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The distance to
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| The Mnlkg Wag center

The distance to
Sgr A*is
determined to be
D = 8.3kpc
while the S2 star on
i closest aPProach |
e o o) gets within ~ 100AU.

06 0.4 0.2 0. 02 Z04

RA.TT

3
L Itis 3 SlmPlC exercise to estimate the mass o1C Sgr AZ From d
\_5 M= —_
| Keplers 3rd law and the SIZC and Eerlocls of the orbits. 1=
{ S1 S2 S4 S9 S22 S$24 $33 S$54
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The Mnlkg W89 center

The S2 star on
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The Mnlkg W89 center

The S2 star on
closest aPProach
gets to~ 100AU

while other stars

can get eyl closer. |

S2 S1 S9 S13 S14 S17 S1 8 S19 S31 S55
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There is something with a mass of ~ 4.28 x 1O6M(D
that has a size that is less than 100 AU, that resides at the center
of the Mi”<9 Wag and can onlg be a Black Hole.
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The Mnlkg W89 center

The S2 star on
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There is something with a mass of ~ 4.28 x 1O6M(D
that has a size that is less than 100 AU, that resides at the center
of the Mi”<9 Wag and can onlg be a Black Hole.
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What is a Black Hole
All we need to define a Black Hole is the behaviour
of light rays (Photon trajectories}.
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What is a Black Hole
All we need to define a Black Hole is the behaviour
of light rays (Photon trajectories).

-

Flat sPace’time

Ingoing light-rags (dashed)
o Outgoinglight—-rags (solid)
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What is a Black Hole
All we need to define a Black Hole is the behaviour
of light rays (Photon trajectories).

-

Flat sPace’time

Ingoing light-rags (dashed)
o Outgoinglight—-rags (solid)
e These formthe light»-cones

of the space‘time (orange)

S e I

~ v~




R A e T o e

Ct

What is a Black Hole

All we need to define a Black Hole is the behaviour
of light rays (Photon trajectories).

-

Flat sPace’time

o lngoingligh‘&-rags (dashed)
o Outgoinglight—-rags (solid)

e These form the light»-cones

of the spacetime (orange)

4 These light%ones define the causal
structure cnc the sPacetime ancl
define the regions of the space’cime

AN AN A ANN/ANN \M/( that can communicate with each other
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What is a Black Hole
All we need to define a Black Hole is the behaviour
of light rays (Photon trajectories}.

-

Flat sPace’time

o lngoinglight—-rags (dashed)
o Outgoinglight—-rags (solid)

e These form the light»-cones

of the sPacetime (orange)

4 These light%ones define the causal
structure cnc the sPacetime ancl
define the regions of the space’cime

AN AN A ANN/ANN 14// that can communicate with each other

e Foraflat spacetime all regions are available
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What is a Black Hole
All we need to define a Black Hole is the behaviour
of light rays (Photon trajectories}.







. What is a Black Hole
’ All we need to define a Black Hole is the behaviour
, : 1 of light rays (Photon trajectories).

|

€1y rved spaceti me The presence of matter/ energy
: t/my Black Hole formation from the co”apse curves SPaCCtimC
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What is a Black Hole
All we need to define a Black Hole is the behaviour
of light rays (Photon trajectories).

CUFVCCI spaceti me The presence of matter/ energy i =
Black Hole formation from the co”apse curves SPaCCtimC i

This results in bending of the |ight—-rags t

-



What is a Black Hole
All we need to define a Black Hole is the behaviour
of light rays (Photon trajectories).

Curve Cl spa cetime The presence of matter/ energy
Black Hole formation from the co”apse curves SPaCCtimC
£ a nill dustshell

This results in bending of the |ight—-rags
The bencling tilts the |ight~cones and

changes the causal structure O1C the
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What is a Black Hole
All we need to define a Black Hole is the behaviour
of light rays (Photon trajectories).

Curve Cl spaceti me The presence of matter/ energy
t/my Black Hole formation from the co”apse curves SPaCCtimC
£ a ndl| dustshell

changes the causal structure cnc the

sPaceti me

between the region where

the rcgion where thcy onlg face inwards

This results in bending of the |ight—-rags
The bencling tilts the |ight~cones and

R 5\3 -r/mo - The black |ight~rag defines a bOUﬂC{ary

the Iight-cones can face outwards and
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What is a Black Hole
All we need to define a Black Hole is the behaviour
of light rays (Photon trajectories). |

€1y rvecl spaceti me The presence of matter/ energy
f a nill dustshell E

Black Hole formation from the co”apse curves SPaCCtimC ‘ '

This results in bending of the |ight—-rags
The bencling tilts the |ight~cones and

Changes the causal structure cnc the

NS spacetime \
ﬁ‘vﬁq%#/, R ™ The black Iightiag defines a bounclarg |
: .0’///1"- \ K \ between the region where
SN | ;
, ‘&Q\ %, the Ight-cones can face outwards and
| ‘ X the region where thcy only face inwards ;

This is the Horizon of a Black Hole ©

s |



What is a Black Hole
All we need to define a Black Hole is the behaviour
of llght rays (Photon trajectorles)

CUFVCCI spacetlme The presence of matter/ energy
t/m A Black Hole that formed a long time ago curves 5Pacetlme

A S S S RIS S Ve

s results in bendmg of the |xght—-rags |

& benclmg tilts the |lght~cones and

anges the causal structure cnc the

e & B s PR St 0 s HB i " Ll b Sl s i i

sPacetlme

. = black Ilght—-rag defines a boundaty |

between the reglon where

IIght-cones can face outwards and

/ regjon where thcy onlg face inwards | '1 |
Y Thisis the Horlzon of a Black Hole ‘
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What is a Black Hole
All we need to define a Black Hole is the behaviour
of llght rays (Photon trajectorles)

