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Shapes of black hole images depend on the distribution
of emitting matter around black holes

Astrophysical Case 1 : radiation outside photon spheres
Luminous stationary background behind the black hole

is viewed, which is a capture
photon cross-section in the black hole gravitational field

Astrophysical Case 2 : radiation inside photon spheres
Luminous accretion inflow near the black hole event horizon

is viewed, which is a lensed image
of the event horizon globe



Astrophysical Case 1: Stationary background
Euclidean image (blue disk) of the event horizon, r, = 2, M},G/c? =1
Classical shadow (magenta region) of the Schwarzschild black hole (a = 0),
shadow radius rg, = 3V3 =~ 5.2, radius of photon circular orbit Tph =3
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Photon trajectory (multicolored 3D-curve) with the return point
I'min = I'ph = 3, impact parameters A =0, q = VQ =14 =3 V3 =52
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Astrophysical Case 1: Stationary background
Classical shadow (magenta region) of the Kerr black hole: a=1, r, =1
0y = /2 — polar angle of a distant observer
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Photon trajectory (multicolored 3D-cutve)

near the shadow outline

with the return point rpi;, =1+ \/5 and impact parameters
A =0 (horizontal) and q= VQ = /11 + 8\/§Dz 4.72 (vertical)
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Astrophysical Case 1: Stationary distant background

hoton spheres 1, at a = 1)

is viewed: magenta region rgp

5
Photon trajectories (multicolored 3D-curve) near the shadow outline with
the return points at rp;, = 1 (co-rotating) and rp;, =4 (counter-rotating).
Closed purple region — boundary of photon spheres
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Astrophysical Case 1: Stationary distant background
Modeling for the cinema “Interstellar”  K.S.Thorne et al. 2015

Crucial features were neglected by demand of the cinema producer:
(1) Doppler effect and gravitational red-shift of photons!
(2) Emission of accretion disk near the event horizon!

Iint = 9.26 — internal border of the disk!?
(Radiation only outside the photon spheres rp!)
In result, it is seen the dark classical black hole shadow



Interstellar
Classical black hole shadow inside accretion disk

This black hole image is wrong!



Astrophysical Case 1: Compact star on the equatorial
circular orbit with radius ry = 20M,G/c? around SgrA*,
observed by a distant telescope (Millimetron)

Radiation outside the photon spheres
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3D photon trajectories
Prime image: no intersections of equatorial plane
First light echo: 1 intersection of equatorial plane




3D photon trajectory

Second light echo: 2 intersections of equatorial plane
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A=-178, q=52, i, =1, rg =20, rymp = 3.11
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Astrophysical Case 2: GRMHD accretion simulation!!!
Radiation from both the outside and inside photon spheres 1y,
The Blandford-Znajek process (quite different from the a-disk!)
is a suitable model for the General Relativistic
Magnetohydrodynamics (GRMHD) accretion onto black holes,
in which the inflowing plasma is strongly heated even in the
vicinity of the event horizon by theo radial electric current
10 e
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J.C.McKinney, A.Tchekhovskoy, R.D.Blandford (2012)




Astrophysical Case 2: GRMHD accretion simulation

Radiation from both the outside and inside photon spheres 1y,

Fe Ka line at 6.4 keV Armitage & Reynolds 2003



Astrophysical Case 2 : Line emission from accretion disk
Radiation from both the outside and inside photon spheres 1y,

B.C.Bromley, K.Chen, W.A.Miller ApJ 475 57 (1997)



Astrophysical Case 2: Outgoing photon from r = 1.01ry
Radiation inside the photon spheres rpp
SgrA* a =1, By = 82.2° — position angle of observer
Black hole shadow (black region) is recovered by emission of the
nonstationary inner part of accretion disk adjoining the event horizon.
Photon trajectory with impact parameters A = —1.493 and q = 3.629:




Close to the edge of black hole SgrA*, a = 0.998:

Highly red-shifted radiation of the innermost part of accretion disk
in the vicinity of event horizon

Red star * — brightest point in the thin accretion disk
Purple curve — boundary of the classical black hole shadow
Dark region — viewed lensed image of the northern hemisphere
of the event horizon globe (boundary of this dark region is the
equator at the event horizon globe)



Shadow (silhouette) of the whole horizon globe

Black hole may be viewed from all sides at once!
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SgrA*, 0y = 82.2°: Shadows (silhouettes) of the northern
hemisphere of event horizon (black region) projected
inside an outline of the black hole shadow (purple closed
curves)

Black holes (from left to right) with spin a = 0.9982, 0.65 and 0
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M87*, 0o = 17°: Silhouettes of the southern hemisphere of event horizon

(gray region) projected inside the black hole shadow (purple closed curves)
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Green oval — thin accretion disk around M&T7*



M8T7*, 6y = 17°: Silhouettes of the southern hemisphere
of event horizon (black region) projected inside a outline

of the black hole shadow (purple closed curves)
Black holes (from left to right) with spin a = 0.9982, 0.65 and 0




SerA*, a = 0:
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Silhouette of the event horizon globe (dark and light blue regions) projected
inside the classical black hole shadow (purple disk)
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SerA*, a = 0.9982: outgoing photons from r = 1.01ry,

E DA



SerA*, a = 0.9982: gravitational lensing of the compact
emitting source falling into black hole, 6y = 82.2°
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Moving hot spot in the jet from black hole SgrA*:

Direct image and 1-st light echoes in discrete time intervals




3D photons trajectories, starting at r = 1.1ry

Prime image and second light echo: 2 intersections of equatorial
plane




Moving hot spot in the jet from black hole SgrA*:

1-st light echoes near the outlet of the black hole shadow (closed
purple curve)
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Moving hot spot in the jet from black hole M87*:

1-st light echoes near the outlet of the black hole shadow (closed
purple curve)




Direct image and 1-st light echoes of the moving hot spot in t}

from the supermassive black hole M87* in discrete time intervals




Conclusion: black holes are at last discovered !!!

