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Figure 8: Representation of some possible ways of modifying GR through breaking the Lovelock’s
theorem along with some examples. @ Rept.Prog.Phys. 86, 026901 (2023)
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Simple Summary: Simple summary We review a set of the possible ways to constrain extended
gravity models at Galaxy clusters scales (the regime of dark energy explanations and comparison
with ACDM), for black hole shadows, gravitational wave astronomy, binary pulsars, the Solar system
and a Large Hadron Collider (consequences for high-energy physics at TeV scale).

Abstract: We review a set of the possible ways to constrain extended gravity models at Galaxy
clusters scales (the regime of dark energy explanations and comparison with ACDM), for black hole
shadows, gravitational wave astronomy, binary pulsars, the Solar system and a Large Hadron Collider
(consequences for high-energy physics at TeV scale). The key idea is that modern experimental and
observational precise data provide us with the chance to go beyond general relativity.

Keywords: general relativity; extended gravity; black hole; turnaround radius; shadow of black hole;

gravitational waves; binary pulsars

PACS: 04.50.+h; 04.50.Gh; 04.80.Cc

1. Introduction

The theory of General Relativity (GR) is confirmed in all projects of experimental
astronomy. However, the problems of dark energy, dark matter, the evolution of the early
Universe, and the quantum theory of gravity remain open. For example, the theoretical
description of the Universe’s accelerated expansion (i.e., dark energy) is realised by adding
the cosmological constant to the GR action L as

Lora = /=8(R+A), (1)

where R is Ricci scalar and A is the cosmological constant. The problem is that A-term
is the best fit for the observational data. On the other hand, from the fundamental point
of view, it appears to be a pure fine-tuning parameter. The next step is to consider an
additional scalar field ¢ in the form of Brans-Dicke model

Lo = =308+ Sou00+ V(g ). @

Such a model can reproduce the cosmological constant contribution with the help of
taking the appropriate form of V(¢). Now, one has to find the origin of the scalar field in
Equation (2). The same problem occurs with the inflation stage: accelerated expansion of
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Horndeski gravity without screening in binary pulsars
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ABSTRACT

We test the subclusses of Hormdeski gravity withour Vainshrein mechanismm in the strong field
Tegine of binary pulsars. We find the rate of encrgy losses via the gravitalional radiation

consider fesw specific cases: the hybrid metric-Pa

theory.

tesults with observational data circular
139, and PSR 1012 | S307. In addition, we
ini f{R -gravity and massive Brans Dicke
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1 INTRODUCTION

The general telativity (GR) is the universally recognized theory
of gravity. It successfully deserites @ wide fange of scales and
pravitaiona] regimes (weak ild imit i Solar system and sirong
feld regime of hinary black holes). Together with Siandard model,
hey represent fo pillars of madern physics,

forturately
in the frameworks of hese v

trogradsis instabilities (Homdeski 1974). T tepresents a covariant
peneralization of Cialleon gravity: |lordski gravity sugaests so-
Tutions for some GR's problems. For example, the scalar feld can
[lay the ole of DI2 and explain fhe accelerating expansion of the
Universe (e lelice & Tsufkasea 2012). Thererore, during Tast
feww years in connection with all fhese circumstances, the Hom-
deski gravity arracis a large number of researchers. TMis theory
s recently been studied extensively in the confext of cosmology

sion of our Uriverse hus been found from the superuovae (ype T
l\N Ia) ofservarions (Riesset al. 1999, 2004 Perimuter etal. 1999
el ol ol 2007). So s extes component called *dark enery”
f\'JF‘ has been introduced by Turner (1999), but the nature of this

(Germani & 2017, Kenredy, | omibiser & Taylor
2017, Nunes, Martu-Moruno & Lobo 2017) und physics of black
holes (Tretyakora 2017; Tretyakova & Latash 2018). Taking info
account the peverdity wd inuportanee of Homdeski wodel, i is
natural to ask howw this theory fass cifferent experimenial gravita-

fer (Qort 1932; Zwicky 1933) TLis the whict ils

e llerndeski

! A

Ol ta. 20131, e coumc microwave rackgound I
Jata (Salvalel, Piszza & M 2016 R

by changing the gravitafionsl theory at galaxy scales (Capozziello
el 2015; Borks Jowmovie et al. 2016; Kalsusuzan & Matsuzski
2017, Shi, Li & Han 2017). Forthermore, there is 1o any complete
self-cousisient quentu Uieory of gravity. Al Wese Fects leud (0
inereasiug nnsber of modified grvetational teories. Ote of the
st widesproad spprosclies o creat (e wodified gravity is o
extend GR with Ligher order curvalure corrections nd citionel
degrees of freedom (Alexeyev & Pomazanov 1997, Alexeyev &
R 2012). Bul the siuplost way 1o wodify GK reutius «ddiug
of a scalar field.

