Flight Center/Jeremy Schnittman




Kako vidimo crnu rupu?

Izvor: NASA’s Goddard Space Flight Center/Jeremy Schnittman


https://svs.gsfc.nasa.gov/13326

A moze i ovako...

 Simulacija crne rupe objavljena 1979. godine
autor Jean-Pierre Luminet




Supermasivne crne rupe

* U centru skoro svih galaksija

* U Mlechom putu - lokacija
Strelac A (najsnazniji radio
izvor u nasoj galaksiji)

» Akrecija materije u SMBH je
proces odgovoran za
energiju kvazara i drugih
aktivnih galaksija

Supermasivna  10° —10° 0,001 - 10 AJ

3
Srednjemasivha  102% — 10° 0 L&
Zvezdana < 1072 30 km
Mikro K Mg 0,1 mm

——————

Aldebaran S

P O e - —
- . — =
Betelgeuse it

Antares

Aldeharan



HST Wide Field and Planetary camera;
HST Advance Survey Camera; Chandra X ray

Kvazari?

» Quasi-stellar radio source
* Godina 1963 - objekat 3C273

» 2,5 milijardi svetlosnih godina
« Najblizi kvazar, prvi detektovan; najsjajniji (VIS)

e Lice na zvezde, ali...
 Na 30 ly - sjajan kao Sunce

* Neophodan jak izvor svetlosti!

« Ubrzo nakon otkrica zakljucak:

* Energija (svetlost) nastaje kad materija pada u
masivnu crnu rupu




Ne mozemo da ih vidimo...

e ... ali znamo da postoje
» Kretanje drugih objekata

* R. Gencel i A. Gez - nezavisne istrazivacke grupe -
istrazivanje centara Galaksije

« Oblak meduzvezdanog gasa zaklanja najveci deo VIS
Zracenja iz centra
* IC i radio teleskopi omogucili pogled

postojanje nevidljivog supermasivnog objekta




The Milky Way

Sagitarius A* = -

26,000 light-years

The solar system

X

 Jak i kompaktan radio izvor u centru Galaksije
« Blizu granice sazvezda Strelac i Skorpija

« Jos od otkrica kvazara - pretpostavka SMBH u
centru velikih galaksija

* masa par miliona do nekoliko milijardu masa Sunca

» Centar galaksije Harlow Shapley (pre 100 god)

» Kasnije pokazano da je to Sag A*

+ 1990+ god

* Projekti R. Gencel i A. Gez - posmatranje orbita
zvezda u centru Mlecnog puta




Teleskopi

* R. Gencel i grupa
« New Technology Telescope (La Silla mountain, Cile)
« Very Large Telescope facility, VLT (Cile)
* 4 teleskopa, najveci 8 metara (2 puta veci nego NTT)

* A. Genz i grupa

» Keck opservatorija (Havaji)
« Oko 10 metara (36 sestougaona segmenta)

L
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Zvezde pricaju pricu

* Ogromni teleskopi ali problem - atmosfera
« Adaptivna optika

e Istrazivaci pratili oko 30 sjajnih zvezda

» 1 svetlosni mesec oko centra
 velike brzine zvezda 1 e e "
» Veca rastojanja - stabilnije i ,standrdnije* orbite - i —_—
e 2 “T“ 3
e Zvezda S2 O $ =
 Period 16 godina - mapirana cela orbita! Scientific Background ol

 (Sunce 200 miliona godina)



Stars closest to the
centre of the Milky Way

The stars’ orbits are the most convincing evidence yet that a supermassive black
hole is hiding in Sagittarius A*. This black hole is estimated to weigh about

. . . T 3 ; g
V e Z e p I ] C aJ u p r] C u 4 million solar masses, squeezed into a region no bigger than our solar system.