Curved spacetime

The presence of matter/ energy

t/m A Black Hole that formed a long time ago curves 5Pacetlme

~CONE ]CBCI gOU ards

/-

5 results i bendmg oxc the |xght—-rags
- benclmg tilts the |lght~cones and
anges the causal structure cnc the

sPacetlme

r/ ™ black Ilght—-rag defines a boundaty |
between the reglon where f
IIght-cones can face outwards and | |

regjon where thcy onlg face inwards | 'i |
This is the Horlzon of a Black Hole :
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What is a Black Hole
All we need to define a Black Hole is the behaviour
of llght rays (Photon trajectorles)

CUFVCCI spacetlme The presence of matter/ energy
t/m A Black Hole that formed a long time ago curves 5Pacetlme

~CONE ]CBCI gOU ards

s results in bendmg of the |xght—-rags |

& benclmg tilts the |lght~cones and

anges the causal structure cnc the

sPacetlme

1 black light-ray defines a boundary

between the reglon where

Ilgh~CO \S?aClﬂgl

IIght-cones can face outwards and

regjon where thcy onlg face inwards | 'i |
This is the Horlzon of a Black Hole :
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What is a Black Hole
All we need to define a Black Hole is the behaviour
of llg}wt rays (Photon trajectorles)

€1y rvecl spacetlme The presence of matter/ energy
t/m A Black Hole that formed a long time ago curves 5Pacet1me

~CONE ]CBCI gOU ards

s results in bendmg of the |xght—-rags |

& benclmg tilts the llght~cones and

anges the causal structure cnc the

spacetlme

r/ ™ black Ilght—-rag defines a boundaty |
between the reglon where :

Ight-cones can face outwards and

rcglon where thcy only face mwards '.
A This is the Horlzon of a Black Hole ‘
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. Photon orbits around Black Holes
In order to stuclg the Prol:)erties of |ight~rags N a given spacetime

we need to setup the equations ch motion For the Photons.
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Photon orbits around Black Holes
In order to stuc]g the Properties of |ight~rags N a given spacetime

we need to setup the equations O1C motion For the Photons.

Equations of motion:
1

- - Rt o s o Dvv N ————
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Photon orbits around Black Holes
In order to stuclg the Properties of |ight~rags N a given spacetime

we need to setup the equations O?C motion For the Photons.

Equations of motion:
1

e Photons are null Particles. One can use this condition
3 dx® dx? 0
e ==
Tt ey

to get the equa’cions of motion, i.e.,
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Photon orbits around Black Holes
In order to stuclg the Properties of |ight~rags N a given spacetime

we need to setup the equations O?C motion For the Photons.

Equations of motion:
1

e Photons are null Particles. One can use this condition |

3 dx? dx? 0
= =
Tt e

e One could use the geociesics equation p“ V.p°=0 or pP¥ p = O

to get the equa’cions of motion, i.e.,
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Photon orbits around Black Holes

In order to stuclg the Properties of |ight~rags N a given spacetime

we need to setup the equations O?C motion 1Cor the Photons.

Equations of motion:
1

e Photons are null Particles. One can use this condition |

o dx?® dx? 0
= o
S e

e One could use the geociesics equation p“ V.p°=0 or pP¥ p = O

to get the equations of motion, i.e.,

e One could altema’civelg Procluce the equations of

: : ; |
motion from a Lagrangian, definedas & = —gab)'ca)'cb
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Photon orbits around Black Holes

In order to stuclg the Properties of |ight~rags N a given spacetime

we need to setup the equations O?C motion 1Cor the Photons.

E‘quations of motion:

° Photons are nu” Partlcles One can use thls condition

3 dx® dx? 0
N o
LTI

e One could use the geociesics equation p“ V.p°=0 or pP¥ p = O

to get the equatxons of motion, 1.e.,

e One could altema’civelg Procluce the equations of

: : ; |
motion from a Lagrangian, definedas & = —gab)'ca)'cb

which can then be used to write a Hamiltonian for the Photon

0
T — Zpax = Where the momenta are defined as P, =

6x
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Photon orbits around Black Holes

In order to stuclg the Properties of |ight~rags N a given spacetime

we need to setup the equations O?C motion 1Cor the Photons.

E‘quations of motion:

° Photons are nu” Partlcles One can use thls condition

o dx?® dx? 0
= o
S e

e One could use the geociesics equation p“ V.p°=0 or pP¥ p = O

to get the equatxons of motion, 1.e.,

e One could altema’civelg Procluce the equationsl of

motion from a L agrangjan, definedas ¥ = —g . %%xP
which can then be used to write a Hamiltonian for the Photon
0L
K = Zpax = where the momenta are defined as P, = 6x

Thé PFO]DICm in tl"llS WBH becomes once O1C classxcal mechamcs.
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Photon orbits around Black Holes

Equations of motion in an axisymmetric spacetime:
1 </ }

R i,
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Photon orbits around Black Holes

- Equations of motion in an axisymmetric spacetime:
; J </ )

sy sl s

BPRSRLE TR I WRTAR N o
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An axisymmetric sPacetime looks the same as time passes or i we
rotate it with respect to some speciﬁc axis. This means it has two

symmetries, one w.r.t. time translations and one w.r.t. rotations.
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- Equations of motion in an axisymmetric spacetime:
; J </ )

sy sl s
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An axisymmetric sPacetime looks the same as time passes or i we

rotate it with respect to some speciﬁc axis. This means it has two

symmetries, one w.r.t. time translations anc

These sgmmetries are associated to two Ki

one w.r.t. rotations.

ling vectors &, 7




Photon orbits around Black Holes

Equations of motion in an axisymmetric spacetime:
] REe }

L b i 2. S g

An axisymmetric space‘cime looks the same as time passes or if we
| Fotate it with respect to some speciﬁc axis. This means it has two

symmetries, one w.r.t. time translations and one w.r.t. rotations.

. These sgmmetries are associated to two Ki ling vectors &, 7

One can choose t, @ coordinates that are acﬁustecl to these
agab 5% agab =
ot 0 :

sgmmetries. This means that the metric will be

} while ¢ =0 and e 5;.




