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The existence of black holes was proven by:

* results on binary systems dynamics
o gravitational wave astronomy The first recorded gravitational waves from

) ) i the BH merger*
* direct imaging of black hole
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* B.P. Abbott et al. Phys. Rev. D, 93(12):122003, 2016.



Introduction Shadow model at Shadow model  at
A(r)=B-(r) A(r) = B(r)

BH shadow size from 4.3M to 6.1M BH shadow size from 4.3M to 5.3M

K. Akiyama, et al., Astrophys. J. 875 (1) L5 (2019). The Event Horizon Telescope Collaboration, The
Astrophysical Journal Letters 930 L17 (2022).
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Introduction Shadow model at A(r)=B(r) Shadow model
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Quasi Schwarzschild metric* Schwarzschild BH

* %k %
shadow™*** Kerr BH shadow

ds* = —A(r)dt* + B(r)dr* + r*(d6* + sin® 8do?)

} 10 T T T 10

Metric function** Sighting . i
parameter
2_'1{ Q Cﬂ - .
Ar)=1—- —+ <+ —,
oo D=27M?

Q —tidal or electric charge
C; —third — order coefficient

F=r/M,q=Q/M?* c3 = C3/M?>.

Mass - normalized metric

function

2 q o3
Arf)=1— =+ =+ —.
( ] .?"' TIE ?'53
*Cosimo Bambi. Phys. Rev. D, 87:107501, 2013.
**S. Alexeyev, B. Latosh, V. Prokopov andE. Emtsova, J. Exp. Theor. Phys. 128 (5)
720(2019).

***https://odysseyedu.wordpress.com/black-hole-shadow/
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Fig. 1. The dependence of the intensity profile (I) in rel-

ative units for the shadow versus the distance from BH

center on image plane X (in the units of M). The BH

possesses by additional parameters ¢ and c3 and gener-

ates the shadow size the same as Schwarzschild BH of
the equal size.

=0 " =0.05c,=-0.1498
X ® §=0.1003 ¢,=-0.3
=y 4 g=0.1504 ¢ ,=-0.4498
= v g=0.2519¢,=-0.7515
0,001 |
*YY vy ¥ ¥ ¥FYY
A sl ok A A Al & 4
.
. * a0 4 °
| |
H B B B R BN
'Y
1E_4 Al d i P A il
11 -3 -2 1 0
X

Fig. 2. The dependence of the intensity difference

(|1 — Ish|/Imaz) between a BH with additional param-

eters g and ¢; and the corresponding Schwarzschild one

versus the distance from BH center on image plane X in
the units of M.

Prokopov V. A., Alexeyev S. O., O. Z., JETP. — 2022. — Vol. 135, no. 1. — P. 91-99.
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Horndeski Theory

S = /\H—gd4i(£2+£3+ﬁ4+£5+£iﬂ +£:I"§:H)a

L2 = Ga2(X),

L3 = —G3(X)Oo,

L= Gi(X)R + Gux[(0¢)? — (V,.V.0)?],

L5 = G5(X)G, V'V — %Gax (@¢)* = 306(V,.V,6)* +2(V,.V.0)"],
L = Fy(X)e"™ 2N 1V 0s ViV 36V, V.6V, Vi,

L2 = Fy(X)e ™ eV as ViV 36V V6V o Vi Vo Vi

2M 2C,

Alr) = 1—

o Tr7 ’
r ! Fig. 3. The dependence of shadow size (D) versus the
ZM CT combination of model constants s for Horndesky theory
B(T‘)_l = 1- — y coupled with Gauss-Bonnet invariant (in the units of M,
rooorf M=1).
[12] Eugeny Babichev, Christos Charmousis, and Antoine Lehébel. PrOkOpOV V. A., Alexeyev S.0 . O. Z.,JETP. — 2022. — Vol. 135, no. 1. —
Asymptotically flat black holes in Horndeski theory and beyond. P. 91-99.

JCAP, 04:027, 2017.
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Loop Quantum Gravity
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where [ encodes the central energy density 3/87l?,

[17] Jian-Ping Hu, Li-Li Shi, Yu Zhang, and Peng-Fei Duan. Analytical time-
like geodesics in modified hayward black hole space-time. Astrophysics
and Space Science, 363(10), 2018.

Fig. 4. The dependence of shadow size [J upon the time

delay o when [ = 0.5M and 5 = 0.5 (top image),
PrOkopOV V- A., AIeXeer S. O .y O. Z., \JETP. — 2022. — VOI. 135, no. 1. — upon the ]__loop quantum corrections H when [ = Ds_ﬂ.f,
P. 91-99. o = 0.5 (central image), upon the central energy density

[ when o = 0.5, 3 = 0.5 (bottom image) for BH in mod-
ified Hayward metric in the units of M, M = 1.