Some of the measured orbits of Astronomers were able to map an entire orbit
stars close to Sagittarius A* at of less than 16 years for one of the stars,
the centre of the Milky Way. S2 (or S-02). The closest it came to Sagitta-

rius A* was about 17 light hours [more than

# 10,000 million kilometres).

» Odli¢no poklapanje rezultata I

°
S14 1 1
oba tima 2
---------------------------------------------- ;‘"‘ L ¥y
o o ..
* SMBH 4 mil masa S '
1t1I0Na Masa >unca ’ \
Sagittarius A* I F 1
oV o v . ‘
[ O bl t l S t Astronomers started
aSt velicine suncevog sistéma i i
’ s2in1992
/ 3 / : ’,'/ » J/ > 3 B . 1
A ? 400AU 4
3 40 billion km l
_— \‘\ ®
n—Mezdaﬂe—uskoro stvarno s i
NACO May 2002 S2 Orbit around SerA
V'I d'l m O ) UNCE O _ S2 RADIAL VELOCITY \—} Sagittarius A* P
/ R
9 (X X 1092.23 1994.32 1995.53 E 4000 '
= N
. o . g 2000
* videli sm © : ‘
vidaetl Smo je ER L
%
o -2000 T T
2000 2005 2010 2015 2020 Ll . o P
The S2 star’s radial velocity increases as it approaches Closest to Sagittarius A* (in 2002
Sagittarius A* and decreases as it moves away along its and 2018), S2 reaches its maximum
elliptical orbit. Radial velocity is the component of the star’s velocity of 7 000 km/s.

velocity that is in our line of sight.

https://www.eso.org/public/images/



https://www.eso.org/public/images/eso0226c/

Vezba - izracunajte masu SMBH

» Keplerovi zakoni

1.

2.

Planete se oko Sunca krecu po eliptickim putanjama, u

Cijoj se zajednickoj zizi nalazi Sunce

Radijus vektor planete u jednakim vremenskim

intervalima opisuje jednake povrsine

Kvadrati perioda (P) obilaska planete oko Sunca
srazmerni su kubovima velikih poluosa (a) njihovih

putanja

olarl Systgm planets

xis (AU)
[

Semi-major a
=

Semi-major axis versus period
® Mercury | 0.38710
® Venus 0.72333
° Earth |1
Mars 1.52366
-Ma”s .
| @ Jupiter | 5.20336
[enss[@
q 5

e Satum | 9.53707
Uranus 19.1913

0*1
Period (terrestrial years) Neptune | 30.0690

Modern data (Wolfram Alpha Knowledgebase 2018)

Planet | Semi-major axis (AU)  Period (days) %(10'5Au3fday2)

87.9693
2247008
365.2564
686.9796
4332.8201
10775.599
30687.153
60190.03

7.496

7.496 2 f
7.496 2 \:
7.495 i( = Sun 5

7.504 4

7.498 j
7.506 1
7.504



Vezba - izracunajte masu SMBH

Date (year) % (arcsec) dx (arcsec) y (arcsec) dy (arcsec)
* Levo - koordinate polozaja zvezde S2
1994.321 0.097 0.003 -0.189 0.004
« Koordinatni pocetak - centar SMBH
1996.256 0.075 0.007 -0.107 0.010
° Kako? Wermre 1996.428 0.077 0.002 -0.103 0.003
y < ' I P ¥ oravry 1997.543 0.052 0.004 -0.183 0.006
° Nacrtat] taCke (] greSke) 1—4,4& 1998.365 0.036 0.001 0.167 0.002
. . . T AR 1999.465 0.022 0.004 0.156 0.006
- Nacrtati elipsu najpriblizniju ol A
> 2000.474 -0.000 0.002 -0.103 0.003
me renJ 1ma i * | |2000.523 -0.013 0.003 0.113 0.004
5 Izmer-it-i Vel-iku pOlUOSU el-ipse i .' Ly | |2001.502 -0.026 0.002 -0.068 0.003
] g ¢ 2002.252 -0.013 0.005 0.003 0.007
* Arcsec preveSt] u svetlosne dane (ld)) : i | 2002324 -0.007 0.003 0.016 0.004
2 arcsec = 28 ld 0.05 +; 2002.408 0.009 0.003 0.023 0.005
) |Zraéunati Srednju vrednost © / 2002.575 0.032 0.002 0.016 0.003
-i—?:‘ ¥ 2002.650 0.037 0.002 0.009 0.003
0.00 '-+§ 2003.214 0.072 0.001 0.024 0.002
= 2003.353 0.077 0.002 0.030 0.002
0.04 002 0.00 -0.02 -0.04 -0.06  |2003.454 0.081 0.002 0.036 0.002

RA["]