Photon orbits around Black Holes

Equations of motion in an axisymmetric spacetime:
] REe }

L b i 2. S g

An axisymmetric space‘cime looks the same as time passes or if we
| Fotate it with respect to some speciﬁc axis. This means it has two

symmetries, one w.r.t. time translations and one w.r.t. rotations.

. These sgmmetries are associated to two Ki ling vectors &, 7

One can choose t, @ coordinates that are acﬁustecl to these
agab 5% agab =
ot 0 :

. symmetries. This means that the metric will be
} while & = O and e 5; :
' In addition, there are conserved c]uantities associated to these

} sgmmetries. Particles have a conserved energy E=—cp =0

and a conserved angular momentum L, = np,= Py
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Photon orbits around Black Holes

Equatlons omc motion in an aXISumme’trlc 5pacetlme

Retummg to the Formulatlon o1c tl’we equatlons og motion For an

| axisymmetric spacetime, we have the metric g, (r,0) where the

coordinates are (. @, 1. 0)
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Photon orbits around Black Holes

| Equatlons of motion in an aXISumme’trlc 5pacetlme

Retummg 1O the Formulatlon 01C tl’we equatlons O{: motion For an

axisymmetric spacetime, we have the metric g, (r,0) where the

coordinates are (t, ¢, r,0)

1
= Egabxaxb > H = Zpa)'ca — Z where we remind that p, =

0L

ShE
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Photon orbits around Black Holes

| Equatlons of motion in an aXISumme’trlc 5pacetlme

axisymmetric spacetime, we have the metric g, (r,0) where the

coordinates are (t, ¢, r,0)

1
= Egabxaxb > H = Zpa)'ca — Z where we remind that p, =

The Hamiltonian therefore is

H =—Ei+ L+ g, i+ gyt —

0L
o
7
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Photon orbits around Black Holes

Equatlons of motion in an ax15umme’mc spacetlme

Retummg to the formulation of the equatlons of motion for an
axisymmetric spacetime, we have the metric g, (r,0) where the

coordinates are (t, ¢, r,0)

0L
: . ox“
The Hamiltonian thereforeis % = — Ei + L+ g, 7%+ gt —Z

1
= Egabxaxb > H = Zpa)'ca — Z where we remind that p, =

where E = — Pp L,=Dy D, =845 Do= gegé.




L b i 2. S g

R AR -

PR i i MR il

e e st s St - . ol B

Photon orbits around Black Holes

Equatlons of motion in an ax15umme’mc spacetlme

Retummg to the formulation of the equatlons of motion for an
axisymmetric spacetime, we have the metric g, (r,0) where the

coordinates are (t, ¢, r,0)

0L
: . ox“
The Hamiltonian thereforeis % = — Ei + L+ g, 7%+ gt —Z

1
= Egabxaxb > H = Zpa)'ca — Z where we remind that p, =

where E = — Pp L,=Dy D, =845 Do= gegé.

1 :
The Hamiltonian can ﬁna”y become # = = (g,,,,if2 + g%@z + Veff>
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Photon orbits around Black Holes

Equatlons of motion in an ax15umme’mc spacetlme

Retummg to the formulation of the equatlons of motion for an
axisymmetric spacetime, we have the metric g, (r,0) where the

coordinates are (t, ¢, r,0)

0L
: . ox“
The Hamiltonian thereforeis % = — Ei + L+ g, 7%+ gt —Z

1
= Egabxaxb > H = Zpa)'ca — Z where we remind that p, =

where E = — Pp L,=Dy D, =845 Do= gegé.

1 :
The Hamiltonian can ﬁna”y become # = = (g,,,,if2 + g%@z + Veff>

8pp T 2bgt¢ T+ bzgtt L. : |
A ancl b= js o lmpact Parameter.ﬁ
Eip — 8tt8pg E |

Wl"lCl"C Veff =
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Equatlons of motion in an ax15umme’mc spacetlme

Retummg to the formulation of the equatlons of motion for an
axisymmetric spacetime, we have the metric g, (r,0) where the

coordinates are (t, ¢, r,0)

0L
: . ox“
The Hamiltonian thereforeis % = — Ei + L+ g, 7%+ gt —Z

1
= Egabxaxb > H = Zpa)'ca — Z where we remind that p, =

where E = — Pp L,=Dy D, =845 Do= gegé.

1 :
The Hamiltonian can ﬁna”y become # = = (g,,,,if2 + g%@z + Veff>

0, - hs b L
where Ve = — s . = - and b=— isan impact Parameter.?
Eip — 8tt8pg /) |

L ior Photons) since g.,x%%* = 0, we have that Z = 0
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Photon orbits around Black Holes

Equatlons of motion in an ax15umme’mc spacetlme

Retummg to the formulation of the equatlons of motion for an
axisymmetric spacetime, we have the metric g, (r,0) where the

coordinates are (t, ¢, r,0)

0L
: . ox“
The Hamiltonian thereforeis % = — Ei + L+ g, 7%+ gt —Z

1
= Egabxaxb > H = Zpa)'ca — Z where we remind that p, =

where E = — Pp L,=Dy D, =845 Do= gegé.

