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Extending PPN to different energy ranges
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A system of tests to constrain an extended
gravity theory on different energy scales with
astronomical data
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ABSTRACT
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Simple Summary: Simple summary We review a set of the possible ways to constrain extended

field regime of binary black holes). Togeher with Standard model,
ey sepresent two pillass of modern physics.

Unfortunately, some phenomena cannor e x plained completely
i0 e fameworks of these bt

few vears in connection i Al these cirenmstances, the Horn-
deskd gravity attgacts @ large nurmber of researeliers. This theory
has recently been stadied extensively in the canfext of cosmelogy

Sion of aur Universe fas heen fonnd from the supemee e 2
(SN Ia)observations (Riess et al, 1999, 2004; Perlmater etal, 1999;
Spergel et al. 20071. S0 an extra component. called dark energy”
(D1 has Teen inuoduced by Turrer (1999), bt the namre of his

017, Kenoedy, Lombiser & Taylor
2017 Nunes, Marin-Merana & L.l 2017) and phiics of Hack
Doles (Trergakova 2017; Tretyakova & Latosh 20181, Taking inio
account the generality and importance of Homdeski modsl, it is
namal 1 ask howe s teory pass different experimencl gravia-

fer (hort 1932; /wicky 1933). s he frisible matter, hich fills

A0, this phenomenan can e descrthed (apart from ‘nevy piysics)
by changing the gravitatioal theory at galaxy seales (Capozziello.
etal. 2013; Borka Jowanosic etal. 2016; Katsuragawa & Matsurald

tioml “The Horudeski
vty has aready heen festedin many experimens [cluster ensing.
(Narikawa et al, 2013), the costic mierowave backgtound (CMB)
cara Salval, Piazza & Marinoni 2016; Renk, Zamalacaregui &
Montanari 2016, and so on]. Special afiention soald be paid to
he recent works of Fzquiaga & Zumalacaregui (20171 and Baker

Liaier the gravity model £~ R+ & (Starobinsky
model} was extended wirth the gquantum field correc-
tions and spherically-symmetric ~solutions were.
obained [4]. The BH solution was oblained and has
the form (in (+,+,+) signature):

ds* = —fdi* + fdr + PaQ?, )
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stein coordinates |dr = JZ’_du + m} “Then the mettic
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Toenable rotation, you need 1o apply the follawing
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u = u' = u+iacos®. a is rotation parameter. After
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radial coordinate * take the form: 7, — F(r,8,a),
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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

Lip= /g (4>R - %Ma”zr + V<¢>). @

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

Shadows of black holes: deviations from GR.

*Gravitational wave astronomy: deviations from
GR.

*Binary pulsars: deviations from GR.

*Solar system: Newtonian limit and deviations
from it.

*Large Hadron Collaider: gravity at TeV scale.



urnaround radius

I:(galactic forces)

'F(acce.erated expansion)

A. Chernin et al, MNRAS, Vol.449, P.2069 (2015),
C.A., b.NaTow, B.Eyeucros, KITP, 1.152, c.1271 (2017),
S.A., K.Kovalkov, IJMP A, v.35, p.204057 (2020).



Idea:
to calculate turnaround radius using 2
independent methods

* To calculate gravitational potential ¢. At turnaround radius
d¢/dr=0, d2d/dr2> 0.

* To use astronomical data on gravitational lensing for the
experimental estimation of turnaround radius value.

e At 1st step to use ACDM asymptote for estimation.

NOTE: Calculations of ¢ are based on metrics ==> one can compare
different models.



Horndeski theory (see O.Zenin’s talk for details)

Constrainss from turnaround radius ( )
+

Constrains from GW200115 (
+

Constrains from PSR J1915+1606 ( )

<

Additional separate constrains on ay, o, n



DGP model (see O.Zenin’s talk for details)

Constrainss from turnaround radius ( )
+

Constrainss from solution by itself ( )

.

Confirmation of DGP (4+)D regime at high scale (near Vainstein radius)



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

eShadows of black holes: deviations from GR.

*Gravitational wave astronomy: deviations from
GR.

*Binary pulsars: deviations from GR.

*Solar system: Newtonian limit and deviations
from it.

*Large Hadron Collaider: gravity at TeV scale.



Constraints on gravity models from black hole shadows
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ldea:

* The general form of spherically-symmetric metrics:
ds’ = —A(r)dt’ + B(r)dr’ + r’(d9” + sin” 8do°).

. . o 2 : 2 :
e Equation of motion: (%) ., _L ___ £ = dp L
i) TBOR T ANBE 4 2

* Introduce: D = L/E

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

o
ey _ . & F du(r) du(r)
u(r) (d(j)) D’AFBG) B u(r) = 0, o 0, Fo%

= ()



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,

E. Babichev, C. Charmousis, and A. Lehebel. JCAP, 2017. arXiv:1702.01938 V.Prokopov, SA, O.Zenin, JETP, Vol.135, P. 91 (2022), ibid, p.842 (2022)

Loop quantum gravity
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Y. S. Myung and D. Zou. PRD 2019. arXiv:1907.09676

D

Fig. 5. The dependence of the shadow size D against the
scalar charge Q; for in new massive conformal gravity with
different values of massive spin-2 mode #; (in the units of
M, M =1). Black line corresponds to m, — =°, red one
corresponds to my = 2, blue one corresponds to my = 1,
green one corresponds to my = 0.707, orange one corre-
sponds to my = 0.577, purple one corresponds to my = 0.5.