Vezba - izracunajte masu SMBH

Date (year) % (arcsec) dx (arcsec) y (arcsec) dy (arcsec)
P Kako? 1992.226 0.104 0.003 0.166 0.004
1994.321 0.097 0.003 0.189 0.004
S 1995.531 0.087 0.002 -0.192 0.003
® Odred]ti per‘iod (P) 1996.256 0.075 0.007 -0.197 0.010
] ) 0.20 + NACO & SHARP _
. Aell ie Clb T - ai b sa Sl]ke, igig\(;];[]zres 1096.428 0.077 0.002 0.193 0.003
pl‘ethodni Slajd e 1097.543 0.052 0.004 -0.183 0.006
At t+ kﬁ, 1098.365 0.036 0.001 0.167 0.002
s D= ? ] Aell - Keplerov Zakon 088 i 1999.465 0.022 0.004 0.156 0.006
° Nepoznato AA, At, Aell : + 2000.474 -0.000 0.002 -0.103 0.003
e AA i At - sa slike (prethodni Slajd, ? " 2000.523 0.013 0.003 0.113 0.004
za svaki Segment) g o010 i 2001.502 0.026 0.002 0.068 0.003
- Nacrtati trougao i odrediti njegovu = | : O oo 0o o0 0o
povrsinu (ponOV]t] vise puta') t +t 2002.334 0.007 0.003 0.016 0.004
- |Zraéunati masu SMBH 08 2002.408 0.009 0.003 0.023 0.005
° ||| Keplerov Zakon _i_f, ’t'. 2002.575 0.032 0.002 0.016 0.003
s 4772 3 \ < 2002.650 0.037 0.002 0.009 0.003
s | = G(M+msy) a“, M > Mg 0.00 8 2003.214 0.072 0.001 0.024 0.002
- 2003.353 0.077 0.002 -0.030 0.002
0.04 002 000 -0.02 -0.04 -0.06 | |2003 454 0.081 0.002 0.036 0.002
RA["]




Kako znamo da postoje?

* Fe Ka linija u spektru

Line flux (ph cm™2 s kev™")

1.5%10°%

107*

5x107°

0

Mewtonian

Tanaka et al, 1995, Nature, 375, 659
I T I

Special relativity

General relativity

Line profile

Energy (keV)

{

Fabian, A. C. 2006, ANj 327, 943

Transverse Doppler shift

Beaming

Gravitational redshift



Kako znamo da postoje?

ry 1mage on observer’s sky

BA

curved space-time ‘ e

—_— «LLY >
7 0

flat space-time

M. MiloSevi¢, M.A. Pursiainen, P. Jovanovi¢, L.C. Popovi¢, Int. J. Mod. Phys. A. 33 (2018) 1845016.

P. Jovanovi¢, New Astron. Rev. 56 (2012), pp. 37 - 48.
L. Popovi¢, P. Jovanovi¢, E. Mediavilla, A.F. Zakharov, C. Abajas, J.A. Munoz, G. Chartas, ApJ 637 (2006), pp. 620 - 630.

L. Popovic, E.G. Mediavilla, P. Jovanovi¢, J.A. Munoz,, A&A 398 (2003), pp. 975 - 982.
A. Cadez, C. Fanton, M. Calvani, New Astron. 3 (1998), pp. 647 - 654.
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Galaksija M87

Image credit: NASA/JPL-Caltech/IPAC/Event Horizon Telescope Collaboration

NASA and The Hubble Heritage Team (STScl/AURA)



Galaksija M87

 Daljina 52 miliona svetlosnih godina
* Dimenzije 125.000 x 100.000 s.g.

» Masa 2,6 - 10'* My, 4,5 puta masivnija od
nase galaksue

. ,jet* (mlaz) 5.000 s.g.

 Ogroman broj zbijenih jata, 12.000; u
Mlechom putu 150-200




Kako videti SMBH?