1 :
The Hamiltonian can ﬁna”y become # = = (g,,,,if2 + g%@z + Veff>

0, - hs b L
where Ve = — s . = - and b=— isan impact Parameter.?
Eip — 8tt8pg /) |

L ior Photons) since g.,x%%* = 0, we have that Z = 0

while motion is allowed only where V.4 <0
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Photon orbits around Black Holes

Equations of motion in an axisymmetric spacetime:
1 </ }

R i,



. Photon orbits around Black Holes

. Equations of motion in an axisymmetric spacetime:
; ] o }

- Therefore for the metric ds? = g, di* + g,,dr* + g,,d6* + 8igdtd + 8,44d’ f
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. Photon orbits around Black Holes

. Equations of motion in an axisymmetric spacetime:
; ] o }

| Therefore for the metric ds? = g dt* + g dr* + ggod

P

e 1
WC haVC A = 5 [grrr 55 g999 + Veff(ra H)] = )

p;

Err

p2
Lo
800

0% + g, 4dtdp + 84,d* ; ‘
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Photon orbits around Black Holes

- Equations of motion in an axisymmetric spacetime:
; J </ )

| Therefore for the metric ds? = g, df* + g,.dr* + gapd

1

ad—

i gt sty s il - o b e

PIFAE TN S SEATRFPN e € St gy,

e 1
WC haVC A = 5 [grrr 55 g999 + Veff(ra 6)] = )

=

dt

gtta

d
g

45)’

B 2
eI P
8rr 800

dt dop

LZ = gtﬁb% + ggbgbﬁ’ e — O, b= LZ/E

0% + g, 4dtdp + 84,d*
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Photon orbits around Black Holes

- Equations of motion in an axisymmetric spacetime:
. ] g }

1 e 1
W Nave %:5 [grrr +8999 + Veff(r’ 8)] = )

p;

d

Err

p2
Lo
800

e ot 49 o — “ A =0.- b=11E
= gtt_‘l'gtgbﬁ ; z_gtgba_l_ggbng’ =Y, = L,

dA

and from Hamilton’s canonical equations Fl=r=—"1 p =

O
ap,

oH

a 9
ox4

| Therefore for the metric ds? = g dt* + g,.dr* + g,,d6° + gpdtde) + g¢¢d¢2 ;




Photon orbits around Black Holes

- Equations of motion in an axisymmetric spacetime:
. ] g }
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| Therefore for the metric ds? = g,dt* + g,,dr* + gyd6”> + 8ipdldg + g¢¢d¢2 ;

1 - 2 12 1 pr2 Pg

- We have = — [gl"lj. o g999 + Veff(r’ 8)] = S e Veff(r’ 9) |

( 2 2 _grr 8600 ] F

b i R R

L BNEETREL T e FTRRL T 3

, , . o O

| and from Hamilton’s canonical equatlons . ETRd D= e

{ Pa A

| ,-,_ﬁ p__a% i_E8¢¢+L8z¢ )

| e . g 8Z —gagy,

, . T : Ot Lg,+ Lgy

| 0 =—, D= ==, = , Dp=0. |
866 06 Eip — 8ttEpgp :




Photon orbits around Black Holes

- Equations of motion in an axisymmetric spacetime:
. ] g }

L b i 2. S g

| Therefore for the metric ds? = g,dt* + g,,dr* + gyd6”> + 8ipdldg + g¢¢d¢2 ;

1 - 2 12 1 pr2 Pg
- We haVC = — [gl"lj. o g999 + Veff(r’ @)] = S e Veff(r’ 9) |
( 2 2 8rr 8600 F
b aid aa DR L e
L BNEETREL T e FTRRL T 3

, , - g O

| and from Hamilton’s canonical ec]uatlons . ETRd D= e

{ Pa X

| ,-,_ﬁ p__a% i_E8¢¢+L8z¢ )

| e . g 8Z —gagy,

, . T . oA : Lg,;+ Egy :

| 0= D= ==, = , Dp=0. |
800 06 Sip — S |

These are supplemented bg aPProPriate initial conditions (% = 0).
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| Photon orbits in an ax:summetrlc spacetlme

The equatlons of motion seem comPllcatcd but thmgs are 51ml:>|er
f*

than they look a.t first glance.
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| Photon orbits in an ax:summetrlc spacetlme

L b i 2. S g

The equatlons OF motion seem comPllcatccl but thmgs e 51m|:>|er

fegl theg look at ﬁrstglance o o [g 2y a Pt V(r 9)]
| Sy G 00 elf 2

Looklng at the Hamlltonlan
evergthmg is a function of on19 r,0

Lop 00 gtng — 81u8¢p¢ :

3 D, : 0/ . Eg¢¢ + Lgtgb

| e e =0

| 8rr or 82, — 8ulpp

i T Po L a Lg,+ L8y -

; = - 0= D=4
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. Photon orbits around Black Holes

Photon orblts N an ax:summetrlc spacetlme

The equatlons oF motion seem comPllcatecl but thmgs e SlmPICF

1
=~ [ g 72+ guolP + Vol 9)]

P . AR

than theg look at first glance
Looklng at the Hamlltonlan

everythmg is a function of on19 r,0 in addition to having two
constants of motion. This allows us to split the sgstem in two

R -

mclepenclent” Par’ts the r Part and the Lo Par’c

| .7 . 0¥ L Lot Lgr¢ |
1 L= —— P, = [ = Py = 0,
; 8rr B 82— &nByi
| o || . Lg,+ Eg,
H:ﬁ, p:——, ¢=— ¢, p:O
0 ) ¢
| 860 060 8o~ by




. Photon orbits around Black Holes

Photon orblts N an ax:summetrlc spacetlme

The equatlons oF motion seem comPllcatecl but thmgs e SlmPICF

1
=~ [ g 72+ guolP + Vol 9)]

P . AR

than theg look at first glance
Looklng at the Hamlltonlan

everythmg is a function of on19 r,0 in addition to having two
constants of motion. This allows us to split the sgstem in two

R -

mclepenclent” Par’ts the r Part and the Lo Par’c

| oD . 0¥ L Lot Lgr¢ .
1 L= —— P, = [ = Py = 0,
; 8rr A 82— 8Byl
i . oH - Lg,+ Eg,
cm i el Gne i e s
0 ) ¢
| 860 060 8o~ by

The r, 0 motion can also be studied with the help of the V. (., 0).




