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1. Yukawa gravity with fifth force
Graviton mass and speed of gravity

AR) gravity and Yukawa-like correction to the gravitational potential

B

Brief overview of the existing observational constraints on: Yukawa gravity with fifth
force, mass of graviton and speed of gravity

)

. Observed stellar orbits around Sgr A* at Galactic Center

6. Detection of Schwarzschild precession (and possible small deviations from GR
prediction) in the orbit of S2 star around Sgr A* by GRAVITY Collaboration in 2020

7. Our previous and recent results, obtained in collaboration with Prof. Alexander F.
Zakharov (Russia) and Prof. Salvatore Capozziello (Italy):

— Constraining the fifth force and graviton mass by analysis of the observed stellar
orbits in Yukawa gravity

— Improved constraints from the observed Schwarzschild precession in the S2 star
orbit

8. Conclusions
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Modified gravity with fifth force

* Concept of fifth force emerges in the attempts to unify gravity with the other forces

* [t 1s able to produce nearly flat rotation curves of spiral galaxies without need for dark
matter hypothesis, and it can also mimic dark energy effects

* Fifth force: an additional effective repulsive (anti-gravity) force which arises in the weak
field limit of massive gravity theories and some Extended Theories of Gravity (ETG) in the
form of exponential Yukawa-like correction to the Newtonian gravitational potential:

G M _, / A\ 320
d(r)=— . (1+oze ) 240 @
Go=Geo (1 +a) N a~-—1 160 §
* o - strength of the fifth force, 4 - its range 80 >
| | | 1
* A corresponds to the Compton wavelength of g 10 20 30 40 S0
: : h
graviton with small mass m,: \; = | R (KPC)
mgC 3 Astron. Astrophys. 136, 1L21-123 1984 ~ ASTRONOMY
* Phenomenological assumption for gravitational [ ASTR%IEEYSICS
potential in the case of massive graviton (Will, ; ,
1998, PRD, 57, 2061): % Letter to the Editor
5 5 M * /ra g:
d(r) = — GM o 2\ - Anti-gravity and galaxy rotation curves|
r R. H. Sanders

26. 05. 2025. P. Jovanovic et al. R]




Graviton mass and speed of gravity

e Graviton:
— Spin: 2 (tensor boson)
— Electric charge: 0 (neutral)

Standard Model of Elementary Particles and Gravity

* General Relativity (GR): graviton is massless
and travels along null geodesics (like photon),
1.e. at the speed of light ¢

* Theories of massive gravity (indroduced by
Fierz & Pauli, 1939, RSPSA, 173, 211):
gravitation is propagated by a massive field
(i.e. by graviton with small, nonzero mass m1,)

* Modified dispersion relation (Will, 1998,
PRD, 57,2061): E* =p°c* + m>c’

* Massive graviton propagates at an energy (or frequency) dependent speed v,:
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* v, can be measured from the arrival and emission time differences Az, and Az, between a
GW and an EW signal emitted from the same source at a distance D:
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where z 1s the redshift of the source
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f(R) gravity and Yukawa-like correction

* Gravitational potential with a Yukawa correction can be obtained in the Newtonian limit
of any analytic f(R) gravity model (Capozziello et al. 2014, PRD, 90, 044052)

1
* Action for f{R) gravity: S = /d41:\/—g f(R)+XL,,], X= GZG
c
1 X
* 4th-order field eqs: f'(R)R,, — §f(R)gW — f'(R).w + 9, 0f(R) = ETW

 Trace: 307/(R) + f/(R)R —2/(R) = 3 T

* Analytic Taylor expandable function f(R):

(n)
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* Yukawa-like correction to the gravitational potential in the weak field limit:
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Yukawa gravity and the "Bullet cluster"

* Besides the flat rotation curves of spiral galaxies, Yukawa gravity can also explain the
"Bullet cluster" without dark matter hypothesis

* The surface density reconstructed from weak lensing in Yukawa gravity in the absence of
dark matter (DM) accounts for the 8¢ spatial offset between the observed X-ray surface
density and that reconstructed in GR 1in the presence of DM
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on. Not. R. Astron. Soc. 382, 29-47 (2007)

The Bullet Cluster 1E0657-558 evidence shows modified gravity in the
absence of dark matter