 Da bi kroz teleskop videli neki objekat potrebno
je da prividne dimenzije tog objekta budu vece

od razdvojne moci teleskopa - 1,22%
138
TN

’ Proseéne SMBH - Otprlllke 10x manja od Za male uglove 1 VIS, 1 = 550 nm
mikrolu¢ne sekunde! B

» Takvim teleskopom mogla da se vidi jabuka na
povrsini Meseca



Dimenzije & rastojanje

https://www.youtube.com/watch?v=S GVbuddri8



https://www.youtube.com/watch?v=S_GVbuddri8

Teleskop velicine Zemlje

 Takav opticki teleskop ne postoji ®

 Radio teleskop, tacnije radio interferometar
* Pocetak 1946. godine
« 1970-tih mogucnost povezivanja prijema radio
signala iz celog sveta

» Povezivanje antena zamenilo sinhronizovano —
spajanje snimljenih signala (korelacija)

e

Iztok Bonc&ina/ALMA (ESO/NAOJ/NRAQ)



» radio

Tmm
>
* E X uv IR
rays + visible
[ J ([ 10%m 10 10"%m 10°m 0% 10°m 1m 1w0h 0%
1am 1fm 1pm 1 nm 1pm 1 mm 1 km 1Mm
300 MHz
aaaaa
& tellites
|

» U radio podrucju EM zracenja - oprema za prikupljanje | i 3 i
nosioca informacija prilagodena iskljucivo talasnim om T M
osobinama e =

« u drugim podrucjima (UV, opticki, infracrveni) i na cesticnim

osobinama elektromagnetnog zracenja (narocito u u oblasti y i
X Zracenja).

eV - - - - - - Incomin

» Specificngsti koji ih u znatnoj meri razlikuju od . Radio
posmatrackih AKnrlbovra u drugim B
podrucjima EM zracenja. \

 Osnovni elementi:

» Antena (kolektor) - pretvaranje energije elektromagnetnog
zracenja u elektricne s
velicine koje se mogu meriti

* Prijemnik - neka vrsta analizatora (filteri u optickom delu)
 Registrator - detektor (fotoploca, CCD)




Dipolne antene

Najjednostavnija antena (dipolna antena ili dipol)

Sastoji se qd dve istovetne elektricno provodne sipke
ukupne duzine polovine talasne duzine posmatranog
radio-zracenja.

Radio-zracenje te talasne duzine u provodnim §1’Pkama izaziva periodijcno
pomeranje slobodnih elektrona u rezonanciji sa frekvencijom elektricnog
polja zracenja

Radio-zracenje druge talasne duzine (frekvencije) se delimicno ili potpuno
potire u anteni.

Prema tome, antena deluje kao uskopojasni filter ili monohromator.

Odvodenjem elektricne struje sa antene u detektor signala dobija se
informacija o intenzitetu —
Zracenja ha rezonantnoj talasnoj duzini.

Antena moze da primi signal sa maksimalnom snagom samo iz jedne ravni.
» deluje kao polarizacioni filter.




Paraboliche antene

Za povecanje razdvojne mqci i osetljivosti radio-teleskopa _
upotrebljavaju se parabolicna ogledala od metala (parabolicne
antene; cesto ih kratko zovu parabolama ili tanjirima).

U zizi parabole se stavlja antena (npr. dipolna, Jagi, metalni rog)
sa kojeg se radio-signal vodi u prijemnik.

Ugaona osetljivost j razdvojna moc - za parabolicnha ogledala kod
radio-teleskopa vaze isti zakoni kao i za opticka ogledala.

 Osetljivost raste sa kvadratom precnika ogledala.
 ugaona razdvojna moc¢ ogledala precnika D na talasnoj duzini 1 je o ~
Zbog velike talasne duzine radio-zracenja u%aona razdyojna moc

radioteleskopa znatno manja od ugaone razdvojne moci optickih
teleskopa ako su im precnici isti.




Paraboliche antene

 Ni najvece parabolicne antene u svetu ne mogu da dostignu

ugaonu razdvojnu moc optickih teleskopa.

« Npr. da bi radio-teleskop koji radi na talasnoj duziniod A = 5m
ostigao razdvojnu moc oka (= 1') njegov précnik ogledala
rebalo bi da bude oko 50 km, dok jé precnik ulazne zenice oka

samo nekoliko milimetara.

« Povecanje precnika radio teleskopa, prvobitno, ima za cilj

povecanje snage prijema, a velika ugaona razdvojna moc se u
radio astronomije postize na drugi nacin.