4 Photon orbits around Black Holes |

A sim!:)le application _ the Schwarzschild spacetime:




i Photon orbits around Black Holes

A s:mplc appllcatlon tl’lé Sclnwarzsch H spacetlme

l n the Schwarzschl d case,

‘ clue to spherlcal su mmetrgj
we can work on the ecluatorlal

f Plane without loss of generalltg

The Problem IS Practlcang 1D
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. Photon orbits around Black Holes
A s:mple appllcatlon the Schwarzschild spacetlme

ln the Schwarzschl d case, v 8pp T bzé’zz . == bl 28 |
off = ZEL '

‘ clue to spherlcal symmetry, 8pp8it re(l—2Min)
wc can work on the ecluatorlal
Plane wnthout loss OF generalltg

The Problem IS Practlcang 1D

i gt sty s il - o b e
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i'

A sxmple appl:catlon thc Schwarzsch H spacetlme

et gy o TN
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ln the Schwarzschl d case, v 8pp T bzgtt i r e 2M/r)
| due to spherlcal symmetry, s 8pp8it re(l—2Min)
| - we can work on the equatorlal 0.2 — 1225M?
Plane without loss of generallty 00 o
The problem is practically 1D 02 e
P P 2 5 |
> 04
~0.6
-0.8
| -10, : ; 2 1
| r/M
;
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i Photon orbits around Black Holes

A sxmple appl:catlon thc Schwarzsch H spacetlme

#

5

|

1

;
a
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ln the Schwarzschl d case, v 8pp T bzgtt i r e 2M/r)

( due to spherlcal symmetry, s 8pp8it el ol ZM/ r) -

B b ok on the equator:al 0.2 — bRz ;
plane without loss of generalltg. 00 L ;
The Problem IS Practica”g e 07 I |

, > 04 )

e ﬁgure shows Ve for3 o
values of b. The allowed region _0;

4?r is for V.. < 0.
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f r/M
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4 Photon orbits around Black Holes

A sxmple appllcatlon thc Schwarzsch H spacetlme

s
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| ln the Schwarzschl d case, v 8pp T bzgtt i r e 2M/r)
( due to spherlcal symmetry, s 8pp8it re(l—2Min) -
, - we can work on the equator:al 0.2 a2 t |
plane without loss of generalltg. 00 o ;
The Problem IS Practica”g 1D _ 02 e
) > _0.4 ,?
e ﬂgure shows Ve for3 o |
values of b. The allowed region _o.&;
;; is for V.« < 0. ~10, _ |
, ]C h 2 3 4 S o
[ liithe lmPact Parameter IS /M

- ,’ b < 3\/_M the Photon falls into the Black Hole.
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. Photon orbits around Black Holes

|

L A sim!:)le a!:)plication _ the Schwarzschild spacetime:

; In the Schwarzschild case, g - S50 bzgln - r* — b*(1 — 2M/r)

{ due to spherical symmetry, - EppSitt . re(l = 2M iy t |

' we can work on the ecluatorial 0.2 — BRa25H? g |
plane without loss of generalitg. 00 o ;
The Problem IS Practica”g 0 U2 e ‘:)
The figure shows V. for? i —22
values of b. The allowed region 0:8 -

fetor V. <0 1.0 | :
if the impact parameter IS ’ : r/?\q : 1

;
g
;
|
!
|
i
4
%
|
)

th < 3\/§M the Photon falls into the Black Hole. if b > 3\/§M the

Photon is scattered getting down to a minimum radius o :

RS, e <Lz 4




¢

| Photon orbits around Black Holes

L A sim!:)le a!:)plication _ the Schwarzschild spacetime:

; In the Schwarzschild case, g 8pp T bzgln = r~ = bl — 2Mfe)

{ due to spherical symmetry, - EppSitt Z re(l = 2M iy z |

' we can work on the ecluatorial 0.2 — baasw’ ; '
plane without loss of generalitg. 00 |
Fhe Problem IS Practica”g 1D . U2 T e ‘:)
The figure shows V. for? i —22
values of b. The allowed region : 0:8 -

i 15 tor Vg < 0. 10 .
if the impact parameter IS ’ : r/?\q : 1

;
g
;
|
!
|
i
4
%
|
)

b < 3\/§M the Photon falls into the Black Hole. if b > 3\/§M the

Photon is scattered getting down to a minimum radius o ;
L it h = 3\/§M then the Plﬁoton reaches 7. = 3M, the Photon orbit.
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. Photon orbits around Black Holes

A sxmple appl:catlon thc Schwarzsch H spacetlme

The ﬁgure shows Vg for?

' values of b. The a”owecl reglon =

xsxcorVﬂ:<O V2

$
|
§
1
.
|
=4

0.0
The photon orbit is the unstable 0
c:rcular orbit at the Peak of the 5 )

| Potentlal determined bg the 06
concl!tlons, -0.8
‘f} dVeff -1.0
, V e O, e O 2
B dr
;

|

8pp T bzgtt
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" Photon orbits around Black Holes

A sxmple appllcatlon thc Schwarzsch H spacetlme

: The ﬁgure shows Vg for?

| values of b. The a”owecl reglon =

xswcorVﬂ:<O -

|
|
§
z
-
i
)

_* In the Schwarzschild case this gives b, = 3\/_ 3M andr Toh = M.

gpot b, 2= b1 - 2M/r)

The photon orbit is the unstable ()'(j

c:rcular orbit at the Peak of the 5 :o.-

| Potent:al determined bg the 06

| concl!tlons, 0.8

| Veff = ke — I
dr

r2(1 = 2M/r) ‘

8pp8it }_.
— b?=25M? ‘ :

b?=2TM*? ;

b?=30M*? ?

— V=0 j;

j
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" Photon orbits around Black Holes

- A more general case - the Kerr spacetime:
: = i

fThe case of the Kerr rotating Black Hole is a little more complicatecl.
3.
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Photon orbits around Black Holes

- A more general case ~ ’clfwe Kerr 5pacetime:

R -

B T S

T]ﬂe case of the Kerr rotatmg Black Hole is a little more coml:)llcatecl

WC no IOﬂgCF have spherlcal sgmmetrg We Oﬂl\lj l"laVC ax:sgmmetrg




" Photon orbits around Black Holes

- A more general case - the Kerr spacetime:
; = !