The direct evidence of the black hole existence!!!
It is viewed the dark event horizon silhouette

contour of the event horizon silhouette

Is it possible to explain this image without black hole?

VD, Nazarova, Smirnov: arXiv:1903.09594 and arXiv:1906.07171




Conclusion and Discussion

(1) Luminous stationary background behind the black hole:
The dark classical black hole shadow is viewed, which is a
capture photon cross-section in the black hole gravitational field.

(2) Luminous accretion inflow near the black hole event horizon:
The dark event horizon shadow is viewed, which is a lensed
image of the event horizon globe.

* The dark silhouette of the event horizon shadow (rather than
the classical black hole shadow) is viewed at the image of
supermassive black hole M87* obtained by the EHT.

* The unique information for the verification of gravy theories
in the strong field limit will be provided by the Millimetron
Space Observatory.



For the details of black hole images see:
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Thanks to all



Image of the object which is not a black hole
ALMA: Star Betelgeuse arXiv:1706.06021
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Astrophysical Case 1: Classical black hole shadow
Contour (boundary) of the black hole shadow on the bright background
Radiation outside the photon spheres 1,y
Distant observer is in the black hole equatorial plane

a=1 a = 0.65
Parametric equation for black hole shadow: (A, Q) = (A(r), Q(x)):

(B-1)r? —a(r+1) 5 r3[4a? — r(r — 3)?]

a(t—1) A TR P

Bardeen 1973, Chandrasekhar 1983
A — horizontal and q = +/Q — vertical photon impact parameters,

A=

Q — Carter constant, arrow — black hole rotation axis
dashed circle — black hole event horizon r, = (1+ V1 —a?)



Equations of motion of a test particle B. Carter 1968

The Hamilton-Jacobi equation for the Jacobi action S
JS 1 ;|dS as
oA~ 2% [8}(1 HaxJ ¢ J]
If there is a separable solution:
1
S=—§y2/\—Eu+¢§0+SQ+Sr
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pp + (aEsin 0 + m) +a?u?cos’ 0 =

= Ap? = 2[(x? + a?)E — ad + eer]p, + u’r? = =K = const

D—lﬁl
ln

po=a5= Ve, pr=15 =2 VVr, A=1>=2r+a’+e



Path iﬂtegral equatiODS Of mOtiOﬂ C. T. Cunninghan, J. M. Bardeen 1973

JC \/_ ' jr_ Vo(Omin) =0,  Vi(rmin) =0

The integrals are understood to be path integrals along the trajectory

Integral equation with respect to A = ®/E and q = Q'/?/E

for the trajectories of the first light echo:

femax d@ + emax de + Omin d@ B Tmin dr + 140] dr
Os \} VQ Omin \} VQ 0o \} VQ I's \} Vr Tmin V Vr
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2D photon trajectory r(6)




BakroueHne: I6pHble JIbIpbl HAKOHEI-TO 00HApYKeHbI !!!

Mpamoe foKa3aTEeNbLCTEO CYLLECTBOBAaHWA YEPHbLIX Abip!!
BugeH TEMHbII cMAYST ropusoHTa cobbITHi

KoHTyp cunysta ropusoHTa cobuITHii

TemHBIH cUTyST — JMH3UPOBAHHOE M300paXKEHUEe FOXKHOIT
moycepbl TOPU30HTA, COOBITHI

KonTyp TemMHOTO crmyiysTa — JMH3MPOBAHHOE M300parKeHme
SKBATOPa TOPU30HTA, COOLITH




YrBepxKaeHns 1 BbIBoJIbI:

* Kilaccuueckasi TeHb Y€pPHOM JIbIPpbl HADJIIO1ACTCs
B CJlydae yJIaJeHHOIO OT YePHOi JbIPhI (poHa,
(pacosioKEeHHOTO BHE CBETOBBIX chep

* Tenb ropuzoHTa COOBITHIT BUJIHA B CJIyUae
sipkoro (poHa BOJIM3U TOPU30HTA COOBITHUI YepPHOI
JBIPBI (PACIONIOKEHHOTO BHYTPH CBETOBBIX cep)

* Ha nmepBoM omyOnKoBaHHOM M300parkKeHuit
yepHoit 1biphl B M87 Habsrogaercst TeMHast TeHb
rOpU30HTA COOLITHI, HO HE KJIACCUUECKas TeHb
YEPHON JIBIPDI

* AKKpennoHHasi SPKOCTh YePHBIX JIbIP MOMXKET
3HAUUTEIBHO IPEBLINIATH APKOCTH (DOHA B BHUJIE
3Be3]1 U 00J1aKOB raza. [1o sroit npuunne
BO3MOXKHOCTH HAOJIIOJICHUsT KJIACCUIECKON TeHn
YEePHON JBIPHI C MOIIHON aKKPEIMOHHON
CBETUMOCTDBIO IIPEJICTABJISICTCA MAJIOBEPOATHOIA.