 Tacnost izrade povrsine radio ogledala po Rayleigh-
evom kriterijumu (A/8) je znatno, manja nego kod
optickih ogledala
 Postizanje te tacnosti ne predstavlja neki tehnicki problem
« U praksi moze koristiti i ostriji kriterijum za preciznost izrade
povrsine ogledala (npr. A/20).

« Za vece talasne duzine ogledala se mogu izraditi i od zicane

mreze ako je rastojanje 1zmedu .
cvorova u mrezi znatno manje od talasne duzine posmatranog

Zracenja




Radio-interferometri

Radio-teleskopi imaju znatno manju ugaonu razdvojnu moc od optickih
teleskopa.

Taj problem je veoma izrazenu odredivanju polozaja radjo-izvora i
njihove identifikacije, kao i u preciznom mapiranju povrsina radio-
izvora konacnih ugaonih razmera.

Za povecanje razdvojne moci radio-teleskopa upotrebljavaju se radio-
interferometri.

Radio-interferometar se moze dobiti povezivanjem dva radio-teleskopa
u jedan sistem tako da se radio signal sa oba teleskopa dovede u jedan
zajednicki prijemnik

Rastojanje, L, izmedu dva teleskopa se zove baza interferometra.

Ako se sa tako povezanim radio-teleskopskim sistemom posmatra
tackasti radio-izvor, (prakticno) na beskonacnom rastojanju, koji se
nalazi pod uglom a u odnosu na normalu na bazu, onda ce fazna razlika
talasa koji padaju na radio-teleskope biti

H_ZnL_
= sina




Radio-interferometri

Kada je A6 = m, 3m, ...2(n + 1)m signali Ce se sa dva radio-teleskopa u
prijemniku sresti u , pa Ce se potirati.

Kada je A8 = 0, 2m, ... 2nm signali ce biti u i pojacavace se.

U slucaju kad je polozaj izvora normalan na pravac baze -
:cnte.rferometra doci Ce do pojacanja signala, jer se oni nalaze u istoj
azi.

Ako se radio-izvor pomeri sa to%.pravca (npr. zbog rotacije Zemlje)
radio-talasi koji stizu na dva radio-teleskopa nece biti u istoj fazi, jer
ce izmedu njih postojati putna razlika L sin a.

- Kada ta putna razlika postaje jednaka 1/2 signali ¢e se u prijemniku potirati.
« Do pojacanja signala ¢e ponovo doci pri putnoj razlici od 2 itd.

U zavisnosti od upadnto% ugla zracenja, a, dolazi do niza minimuma i
e

maksimuma u intenzitetu primljenog signala.

Dyagram usmerenosti interferometra u smeru njegove baze se sastoji
od niza uskih lepeza koji se formiraju unutar dijagrama usmerenosti
(taj dijagram predstavlja obvojnicu lepeza) bilo kog od radio-
teleskopa u sastavu interferometra




Teleskop velicine Zemlje

« Event Horizon Teleskop, radi od 2007. godine
* 8 radio teleskopa koji se nalaze na razlicitim kontinentima

« Atacama Large
Millimeter/submillimeter Array
(ALMA) u Cileu, South Pole Telescope
(SPT) na Antarktiku, IRAM 30 metarski
teleskop u Spaniji itd.

« Mreza EHT teleskopa. bojom
oznacene su stanice koje su koriscene
2017. 1 2018. godine, crvenom oni
teleskopi koji vise nisu u upotrebi,
zeleno su oznaceni teleskopi koji su
se kasnije ukljucili u mrezu



Event Horizon Teleskop

To geta good look at the light show coming from our galaxy’s
black hole, astronomers will combine the data from telescopes
the world over. Here's a sample of the dozen telescopes that
may one day be part of the Event Horizon Telescope.

Array for Research
In Millimetor- ave,

15 antennas near
shop, Calvf.