}The case of the Kerr rotating Black Hole is a little more coml:)licatecl.
. We no longer have spherical symmetry. We on|9 have axisymmetry.
;On the equatoriai Plane 0 — 72 wwe

: can treat things as 1D. We can still

‘ write a Vi ¢ and find the unstable

i circular Photon orbits.
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| Photon orbits around Black Holes

A more general case - the Kerr spacetime:
f S J

|

{ The case of the Kerr rotating Black Hole is a little more complicatecl.

}s We no longer have spherical sgmmetrg. We on|9 have axisgmmetrg.

;
“

- On the equatorial Plane 0= n/l we '° a=08M | progrd
i . > - retrograde
'can treat thmgs as 1D. We can still 00
b ; -0.2

jwrite a Vg and find the unstable s o

1 circular Photon orbits. 06

' -0.8
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| Photon orbits around Black Holes

. A more general case - the Kerr spacetime:
: — i

|

{Tlﬂe case of the Kerr rotating Black Hole is a little more complicatecl.

| We no longer have spherical sgmmetrg. We onlg have axisgmmetrg.

s On the equatorial Plane Od=n/2 we Y4 a=08M | rogne |
% can treat things as 1D. We can still il |
-0.2
write a Vg and find the unstable 5 4
| CIrcular Photon orbits. _06
' In this case though we will have two 0% N
'such orbxts one co- rotatmg and O 3 Y 5 6 7
r/M

one counter~rotatmg wnth the BH.
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i Photon orbits around Black Holes
A more general case - the Kerr 5pacetlme

Ancl Qe can have even more general orblts O1C1C the ecluatorlal Plane

f described bg a more general V. (1, 0)

s b
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e Photon orbits around Black Holes

A more general case ~ the Kerr spacetlme
AﬂCl one can hBV@ Ve Mmore general orblts OF‘F th@ equatorlal plane ’
{ described bg a more general V. (1, 0) \ Veff 0 t"
g o :z
i e
| / Ve > 0
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A more general case - the Kerr spacetime:

3

| described bg a more gﬁﬂ@ral Verr(r, 0)

AL o

 These are no longer circular orbits. Instead

o

—— i

they are spherical Photon orbits.
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. . Photon orbits around Black Holes
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 And one can have even more general orbits off the equatorial plane
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Photon orbits around Black Holes -

=~ 1 A more general case - the Kerr spacetime:
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And one can have even more general orbits off the equatorial plane
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theg are spherical Photon orbits.

= The most extreme case

5 of those being the Polar 0
s orbits, that form a full -
| ?Fsphere. .
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What is the shadow of a Black Hole? |

A brief historg of imaging Black Holes:
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A brief historg of imaging Black Holes:

It was first James Bardeen in J. Bardeen
the earl Yy 1970s that gave 3 o

~
/4 1
/S |
/
/
/

the mathematical definition

of the shadow of a BH in # :
2 4 1 2 3 4 "’?'ﬂ‘

terms of the two lmpact .

parameters (a, ), where j] // |

K on- D and el

maxima”g rotating BH
P = polp;
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What is the shadow of a Black Hole? ‘
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A brief historg of imaging Black Holes:
It was first James Bardeen in J. Bardeen ~ Jean-Pierre Luminet
the ear] y19/0s that gave o L
the mathematical definition / o \\ 7 N\ RN
of the shadow of a BH in WL 21 \ 2 H > |
— T y K ,;
terms of the two im pact | & » ‘
parameters (a, ), where \"\\j / |
a = p,lp,= —b and il

e & D i L R i 0 g B i o Ll b S S G s i' d A, AR DT A X s &5

maxima”g rotating BH

4 U — polp,

| While in the late 1970s Jean-Pierre Luminet

| : ; - ‘
; gave the ﬁrst Image o1C aSrraccrelion CllSC arouncl
a Black Hole. i
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'i' What is the shadow of a Black Hole?

We can think of i lmagmga Black Hole in two equ:valent ways:

D nght 1[rom a source comes to the observer 1Crom the direction 01[ the

! BH , or2) we casta Photon trajectorg

towarcls th@ Hi anc:l see it it I’WltS a |lght source.
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light bending
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'i' What is the shadow of a Black Hole?

We can think of i lmagmga Black Hole in two equ:valent ways:

D nght 1[rom a source comes to the observer 1Crom the direction 01[ the

! BH , or2) we casta Photon trajectorg

towarcls th@ BH anc:l see it it I’WltS a |lght source.
Thxs IS the techmque of backward rag—fcracmg
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! What is the shadow of a Black Hole?

We can think of i lmagmga Black Hole in two equ:valent ways:

D nght 1[rom a source comes to the observer 1Crom the direction omc the

f BH , or2) we cast a Photon trajectorg

towarcls th@ Hi anc:l see it it hlts a |lght source.

ngms is the techmc]ue of backward rag—-tracmg
f In this way, we can determine whether a

| | Photon is lost inside the horizon of a BH
ancl therefore forms Part of the shadow

 or the Photon IS sxmplg scattered and

1
| 3 thus Prowdes a Possuble source o1C l:ght AT
'i

A
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0 observer
D

dQ,

light bending

N

_______________________________
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{ What is the shadow of a Black Hole?
i Wc can think of i lmagmga Black Hole in two eclu:valent ways:

, D nght from a source comes to the observer from the direction of the
b

( BH , or2) we casta Photon trajectory 10 i - '
towarcls the BH ancl see if it hits a llgl"lt source. b % t |
This is the techrnque of backward ray-tracipo = "

In this way, we can determine whether a 1 /':3
| | Plﬁoton is lost inside the horizon of a BH 5
and therefore forms Part of the shadow

s
|
|
z
-
|
?

j OF the Photon IS SImplg scattered and y 0

= thus Prowdes a Possnble source of hght.
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What is the shadow of a Black Hole?
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What is the shadow of a Black Hole?
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What is the shadow of a Black Hole?

The mathematical shadow:
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What is the shadow of a Black Hole?

