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Introduction

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

Event Horizon Telescope (EHT)

A Global Network of Radio Telescopes

LIGO Hanford

Frequency (Hz)

LIGO Livingston

1 l
0.7 0.8
Time (sec)

* B.P. Abbott et al. Phys. Rev. D, 93(12):122003, 2016.



Introduction

M 87* Sgr A*

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).



Newman-Janis algorithm
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3 The modelling of BH shadow: how
to iﬂClUde the rotation Coordinates of the BH shadow on a plane

perpendicular to the observer's line of sight

Shadow of rotation black hole image and photon geodesics
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D — shift parameter J. — distortion parametr
Volker Perlick, Oleg Yu. Tsupko, Physics Reports, Volume K. Hioki and Kei-ichi Maeda, Phys. Rev. D 80,

947, 2022, Pages 1-39 024042 (2009).



k hole shadows
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Horndeski Theory
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[12] Eugeny Babichev, Christos Charmousis, and Antoine Lehébel. PrOkOpOV V. A, Alexeer 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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Bumblebee mode
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-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.



Bumblebee mode (rotation)
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Scalar Gauss-Bonnet gravity

A= )L+ ﬁh(m (31)
Bt g (35)
Fot T )
where
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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.
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Loop Quantum Gravity
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where [ encodes the central energy density 3/87l?,
0 < o < 1, Gnar = 41/(107) = 1.305
| > /16/2TM = 0.7698

[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.

Prokopov V. A., Alexeyev S. O ., O. Z., JETP. — 2022. — Vol. 135, no. 1. —

P. 91-99.
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Fig. 4. The dependence of shadow size [J upon the time

delay o when [ = 0.5M and 5 = 0.5 (top image),

upon the 1-loop quantum corrections 7 when [ = 0.50M,

a = 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.
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Conformal Gravity
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[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.
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f (Q) Gravity
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[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.
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Discussion and conclusions

» Spherically symmetric solutions for extended gravity theories contain a number of additional parameters that are not
present in the simplest solution of general relativity. Furthermore, these solutions, in addition to having one or more
additional parameters, have a more complex structure compared to the Reissner-Nordstrom metric.
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* The presence of additional parameters of the theory due to a more complex structure of the solution gives rise to the
presence of critical values of the angular momentum a_,;. Such values exist in all theories considered, except for the
Horndeski model and, partially, the Gauss-Bonnet scalar-tensor gravity (for £<0.3).
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* The previously made conclusion is confirmed that for some of the models considered, taking into account the parameters
of the theory either slows down the rotation and the effects associated with it (this is most clearly manifested in the
Horndeski theory and the Gauss-Bonnet scalar gravity), or enhances them (this is most clearly manifested in the
Bumblebee model). For the other models considered, this effect is also present, but it works less linearly.
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Considering the dependence of the shift parameter and its closeness to the Kerr value, we can conclude that the
Horndeski, Bumblebee, and Gauss-Bonnet scalar gravity models work best and with a minimum number of additional
parameters and restrictions as a basis for modeling black hole shadow profiles. Apparently, the best results should be
expected from the Horndeski model. The Bumblebee model provides the best match with the Kerr metric.
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Despite the less accurate modeling of shadow profiles than the first three metrics, we note that the Hayward metric (the
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