J. R. Brownstein'™* and I. W. Moffat**
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Experimental constraints on fifth force

* Experimental constraints to additional

Yukawa gravitational interaction
between masses m; and m:

Progress in Particle and Nuclear Physics 62 (2009) 102-134

Contents lists available at ScienceDirect

Progress in Particle and Nuclear Physics

journal homepage: www.elsevier.com/locate/ppnp
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LIGO constraints on fifth force and graviton mass

GM _
* Yukawa type correction with characteristic length scale A,: ¢ (1) = — (1 _e T/ /\9>

1.0
» LIGO bound from GW150914: I
0.8 &
en
Ag > 1.6 x10% km| =
22 2 £ 08 %
mgy < 1.2 x 107" eV/c 5 :
S 04 3
=
FIG. 8. Cumulative posterior probability distribution for 4, (the =
black curve) and exclusion regions for the graviton Compton 0.2 | O
wavelength 1, from GWI150914. The shaded areas show ex-
clusion regions from the double-pulsar observations (turquoise),
: : 0.0 - ' ' ' ' x
the.sta‘uc Solar System bound (orange), and the 90% (crimson) 10° 10° 10! 102 108 10% 1085 10 10
region from GW150914. A, (km)

|24 Selected for a Viewpoint in Physics week ending
PRL 116, 221101 (2016) PHYSICAL REVIEW LETTERS 3 JUNE 2016
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Tests of General Relativity with GW150914

B.P. Abbott er al.”
(LIGO Scientific and Virgo Collaborations)
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Observational constraints on speed of gravity

THE ASTROPHYSICAL JOURNAL LETTERS, 848:L13 (27pp), 2017 October 20 https: //doi.org/10.3847 /2041-8213 /aa920c

|© 2017. The American Astronomical Society.
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Gravitational Waves and Gamma-Rays from a Binary Neutron Star Merger:
GW170817 and GRB 170817A Al
LIGO Scientific Collaboration and Virgo Collaboration, Fermi Gamma-ray Burst Monitor, and INTEGRAL
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Ser A* - Central SMBH of the Mllky Way

The Milky Way

Sagittarius A* : X

26,000 light-years

The solar system " X

* Stellar orbits around Sgr A* have been
monitored since 1992 by 2 groups led
by 2020 Nobel Prize winners:

—R. Genzel (ESO): NTT/VLT, Chile
—A. Ghez: Keck, Hawaii, USA salacti S 1995-2020

New Technology Telescope Very Large Telescope Keck telescope
(3.6 m), La Silla Obs., Chile (4 x 8.2 m), Paranal Obs., Chile (2 x 10 m), Hawaii, USA

26. 05. 2025. P. Jovanovic et al. 10



* Observations of S2 star by NTT/VLT and

Dec-offset (arcsec)
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Keck (below):

- Gillessen et al. 2009, ApJ, 692, 1075
— Ghez et al. 2008, ApJ, 689, 1044
— Gillessen et al. 2017, ApJ, 837, 30
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* New observations (right):

- GRAVITY, 2018, A&A, 615, L15
- PeiBker et al. 2020, ApJ, 889, 61
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Detection of Schwarzschild precession in S2 star orbit
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The precession angle projected on the sky as a function of time, 1.e. the difference
between the best-fit GR orbit for fs» = 1.1 (thick red curve) and the same orbit for fsp = 0
(Newton + Remer effect + transverse Doppler effect + gravitational redshift)

3 R or
A@peromit = PPN1gp = fsp MRS forS2 fop x 12.1"  (fsp = 0 for Newton and 1 for GR)

a(l — e?)
* fsp - an ad hoc factor in front of the
first post-.Newtonia.n correction of hAtf;)i/?j(?ii;Z/(lzog%gg1./0004-6361/202037813 tronom\{
GR showing to which extent some [7 7" @ Astrophysics

gravitational model is relativistic

* The best-fit value from the
observed orbit of S2 star around

LETTER TO THE EDITOR

Detection of the Schwarzschild precession in the orbit of the star
S2 near the Galactic centre massive black hole