The mathematical shadow:

10 <0
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' { What is the shadow of a Black Hole?

The image of a thin accretion disc:







What is the shadow of a Black Hole?

The image of a thin accretion disc:

} Observer on tl"lC equatorial PlaﬂC
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. What is the shadow of a Black Hole?

The image of a thin accretion disc:

Observer on t]"IC cquatorial PlaﬂC
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ﬂ What is the shadow of a Black Hole?

The image of a thin accretion disc:
20
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O!:)SCT'VCF on tl"lC cquatorial Planc
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- What s the shadow of a Black Hole?

The image of a thin accretion disc:
20
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O!:)SCT'VCF on tl"lC cquatorial Planc
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; Observer at some inclination off the equatorial
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What is the shadow of a Black Hole?

The image of a thin accretion disc:
20

There is some clegree of

asgmmetrg.
This BH is rotating.
10
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" What is the shadow of a Black Hole?

| The image of a thick accretion disc:
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" What is the shadow of a Black Hole?

| The image of a thick accretion disc:
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" What is the shadow of a Black Hole?

| The image of a thick accretion disc:
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Summarg on shadows:
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What is the shadow of a Black Hole?
Summarg on shadows:

e The BH shadow is the result of the combination of an

absorbiﬂg surface (the horizon) and the existence of the

unstable spherical Photon orbits.
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What is the shadow of a Black Hole?
Summarg on shadows:

e The BH shadow is the result of the combination of an

absorbing surface (the horizon) and the existence of the

unstable SEherical Photon orbits.

e The size of the shadow is determined bﬂ the iml:)act Parameter
of these spherical Photon orbits, and is essentia|l9 the angular

size of these orbits as seen at inﬁnitg.
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What is the shadow of a Black Hole?
Summarg on shadows:

e The BH shadow is the result of the combination of an

absorbing surface (the horizon) and the existence of the

unstable SEherical Photon orbits.

e The size of the shadow is determined bﬂ the iml:)act Parameter
of these spherical Photon orbits, and is essentia|l9 the angular

size of these orbits as seen at inﬁnitg.
$ Fora non—-rotating Black Hole that shadow is circular and its

size 1s equal to 3\/§M ~ 5.2M.
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" What is the shadow of a Black Hole?

Summarg on shadows:

e The BH shadow is the result of the combination of an

absorbing surface (the horizon) and the existence of the

unstable SEherical Photon orbits.

e The size of the shadow is determined ]39 the imPact Parameter

of these spherical Photon orbits, and is essentia|l9 the angular

size of these orbits as seen at imqnitg.
$ Fora non—-rotating Black Hole that shadow is circular and its

size 1s ec]ual to 3\/§M ~ 5.2M.
o Ro’tating Kerr Black Holes have an aPProximatelg circular

shadow for a wide range of rotations, that is also close to 5.2M.
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" What is the shadow of a Black Hole?

Summarg on shadows:

e The BH shadow is the result of the combination of an

absorbing surface (the horizon) and the existence of the

unstable SEherical Photon orbits.

The size of the shadow is determined ]39 the imPact Parameter
of these spherical Photon orbits, and is essentia|l9 the angular

size of these orbits as seen at imqnitg.
Fora non—-rotating Black Hole that shadow is circular and its

size 1s ec]ual to 3\/§M ~ 5.2M.
Ro’tating Kerr Black Holes have an aPProximatelg circular

shadow for a wide range of rotations, that is also close to 5.2M.

In the encl) the image of a BH also del:)ends on the source of
light and is notjust the mathematical shadow.
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The shadow of Sgr A*




; The shadow of Sgr AF

The EHT Collaboration et al.
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The shadow of Sgr A*

Table 1
Measured Parameters of Sgr A*
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2 4 6 8 10 12 14
Brightness Temperature (10° K)

Parameter

EHT Estimate

Emission ring:*
Diameter, d

Fractional width, W/d
Orientation, 7
Brightness asymmetry, A

Angular gravitational radius,” 0,

Black hole mass,® M

Angular shadow diameter,® dg,
Schwarzschild shadow deviation,” §

51.8 + 2.3 pas
~30-50

~0.04%-0.3%
4.8%07 pas
4.0%54 x 106 M,
48.7 = 7.0 pas
—0.080:05 (VLTI)
—0.04199% (Keck)

Parameter

Previous Estimate

Angular gravitational radius, 6,:

Stellar orbits (VLTI
Stellar orbits (Keck)®
Black hole distance, D:
Stellar orbits (VLT
Stellar orbits (Keck)®
Masers (cm VLBI)
Black hole mass, M:
Stellar orbits (VLT
Stellar orbits (Keck)®

5.125 + 0.009 £ 0.020 pas
4.92 £+ 0.03 £ 0.01 pas

8277 +£9 £33 pc
7935 £50 + 32 pc
8150 + 150 pc

(4.297 + 0.013) x 10° M,
(3.951 + 0.047) x 10° M,
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The shadow of Sgr A*

The EHT Collaboration et al.

THE ASTROPHYSICAL JOURNAL LETTERS, 930:L12 (21pp), 2022 May 10

Table 1

~ o A K

The EHT Collaboration et al.
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Figure 5. Simulated images of Sgr A*. Left: a single snapshot image of a numerical simulation of Sgr A* that passes 10 out of the 11 observational criteria described in
Paper V. Middle: the average of this simulation with time sampling that matches the EHT observational cadence on April 7. Right: representative image reconstruction
using synthetic visibilities generated from the simulation in the adjacent panels (see Appendix H in Paper III). This image has been averaged across methodologies and
reconstructed morphologies, as in Figure 3. Each panel is shown on a linear brightness scale that is normalized to its peak.