The Horudeski grivity i e st generd scalur tensor (e
oy providing e second-order feld equations whicl evides Os-
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GWI70817 (Aot et 3. 2017) and the concomitan gamma.ray
busst GKB 1708174 (Abbatl cf «l. 20176) sllow 1o sostrict s
paraineters o the Homdeski gravity,

e st geveral form of Homdoski predly predicts the exis-
ot ofa il force Wt s stronly constrined by procision ests 1.

O DE, it should cottlu  rusctsanista for suppressiug of s seslar
interaction with visible mater on small scales, that it elates only
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L INTRODUCTION

Despite of the applying the non-rotating metrics
the results of the black hole shadows modelling
abrained earlier (1] appeared to be in the agreement
with the results of observations of M:

2. 3]. However, o improve the accuracy of theoretical

2. OBTAINING A ROTATING SOLUTION

To abtain the rotating version of the black hole
solurion in the extended R+ K model which would
increase the accuracy of the thearetical prediictions we
apply the Newman and Janis algorithm |

modelling one has to extend the on
rotating black hole metrics.

Larlier the gravity model £ R+ R* (Starobinsky
model) was extended with the quantum field correc-

s and spherically-symmetric solutions were
obtained [4]. The BH solution was oblained and has
the form (in (—,+,+,+) signature):

a5 AP + fdr® + 70, o

where the metric functions are:

G MY M
/’:[1,26 4 [mou v

Bt o6, o

brief] e
step is o represent (w,r, 90) in rddmgmn Tinkel-
stein coordinates ‘d: J;’duhlr], ‘Then the metric

(1) can be rewritten as:

ds” = — i’ = WF, fdudr + ' dgy. “@

Ta enable rotation, you need 1o apply the following
complex  transformation: 7 — 7' = 7 —facos8.
u = u' = u+iacos®. a is rotation parameter. After
the transformarion the functions £,/ and the squared
radial coondinate ¥ take the form: f, — £(r,8,),

(&)
Table 1.

The values & and B are the lincar of  Solutiontype o B 3
savge coefficients from Table 1 in 4], A is the BH o 3 a o6
mass and G, is the effecrive gravitational constant. Sealar 2038 00318 5103

As such way of the gravity models extending iscon-  Fermion 00s9 | —0am 508
sidered 10 be perspective it is important 1o cheek the e oisos | 056 ey
aceuracy of the discussed model predictions and to “ B
compare them with the real EHT data i) 452 e ]

JKITD, 2024, zons 165, 31z, 4, emp. 308-515
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W hat to constrain and where?



eGalaxy clusters scales: ways to explain dark
energy & comparing with ACDM.

Shadows of black holes: deviations from GR.

eGravitational wave astronomy:deviations from
GR.

eBinary pulsars: deviations from GR.

eSolar system: Newtonian limit and deviations
from it.

eLarge Hadron Collaider: gravity at TeV scale.



Constraints on gravity models from black hole shadows
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Pic is taken from https://www .eso.org/public/images/shadow-evt/
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Idea:

e The general form of spherically-symmetric metrics:
ds’ = —A(r)dr* + B(r)dr® + r*(d6” + sin® 8d¢%).

o o A\ 2 2 2 /
e Equation of motion: (ﬁ) Lk B dy_ L
dr B(r)r¢  A(r)B(r) dr 72’

e Introduce: D = L/E

e To calculate the shadow size one has to find maximal root of

2
_(ary ___ #  _F du(r) du(r)
“ (dcb) D'AGBGF)  BG) SRS T Y 8

> (),



Horndesky Model
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Fig. 3. The dependence of shadow size (D) versus the com-
bination of model constants C; for Horndesky theory cou-
pled with Gauss—Bonnet invariant (in the units of M,
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Conformal gravity
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corresponds to my = 2, blue one corresponds to my = 1,
green one corresponds to mo = 0.707, orange one corre-
sponds to my = 0.577, purple one corresponds to #y = 0.5.
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Constraints for these extended gravity models

The results in Horndesky with Gauss-Bonnet invariant, LQG, bumblebee and Gauss-Bonnet
scalar models are in complete agreement with the M87* observations. For most of considered

examples the the model predictions are not pass the boundary established by the existing
observational data.