Conformal Gravity

1 1
S = fgrgs | A'VIIR — a(6*R +60,00°0] ~ 53 Clp),
167G H 2m2 avpa
6]
oM > QUM+ Q7+ E%) ]
Alr) = 1 — — + =2 .. '
") r * r? * 3r * 00 0z o4 os es . 1o

— 5
B(r) L= 1- T + —+ - T Fig. 5. The dependence of the shadow size [D against the
scalar charge (). for in new massive conformal gravity
with different values of massive spin-2 mode mz (in the
. units of M, M = 1). Black line corresponds to mz — oo,
|f m :2 Q <O 9 red one corresponds to 2 = 2, blue one corresponds to
274 XSV ~ _
ma = 1, green one corresponds to mas = 0.707, orange
one corresponds to mz = 0.577, purple one corresponds
=

[14] Yun Soo Myung and De-Cheng Zou. Black holes in new massive conformal to mz = 0.5.

gravity. Physical Review D, 100(6), 2019. Prokopov V. A., Alexeyev S. O ., O. Z., JETP. — 2022. — Vol. 135, no. 1. —

P. 91-99.



Bumblebee mode

Sp = fd‘-‘:::,cg = /d“m(,cg +Lyp+ Lk + Ly + L),

2M
Alr) = 1+ - T}’
2M
B(T)_l = 1- T

-0,05<1<0,45

[26] R. Casana, A. Cavalcante, F.P. Poulis, and E.B. Santos. Exact
schwarzschild-like solution in a bumblebee gravity model. Physical Review

D, 97(10), 2018.

Puc. 1. The dependence of the shadow size D upon
parameter [ in alternative bumblebee generalization
with Schwarzschild approximation (in the units of M,
M =1).
Prokopov V. A., Alexeyev S. O., Zenin O. |. Black hole shadows constrain
extended gravity 2: Sgr a* // JETP. — 2022.



f (Q) Gravity

S[g. T = f d'e/=50Q.

2Myen 32
Alr) = 1-

J— a_
r r2
B(r)™ = 1- Aen 20
r r2
32
ZMfen = 2M — ﬂi(g—M + Cl),

-0,025<0<0,005

[8] Fabio D’Ambrosio, Shaun D. B. Fell, Lavinia Heisenberg, and Simon Kuhn
Black holes in f(Q) Gravity. Physical Review D, 105(2), 2022.

Puc. 2. The dependence of the shadow size D upon
parametera in f(Q) gravity in M,..,, units.

Prokopov V. A., Alexeyev S. O., Zenin O. |. Black hole shadows constrain
extended gravity 2: Sgr a* // JETP. — 2022.



Scalar Gauss-Bonnet gravity

A= )L+ ﬁh(m (31)
Bt g (35)
Fot T )
where

26 66 96 80
h(r) ::1+?+@+m—r—4, (36)

1 H2 2 16 368
k(r]:zl—k;—l-@-l-ﬁ-ﬁ—w—ﬁ, (37)
fr=1-2 @)

where ( is the coupling parameter.

[18] Nicolds Yunes and Leo C. Stein. Nonspinning black holes in alternative

theories of gravity. Phys. Rev. D, 83:104002, 2011. 5,05 win 518 5.0 2 530

Dependences of the radius of the photonic sphere and the radius of BH

shadowon the coupling parameter in the first order: Fig. 8. The lower curve is the dependence of the shadow
B 961 size DD upon parameter ( in scalar Gauss-Bonnet gravity
o = 3= ¢! (in the units of M, M = 1). The top line is the first
OB — /3T ;lfz;g] order approximation.

Prokopov V. A., Alexeyev S. O ., O. Z., JETP. — 2022. — Vol. 135, no. 1. —
[50] Adam Bauer, Alejandro Cardenas-Avendano, Charles F. Gammie, and P. 91-99.

Nicolds Yunes. Spherical accretion in alternative theories of gravity, 2021.



10

R+R? gravity

The rotating metric obtained using the Newman-Janis

2 2 2 2 132
ds” = — fidt® + frdr® + r°dQ°, algorithm by us:
2G, M\ ' BRG2M s . (f7W? 4 a%cos?l) 4 ,2 w—f4? ],
~ _n — n ds? = — ~r dt* — 2 0 r dtd
fr = (1 . ) 5 TOGh), ’ (@t aZcos? )2 © sl | 2 cost 02 | P P
2G, M\  &hG2M p’ 2, 2
fo = (1- : )- AL o). = e LA
_ =12 2 2
+ p?sin? 6 [1 +a? S.i112t92£‘J ( f; ’r2 c-ic:s(: 9;28 9:| do?.
. . . w (I}
Hamilton-Jacobi Equation: ,
a4+ 3 hG? M
A:w+a2_2_uf(f:1'r2+(12) w=r2(1+( +f)fer) fex = 3
a a (f7h2)y 7
_AfT ) e L[ 2f 4 a?) ]
n (fr—11,,2)f2 a? (f;l’rg)’
LA
_Siﬂeo’
Yy’ =:I:\/7]+a2c03290— tal)l\:ﬂ()’

[1] Xavier Calmet, Roberto Casadio, Folkert / Quantum gravitational corrections to a star metric and
the black hole limit // Phys. Rev. D 100, 086010 — Published 14 October 2019.
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Rotating black hole simulation

] T
g @ Ax
L R
| | ! ! | | B
Lmin + Tmaz
a=0_B=0 a=0_p=0 D = 9 ; Oes = Ags / Ts,
15 0.6 Field ¥ B Ts

| ’ ) ‘ Scalar | 0.0318 | 0.0318 | 5.244
" ) . g . Fermion | 0.0849 | -0.1273 | 5.22
Vector 0.1698 | -0.2546 | 5.244
0.5 * 0.2 4 . GI‘&VitOD 452 -1 84‘6 60?5
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Discussion and conclusions

* To fix a third-order correction, an intensity resolution of about 0.1% of the maximum
intensity is required.
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Discussion and conclusions

* To fix a third-order correction, an intensity resolution of about 0.1% of the maximum
intensity is required.