Maxwall Taks cope
15.meter telescope
on Mauns Kea
Hawad

The Submillimater
Array
& antennas on
Mauna Kea, Hawall

The Atacama Large
Millirnater 3

millimater .Mny
& anteonas on the
Chajnantorplain
of Chile

The Astzona Radio
ol

bearvatory’s

10mater
naar Safford,

50Pe
Adz

30.meter telezcope
on Pico Veleta, Spain

Pathfinder
Oxparimant
12-meter telescope
on the Chajnantor
plain of Chile




Teleskop velicine Zemlje

» Rastojanja 160 m do 10.700 km

* Posle nekoliko godina pauze EHT ponovo ukljucen
4. aprila 2017. godine, posmatranje zavrsilo 11. aprila

 Snimali su na talasnoj duzini 1,3 mm (230 GHz)
« Za 5 dana svaki teleskop 900 TB podataka

« Obicni HDD - 85% otkazalo zbog niskog pritiska

(korisceni diskovi punjeni helijumom i zatvoreni hermeticki)




Mnogo podataka ©

Event Horizon Telescope Imaging of Black Hole
A Massive Data Undertaking

e 200+ istrazivaca

Image
Reconstruction
Method #1

12 tone hard diskova i .ma.m

« Opservatorija Mauna
Kea

Image
Reconstruction

Method #3 -

N

Oko 700 TB podataka "“‘“"’3

8000 km od MIT Jie:

m o ]'LLF
. r N Down to Kilohytes
* 50.400 sekundi (kamion +
1 Multiple telescopes Data is too big to be - Correlated data gets Calibrated data moves ——
aV] O n ) scattered around the globe transferred over the Internet EZ:?/ZEJ?;E; E)(f)rr];a:r:i?ta calibrated and validated ahead to image Images are compared to S w——————

simultaneously record and must be trucked or from all telescopes, sifting through an iterative reconstruction. Different theoze:!cal predlictllonst, =
O o . : 3 3 radio waves from a single airplaned out to the . ¢ process in order to enable methods are used to simuiations;models;ete: ;
B rZina. 1 4 g] ga baJ ta / S (tJ * [astronomical] source. correlator for processing. PGl image reconstruction. confirm the result. ~
112 gigabita/s)
0 Ve o . . lllustration credit: Zina Deretsky
S NaJ er] ]nternet- nekOl] ko Special thanks to the University of Arizona and MIT/Haystack Observatory.
gigabita/s ©




Big Data, Al, Masinsko ucenje

« Obrada i analize sacuvanih podataka pomocu
superracunara

« Max Planck institutu za radio astronomiju u Bonu,
Nemacka,

« MIT Haystack opservatoriji u SAD.
 Na ovakav nacin EHT Measurements

postize oko 2000 puta (g . "
o |

bolju rezoluciju od (Q%b)’ » -
S 'l .

teleskopa Habl.
Infinite Number
of Possibilities .

1 -~
. -~




“Zaba u bunaru”

Zabu koja je Zivela u okeanu, iznenada izbaci talas i prebaci u bunar. Na dnu
bunara, ona srete krastacu, tu rodenu, koja nikada iz njega nije izasla. Druga

pita prvu:
— Odakle dolazis?
— Dolazim iz okeana.
— Kakav je taj okean?
— Ogroman.

KrastaCa skoci pet centimetara.
— Je I' ovako veliki?
— Ne! Mnogo veci!

Ona skocCi do dvadeset centimetara.

— Ovoliko veliki?

— Jos vedi!

KrastaCa skoci do polovine bunara.

— Ovoliko?
— Nel

KrastaCa prede cCitavo dno bunara.
— Ovoliko?

— Ne. Mnogo veci.

Potom krastaca, uzviknuvsi besno:

“‘Lazljivice!” — ujede zabu.

“Misticni kabare”, Alehandro Hodorovski




Big Data, Al, Masinsko ucenje

leg UV Coverage

s

V (Wavelengths)
L

-1.0 -0.5 0.0 0.5

U (Wavelengths)

Katherine L. Bouman, Michael D. Johnson, Daniel Zoran, Vincent L. Fish, Sheperd S. Doeleman, William T.
Freeman, Computational Imaging for VLBI Image Reconstruction,
IEEE Conference on Computer Vision and Pattern Recognition (CVPR), 2016, pp. 913-922

https://arxiv.org/abs/1512.01413

1.0
lel0

Very Long Baseline Interferometry . '
f?’gj:{? \
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repeated for severa

different quasars

radio-
telescipe

separation (accurate to 2 cm)




Katherine L. Bouman, Michael D. Johnson, Daniel Zoran, Vincent L. Fish, Sheperd
S. Doeleman, William T. Freeman, Computational Imaging for VLBI Image