In conformal gravity big values of m, and Qs must be excluded (for example if m,= 2 then Qs
<0.9).

In STEGR 1(Q) gravity M87 observations constraint a as -0.025 < a < 0.04.

In alternative Bumblebee generalization with Schwarzschild approximation one obtains that -
0.3<1<045.

These results demonstrates the maximum that could be distinguished when a BH rotation is
not taken into account.

The upper bound on the size of the shadow for Sgr A* 5.3M appeared to be lower than for the
case of M87* 6.1M, becoming comparable with the calculated size of the BH shadow in GR (
about 5.2M). This fact makes possible to improve constraints on the alternative bumblebee
metric (-0.05 <1< 0.45) from below and f(Q) gravitk/ (-0.025 < a <0.005) from above.

V Prokopov,SA, O.Zenin, JETP, Vol.135, P. 91(2022), ibid, p.842 (2022)




Approved Newman-Janis algorythm
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Horndesky theory
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Bumblebee model
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NMpu aHanuse npodpunen TeHen n BCeX XapaKTepUCTUK BMeCcTe MOXXHO caenartb c/ieayowme BbiBOAbl:

1. Coepunyeckn-cuMMeTpuyHbIe peLleHuUs Ana pacluinpeHHbIX TeopuM rpasutaLum coaepkar
pAA, A,ONOJIHUTEN bHbIX MapaMeTpPoB, KOTOPbIX HET B Hanbonee npocrom peweHmnn OTO ---
MeTpuKe LLBapuwmnnbaa. [lanee, 3Tu pelleHus, KpoMe Haauumsa oAHOro Win HECKOJ1 bKUX

D OMOJIHUTEN bHbIX MapaMEeTpPoB, UMeEIOT 60J1ee CI0XKHY 10 CTPYKTYPY MO CPaBHEHUIO C
MeTpukou PenccHepa-HopacTpema. NMNostomMy M noayyarowmecs B pesysibrate reHepaumum
MeTPUKM BpaLLAOLLUXCA YEPHDbIX AbIP UMEIOT CTPYKTYpY, 60os1ee C/I0XKHY 10 NO CPpaBHEHUIO €
MeTpukou Keppa-HbotoMeHa. Otcroga npoucteKatlor aganabHeuwine spPeKrbl.

2. Hannume nonoaHUTEN bHbIX MapaMeTpPoB Teopum 3a cYeT 6os1ee CI0XKHOM CTPYKTYpbl
pelleHUs NOPOoXKAaeT Ha/Inune KpUTUYECKUX 3HauYeHU yrnoBoro MomeHra $a_{crit}s.
Moao6HbIE 3HAYEHUSA CYLLECTBYOT BO BCEX PaCCMOTPEHHbBIX TEOPUAX, KpOoMe Moaenu
XOopHAECKU U, YHaCcTUYHO, CKas pHOe-TEH30pHOM rpaButaummu Naycca-boHHe (M TO, TaM
Heo6x04MMO paccMaTpuBaTb 3HaYeHus $\xi<0.3$, npu KOTopbIX ob6ecnevyeHo
cywectBoBaHne ¢poToHHOM chepbl).



3. B pe3yabrate KOMIUIEKCHOTO pacCMOTPEHMUS CMEKTPa TEOPUIN NOATBEPXKAAETCA CAeN1aHHbIN paHee
BbIBO/J,, YTO J1 YaCTU PacCMOTPEHHbIX Moe/iern y4eT napaMeTpoB TEOPUUN WK 3aMeaNSeT BpallleHUe U
cBA3aHHble ¢ HUM 3¢ deKTbl (Hanbonee ApKo 3TO NpoaBaAeTca And Teopumn XOpHAECKU U CKaIA pHOM
rpaButaummn Naycca-boHHe), unmn ycunusaet ux (Hanbosnee apKo 3To NposABageTca ana moaenm 6améanom).
Insa oCcTanbHbIX pacCMOTPEHHbIX Moaenen sTot 3PpPeKr TakKe NPUCYTCTBYET, HO paboTaeT He CToJ/1b
JIMHENHo. TaKUM 06pa3oM, C YYETOM pPe3YJ1bTaTOB B HEJIOKaJIbHOM rPpaBUTaLLUMU MOXKHO 3aK/IIOYUTb, YTO
paclUMpeHHas Teopus rpaBUTaLMm KoppeKrupyet addeKrbl BpaleHnss B 060MX HanpaBieHUAX. ITO BaXKHO
NNa faNbHEULLEro MoaennpoBaHusa npodwier TeHen ¢ y4eToM rnocToss HHOro Y BeJ1M4MBaAOLLLEUCS TOYHOCTU
dororpadpmpoBaHusa YepHbIX AbIP.