* The results for the Horndeski model with the Gauss-Bonnet invariant, loop quantum
gravity, Bambelby and Gauss-Bonnet scalar models are completely consistent with the
observations of M87* and Sgr A*.
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Discussion and conclusions

* To fix a third-order correction, an intensity resolution of about 0.1% of the maximum
intensity is required.

* The results for the Horndeski model with the Gauss-Bonnet invariant, loop quantum
gravity, Bambelby and Gauss-Bonnet scalar models are completely consistent with the
observations of M87* and Sgr A*.

* In conformal gravity, large values of m, and Q should be excluded (for example, if m,=2,
then Q4<0.9). In STEGR f(Q) gravity observations M87* and Sgr A* limit the values of a as
follows: -0.025<0<0.005. For an alternative generalization of the bumbelby metric with the
Schwarzschild approximation: -0.05 < I < 0.45. These results demonstrate the maximum
that can be achieved without taking into account the rotation of the black hole.
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Discussion and conclusions

To fix a third-order correction, an intensity resolution of about 0.1% of the maximum
intensity is required.

The results for the Horndeski model with the Gauss-Bonnet invariant, loop quantum
gravity, Bambelby and Gauss-Bonnet scalar models are completely consistent with the
observations of M87* and Sgr A*.

In conformal gravity, large values of m, and Qg should be excluded (for example, if m,=2,
then Q4<0.9). In STEGR f(Q) gravity observations M87* and Sgr A* limit the values of a as
follows: -0.025<0<0.005. For an alternative generalization of the bumbelby metric with the
Schwarzschild approximation: -0.05 < I < 0.45. These results demonstrate the maximum
that can be achieved without taking into account the rotation of the black hole.

At the moment, using the Newman-Janis algorithm, a rotating R+R?> metric has been
obtained. Currently, black holes are being simulated with fixed quantum corrections. It is
also planned to use the results of gravitational lensing of galactic clusters to test extended
theories of gravity.




[ToAcHeHWe No BbIOOPY anbTEPHATUBHOM

MEeTPUKN Bambenbun

c{i)epll‘l(.‘f.'l{ll—CHMI\l(."l'pll'-llIO(.‘ pelienue npuouMacT BHILL

oM
Alr) = (1-—),
1+1 .
B(r) = ——. (58)
2M

Pacuérsl nokasnIBaior, 4To pasMep TeHH He 3aBUcHT oT napamerpa [. Ha ca-
MOM JieJie, noJozxKenne hoToHHOI cdepbl He 3aBUCHT OT METPHYECKOi (hyHKIHI
B(r), ecin na pacemarpusaeMoM Maciitabe B(r) > 0 u Her Apyrux ocodbix
Touek (peryiapna Haj ropusonrom). Pacemorpum dyukimio:

7 A4

~ & -
u(r) =u(r)B(r) = ———1r°. (59)
D?A(r)
Ona ne 3aBucut ot Merpudeckoil dhyukiun B(r). Moxno nokasarh, 4To npu
BBLIIOJIHEHUH YeJ10BHH cyllecTBoBanus (orounoit cdepst (60), Boinonusercs u

YCJloBHe:

dii(r) 0 d*a(r)

— = () Hho
dr d?r >0 (60)

[Ipu B(r) > 0 aBroMaTHYeCKH BBIIOJIHAETCH HEepBOe yejoBHe cucTeMbl (16),

Tak Kak Ha horonnoii cdepe u(r) = 0.
u'(r) = u'(r)B(r) + u(r)B'(r). (61)

Ho na doronnoii cdepe u(r) = 0 u v'(r) = 0. B pacemarpusaemom ciyuae
B(r) > 0 ser apyrux ocobbix touex. Clie/loBaTe/IbHO, BBIIOJIHIETCS 1 BTOPOe
yenosue. Ananorndno u ¢ tperbum. CregoBarenbHo, U nosozkenne (hoToHHON
cdepbl TakxKe He 3aBHCHT 0T MeTpuyeckoil dyukiun B(r). Ilpu yenosun, 9ro
na Macirrabax goronnoit cepsr B(r) > 0 u ner Apyrux ocobbix TOUYeK, Jis
BBLIYUC/JIEHHs] Pajuyca TeHH BMecTo cucrembl (16) moxkno ucnosbsosarh (60)

JUIH VITPOINeH A BLIYUCJIeHUIT.