Reconstruction, IEEE Conference on Computer Vision and Pattern Recognition

(CVPR), 2016, pp. 913-922

https

CHIRP(Continuous High-resolution
Image Reconstruction using Patch priors)

//arxiv.org/abs/1512.01413

BLACK HOLE CELESTIAL NATURAL

TARGET

CLEAN

BSMEM | SQUEEZE

CHIRP

G

Figure 5. Method Comparison: Comparison of our algorithm, ‘CHIRP’ to three state-of-the-art methods: ‘CLEAN’, ‘SQUEEZE’, and ‘BSMEM’.
We show the normalized reconstruction of a variety of black hole (a-b), celestial (c-f), and natural (g) source images with a total flux density (sum of pixel
intensities) of 1 Jansky and a 183.82 p-arcsecond FOV. Since absolute position is lost when using the bispectrum, shifts in the reconstructed source location
are expected. The "TARGET” image shows the ground truth emission filtered to the maximum resolution intrinsic to this telescope array.




Snimanje i rekonstrukcija

_ o T | | Simulated
EHT telescopes - ' u-v coverage . image reconstructed

observing timé: 00:30 [UT]

Izvor: Event horizon telescope i Veritasium


https://www.youtube.com/watch?v=S_GVbuddri8&feature=youtu.be&ab_channel=Veritasium

Snimanje i rekonstrukcija

Different Types of Images = Different Features

Black Hole Astronomical Everyday

Black Hole i
Izvor: TED predavanje, Katie Bouman Astronomical Everyday I



https://www.youtube.com/watch?v=BIvezCVcsYs&ab_channel=TED

SMBH

* Serije “fotografija” snimane 5, 6, 101 11 aprila 2017.
godine, a svaka serija snimana je izmedu 3 i 7 minuta.

« Jasno uocljiv sjajan prsten sa tamnom centralnom
oblascu.

» Precnik prstena iznosi 42, a debljina manje od 20
mikro-lucnih sekundi.

* Uporedivanjem dobijenih fotografija sa simulacijama
dobijenim na osnovu magnetohidrodinamicke teorije
relativnosti (GRMHD) - tzv. Kerova crnoj rupi, tj.
nenaelektrisanoj crnoj rupi koja rotira oko centralne
ose.

* Procenjeno da horizont dogadaja ima dimenzije od 3,3
mikro-lucnih sekundi i da crna rupa rotira u smeru
kazaljke na satu.




SMBH u M87




The M87 Jet

VLA -1.5 GHz

10 arcseconds
3000 light years

GMVA - 86 GHz

C.Goddi et al. 2019, The Messenger, 177,25
EHT Collaboration/M. Kommesser/ESO
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0.01 arcseconds

3 light years

-
e

M87 Black Hole — Event Horizon Telescope

ALMA image of the jet
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Photon ring
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C. Goddi, Z.Younsi, J. Davelaar/M. Kornmesser/ESO

Rad: C. Goddi et al. 2019, The Messenger, 177, 25
lzvor: https://blackholecam.org/eht-m87-eso-messenger177/


http://www.eso.org/sci/publications/messenger/archive/no.177-sep19/messenger-no177-25-35.pdf
https://blackholecam.org/eht-m87-eso-messenger177/

SMBH u M87

* Procena mase ove crne rupe, na osnovu ranijih
posmatranja, kretala se u intervalu od 3,5 do 7,22
milijarde masa Sunca

* Na osnovu posmatranja EHT procenjeno da masa prve
snimljene crne rupe iznosi 6,5 milijardi masa Sunca.




Accretion disk

Disk rotation

Size of the heliopause, the
edge of the solar system

— Material rotating toward Earth is
Doppler boosted and brighter.

Connecting the dots
Simulations (bottomn) helped connect the EHT's fuzzy image (middle) to a physical model of M87's black hole
(top). and suggest that the accretion disk spins clockwise.

https://www.sciencemag.org/news/2019/04/black-hole

C. Bickel/Science; Event Horizon Telescope Collaboration Et Al., Astrophysical Journal Letters, Vol. 875, 3, 2019


https://www.sciencemag.org/news/2019/04/black-hole

SMBH u Mlechom putu

Sagittarius A*

12. maj 2022. godine

27.000 svetlosnih godina od nas
Slicne crne rupe

Masa oko 4 miliona masa Sunca
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