' Stellar orbits (Keck)® 7935 + 50 + 32 pc
Masers (cm VLBI) 8150 £ 150 pc
Black hole mass, M:
I | —1 " Stellar orbits (VLTI) (4.297 4 0.013) x 10° M,
O 2 4 6 8 10 12 14 Stellar orbits (Keck)® (3.951 £ 0.047) x 10° M

Brightness Temperature (10° K)




Table 1
Measured Parameters of Sgr A*

Parameter

Emission ring:*

Diameter, d _
Fractional width, W/d ~30-50
Orientation, n
Brightness asymmetry, A ~0.04%-0.3%
Angular gravitational radius,” 6, 4.8%05 pas
Black hole mass,” M 40754 x 108 M,
Angular shadow diameter,® dg, 48.7 £ 7.0 pas
Schwarzschild shadow deviation,® & —0.0870:05 (VLTI)

—0.0419% (Keck)

Parameter Previous Estimate

Angular gravitational radius, 6,:

Stellar orbits (VLTI)" 5.125 + 0.009 + 0.020 pas
Stellar orbits (Keck)® 4.92 +0.03 £ 0.01 pas
Black hole distance, D:

Stellar orbits (VLTI) 8277+ 9 +33 pc
Stellar orbits (Keck)® 7935 £ 50 + 32 pc
Masers (cm VLBI) 8150 £ 150 pc
Black hole mass, M:

Stellar orbits (VLTI)? (4.297 £ 0.013) x 10° M.,
Stellar orbits (Keck)® (3.951 £0.047) x 10° M,
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The Black Hole in Sgr AT

e We havc—: VCT’H Stf’Oﬂg CViClCl"ICC 1Crom
astrometrg {:Ol” d VCT’H massive Very

compact objec’c at the center of the
Milkﬂ Way.

Measured Parameters of Sgr A* i

Orientation, 7

Parameter EHT Estimate :
{
Emission ring:* %
Diameter, d 51.8 2.3 pas ;
Fractional width, W/d ~30-50
:

Brightness asymmetry, A
Angular gravitational radius,” 0

Black hole mass,” M

Angular shadow diameter,” dg,
Schwarzschild shadow deviation,® §

~0.04%—0.3%
4.8157 uas
4.0134 x 10° M,
48.7 £ 7.0 pas i
—0.081993 (VLTI) |
—0.049% (Keck) 3

Parameter

Previous Estimate

Angular gravitational radius, 6,:

Stellar orbits (VLTI)"
Stellar orbits (Keck)®
Black hole distance, D:
Stellar orbits (VLTI)"
Stellar orbits (Keck)®
Masers (cm VLBI)
Black hole mass, M:
Stellar orbits (VLTI)"
Stellar orbits (Keck)®

5.125 +0.009 £ 0.020 pas
4.92 +£0.03 £ 0.01 pas

8277 £9 =33 pc
7935 + 50 + 32 pc
8150 £ 150 pc

(4.297 +0.013) x 10° M,
(3.951 +0.047) x 10° M,




i D i 0.5 Ly

The Black Hole in Sgr "

o We have very strong evidence from
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astrometrg {:Ol” d VCFH massive Verg Table 1

Measured Parameters of Sgr A*

com Pact objec’c at the center of the s EHT Estimate

5 Emission ring:*
M | I kﬂ Wag K Diameter, d 51.8 +2.3 pas
Fractional width, W/d ~30-50
Orientation, 7

e The EHT telescope has Proviclecl Brightness asymmetry, A ~0.04%-0.3%

Angular gravitational radius,” 6, 4.8 pas
F h 4 A F h’ Black hole mass,” M 40756 x 10° M,
u rt CI eviaence 1or t 15 VE rg Angular shadow diameter,” dg, 48.7 + 7.0 pas
: : : Schwarzschild shadow deviation,® & —0.081993 (VLTI)
+0.09
massive com Pact objec’c, In goocl ~0.0473% (Keck)
Parameter Previous Estimate
a greemeﬂt with astrometrg . Angular gravitational radius, 6
Stellar orbits (VLTI)" 5.125 £ 0.009 + 0.020 pas
Stellar orbits (Keck)® 4.92 +0.03 £ 0.01 pas
Black hole distance, D:
Stellar orbits (VLTI) 8277 +9 + 33 pc
Stellar orbits (Keck)® 7935 + 50 4+ 32 pc
Masers (cm VLBI) 8150 £ 150 pc
Black hole mass, M:
Stellar orbits (VLTI)" (4.297 +0.013) x 10° M,
Stellar orbits (Keck)® (3.951 +0.047) x 10° M
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The Black Hole in Sgr AT

o We have very strong evidence from

astrometrg {:Ol” d VCFH massive Verg Table 1

Measured Parameters of Sgr A* P

com Pact objec’c at the center of the s EHT Estimate
Emission ring:* %

M II l( Wa Diameter, d 51.8 + 2.3 pas ;
H H Fractional width, W/d ~30-50 ;
Orientation, 7

e The EHT telescope has Proviclecl Brightness asymmery, 4 ~0.04%-03% t

Angular gravitational radius,” 6, 4.8 pas

4 £ Black hole mass,” M 40756 x 10° M,
FU rther CVIACHCC For th 1S Verﬂ Angular shadow diameter,” dg, 48.7 + 7.0 pas
: : : Schwarzschild shadow deviation,® § —0.0819-% (VLTI)
massive com Pact objec’c, In goocl —0.047418 (Keck)
Parameter Previous Estimate
3 greemeﬂt W]th aStrometrg 5 Angular gravitational radius, ,: ¢
Stellar orbits (VLTI 5.125 +£0.009 =+ 0.020 pas
Stellar orbits (Keck)® 4.92 +0.03 £ 0.01 pas
A 5 5 Black hole distance, D:
e There are indications that the Sl e vLTD §277 494 33 pe
{ Stellar orbits (Keck)® 7935 + 50 4+ 32 pc
observed com Pact object may have Masess (oo VLBD 8150 + 150 pe
> v L Stellar orbits (VLTI)" (4.297 +0.013) x 10° M,
3 hor] zon, but thl S 1S not Cle]qr”t]\/e Stellar orbits (Keck)® (3951 +0.047) x 10° M,

yet, as it is very hard to prove.
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