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

Conformal gravity

1 /d4z /—9IR — a($*R + 60,,0" )] — %Cuupacwpu}
e 2m3

16

Ar=1-2M, G i Foy
r 3r
2 2 2, 6
w0 2Q5(_M i
B(ry'=1-= 4% - 20y,
F 7 3r

Bumblebee model
Sp = /d4z\/—_g[:3: /d4z\/__g(£g+LgB+£K+£V+£M)

_ °p. g L T "
Lp=5-R+5tB"B'Ry — JeBuB" —eV(B") + Lu

A =(1—ﬂ),

-
1+17

B =—5-,
1_2M

f(Q) gravity

1
SloTiMpl = [ d'o(Gv/af(Q) + N RS + PETL) + St
M

2M

Ay =1-Hm _ 32
r

27
i

By =1-2Mm _ 96
.

o=,
7

M, =2M - a(ﬁ + cl),
3

Scalar Gauss-Bonnet gravity

§= /d"z\/——g[nR + am(ﬂ)RQ + a;f;(ﬂ)RﬂbRab + agfgw)RﬂwRaM + (!4f4(19)R,M * Rmd = ﬂ

E(V.,W“ﬂ + W)+ Lat

A= —f(r){l + f;flxr)},
3/

1 ¢
=—|l=—2—k(r) |,

IO Fre
where
Il(r):1+&+f’—(l+9—(’x—s—":,
ro S5 5o

1,52, 2,16 368
kr)=1+=+5+ S+ -2,
ro3t R sty

: o)

fr)=1-=,

r

Bumblebee model

D
A =(1-24), 6
5
B =—1, 4
_T S 02 04 06 08 1?
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Constraints on gravity models from black hole shadows

t C ¢

Pic is taken from https://www.eso.org/public/images/shadow-evt/

oM 2 dr?
g — (12 @7\ g2 _ T — 12402
roor (1_M+Q_2)

v

sin? @
2

2

((r* + a®)dp — adt)2 P g2 p’dh?

2 __
ds® = A

% (dt —a sin? 0dp) 2
0



Newman-Janis algorythm (NJA) --> Approved NJA

,Journalof /
IP ‘Mathematical Physic

ote on the Kerr SpinningParticle Metric
. T. Newman and A. |. Janis

itation: J. Math. Phys. 6, 915 (1965); doi: 10.1063/1.1704350

iew online: http://dx.doi.org/10.1063/1.1704350

iew Table of Contents: http://jmp.aip.org/resource/1/JMAPAQ/VE/i6
Published by the American Institute of Physics.

Additional information on J. Math. Phys.

ournal Homepage: http:/jmp.aip.org/

ournal Information: http://jmp.aip.org/about/about_the_journal
op downloads: http://jmp.aip.org/features/most_downloaded
nformation for Authors: http://jmp.aip.org/authors

Eur. Phys. 1. C(2014) 74:2865 THE EUROPEAN
DOI 10.1140/epic/s10052-014-2865-8 PHYSICAL JOURNAL C

Regular Article - Theoretical Physics

From static to rotating to conformal static solutions: rotating
imperfect fluid wormholes with(out) electric or magnetic field

Mustapha Azreg-Ainou?
Department of Mathematics, Bagkent University, Baglica Campus, Ankara, Turkey

Received: 31 January 2014 / Accepted: 16 April 2014 / Published online: 6 May 2014
© The Author(s) 2014. This article is published with open access at Springerlink.com



-4 =2 0 2 4 6 -6 -4 =2 0

SA, A.Baiderin, O.Zenin, submitted to JETP

Horndesky theory

The dependence of the shadow
size r, against rotation a

5,9

5,0

- / / | / 4'/; ¢

0,8 1,0



SA, A.Baiderin, O.Zenin, submitted to JETP

-4

=2

Horndesky theory
The dependence of shift D and distortion
against rotation a

1.2

1,0

0,8

0,6

0,4

0,2

0,0

0,06

0,05

0,04

w 0,03

0,02

0,01

0,00

|
—=— D Kerr
—e— D a=0.2 ’
—& D a=0.5 | // /
—v—-Da=0.8
+ Da=1 /5/
/;,
///:/"»”'
0,0 I 0,2 . 0,I4 O.IB 0,8 1,0
|
—=— O Kerr
—e— 0 a=0.2 /
—— 5 a=0.5 .
—v— 0 ¢=0.8 Fd
+— 5 a=1 /
// o~
B
0.8 1,0



Bumblebee model

The dependence of the shadow
size r, against rotation a
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f(Q) gravity

The dependence of the shadow size

r. against rotation a
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*Generally for considered models some of them
(Horndesky model and Gauss-Bonnet scalar
ravity) weaken the effect of rotation and
umblebee model enhances it.

*This conclusion matches the previous one at
non-local gravity models study: extended
gravity theories by themselves correct the
effect of rotation in both directions. This fact
seems to be important as the accuracy of
shadow images permanently increases.



Comment on the Newman-Janis algorithm status

r2 -->r2 + a2 cos20

partial symmetry group of rotating solution



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

Shadows of black holes: deviations from GR.

*Gravitational wave astronomy: deviations from
GR.

*Binary pulsars: deviations from GR.

*Solar system: Newtonian limit and deviations
from it.

*Large Hadron Collaider: gravity at TeV scale.
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attention!
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