4. PaccMaTpuBas 3aBUCUMOCTb NapaMeTpa CMeLLEeHUs n ero 61msoctb KeppoBCKOMY 3HaYE€HUIO, MOXXHO
cAeNnatb BblBO/, YTO NEpPBble METPUKUN BPaLLAIOLLMUXCA YePHbIX Ablp A1 TPEX pacCMOTpPEHHbIX TeopUn ---
Moaenun XopHaecku, 6aMmonaubu u ckanspHasa rpasuraums Faycca-boHHe --- Hamny4ynMm o6pasoM u ¢
MUWHUMaJIbHbIM KOJIMYECTBOM A0MNOJIHUTE/IbHbIX MAapaMeTPOB U OrpaHUYEHUUN paboTaloT B KayecTBe
OCHOBbI 4211 MoZleInpoBaHUsA Nnpodwuneun TeHeu YepHbIX Ablp. Mo-BnauMomMy, Hawny4lume pesyabrarbl
CTOUT OXXKUAaTb oT MoAenun XopHAecku (C y4eToM TOro, YTo B 3TOM TEOPUN BO3MOXKHbI HOBbIE TUMbI
pelleHni, TaK KaK NoKa Bce pacCMOTPEHHbIE B IUTEpaType peLlleHus npeacTaBiasioT YacTHbIe cyyaun
Teopuun). Moaenb 6amMba11bu obecneunBaer Hawnyullee coBnageHue ¢ MeTpukon Keppa.



5. HecMoTpsa Ha MeHee TOYHOE, YeM NnepBble TPU METPUKU, MOJeIUPOBaAHUE
npodwnen TeHen, 3aMeTUM, YTO METPUKa XeuBopaa --- METPUKA YEPHOUN A bIPbl
6e3 LLeHTpasbHOU CUHIYIS PHOCTU --- NPEACTaBASAET A0NOJIHUTE/NbHbIUN UHTEPEC,
TaK KaK B paMKax NneT/ieBoM KBaHTOBOM rpaBuUTaLuun, no-euauMomMy, yaaeTcs
U36aBUTLCA OT 06eUX CUHIYNAPHOCTEN KPUBU3HbI: B LIEHTpPEe YepHou Ablpbl (
npeAcTaBieHHasA MeTpuKa XeiMBopaa) u B Hauasie KoOCMOJ1I0rM4yecKoi 3 BoJ1I0LLUN
, 3aMEHUB CUHIY/IAPHOCTb OTCKOKOM M 06ecrnevyms CyLLLecTBOBaHUe
UHPAALMOHHOM CTaaUM.

TakuM obpasomMm, c yyeTtoM BpalleHus, pororpadum TeHeu YepHbIX AbIP,
HapaBHe ¢ TectToM GW 170817 nnun noctTHbIOTOHOBCKMM (popMasiu3MoM, yKe
cemyac MOryT CAY)XXUTb B Ka4yecTBe crnocoba npoBepKu U orpaHU4EeHUs
pacLUUMPEHHbIX TEOPUUN FPaBUTALLUMN.



ITnaHbI

JlononHuTeN bHasA NPoBepPKa BO3MOXXHOCTU UCMOAb30BaHUA paanycoB
pa3BoOpPOTa A1 HAIOXKEHUA OrPpaHNYEHUIA Ha pacLUUPEeHHbIe TeopUumn
rpaBuUTaLLMn: NPoBepKa AOMNOJAHUTEN bHbIX OFpaHUYEHUIA Ha TeOPUMN U3
KOHLEeMNLUUU paguyca pa3Bopora.

Mcnonb3oBaHue AaHHbIX FPpaBUTALLMOHHO-BOJIHOBOM aCTPOHOMMUU AN
HaN0XXeHUA orpaHUYEHUN Ha pacllMpPeHHbIe TEOPUU FPaBUTALLUN.

N3yyeHune BO3MOXXHOCTU MoAeNnen ¢ HeIMHEUHOU peanusauuen CUMMET puUu
MoAeNnunpoBaThb He To/1bKo OTO ¢ KocMonoruyecKkom NnoctositHHon (Moaenb
BurTteHa), Ho 1 6osee LWMPOKUIA KnacCc COBpeMeHHbIX Moaenei rpaButraLmm
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