*. f _
Sgr A . SP - 1 ® 10 i O' 19 GRAVITY Collaborzt_tjqr}:* R. Abutf:rs, A. Amorim6’_l_3i M. Baubqul_, J.P Berggris, H. Bonnet®, W. _Brandner3,
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Simulated orbit of S2 star in Yukawa gravity

* Numerical integration of differential equations of motion (Borka, Jovanovi¢, Borka
Jovanovi¢, Zakharov, 2013, JCAP, 2013, No. 11, 050): 7 =4, uit = -V ()

* Equation of motion (EoM):

r r
GM A > G(M +m rN —— | 7
¢ (r)=— l+de A| = |F=— ( )1+5(1+—>6A —
(1+0)r 1+96 A T
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Our estimates for graviton mass upper bound

* v’ test of goodness of the fits for
significance level a = 0.1: regions A <A,
where X° > xi,a can be excluded with 90%
probability

*d=1: X ~2900AU =~ 4.3 x 10" km

« 5§ =100: \; ~ 4300 AU ~ 6.4 x 10" km

* Corresponding upper bounds for graviton
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Our estimates for graviton mass accepted by PDG

1014
Gauge & Higgs Boson Particle Listings
v, &, graviton, W

* From 2019, our estimate 1s in Gauge and
Higgs Boson Particle Listings by PDG
(Zyla et al., PDG, 2020, PTEP, 083C01)

J =2

graviton MASS

VALUE (eV) DOCUMENT ID TECN COMMENT
<6 x10—32 1 CHOUDHURY 04 YUKA Weak gravitational lensing
e o o We do not use the following data for averages, fits, limits, etc. e o o
Pl‘Og ress Of <6.8 x 10—33 , BERNUS 19 YUKA Planetary ephemeris INPOP17b
° <1.4x 10~ DESAI 18  YUKA Gal cluster Abell 1689
Theoretlcal and <5 x 10730 3 GUPTA 18 YUKA SPT-SZ
. - <3 x10730 3 GUPTA 18 YUKA Planck all-sky SZ
Experlmental PhYSICS <1.3 x 10~29 3 GUPTA 18 YUKA redMaPPer SDSS-DR8
<6 x10-30 4 RANA 18  YUKA Weak lensing in massive clusters
<8 x 1030 5 RANA 18  YUKA SZ effect in massive clusters
<7 x10723 6 ABBOTT 17 DISP  Combined dispersion limit from
three BH mergers
<1.2x10722 6 ABBOTT 16 DISP  Combined dispersion limit from
rgers
ReVieW OI: Parﬁcle Ph SiCS [ <29 x 1021 7 ZAKHAROV 16 YUKA S2 star orbit I
y <5 x1074° S BRITO 13 Spinning black holes bounds
P.A. Zyla et al. (Particle-DataGroup), P"rog;»]'heor. Exp. Phys. 2020, 083C01 (2020) <4 x 10_25 9 BASKARAN 08 Graviton phase velocity fluctua-
\\\ /]/ tions
2 <6 x10732 10 GRUZINOV 05 YUKA Solar System observations
<9.0 x 10734 11 GERSHTEIN 04 From €, value assuming RTG
>6 x 10734 12 pyALI 03 Horizon scales
<8 x10—20 13,14 FINN 02 DISP Binary pulsar orbital period de-
14.15 crease
parhtle]|daratSroup »*> DAMOUR 91 Binary pulsar PSR 1913416
<7 x10—23 TALMADGE 88 YUKA Solar system planetary astrometric

<2x10—29 hal

GOLDHABER 74

data
Rich clusters

<7 x10—28 HARE 73 Galaxy
<8 x 104 HARE 73 2~ decay
OXFORD graviton REFERENCES
> The Physical Society of Japan UNIVERSITY PRESS ARROTT 1¢ DRL_J116 001100 R.D _Abboti ot of (LIGO and Virgo Collabs.)
IZAKHAROV 16 JCAP 1605 045 A.F. Zakharov et al.
BRITU 13 PR DSS 023512 R. Brto, V. Cardoso, P. Pani (LISB, MISS, HSCA+)
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Impact of our studies of fifth force

week endin

PRL 118, 211101 (2017) PHYSICAL REVIEW LETTERS 26 MAY 2017

6%

Testing General Relativity with Stellar Orbits around the Supermassive
Black Hole in Our Galactic Center

A. Hees,l* T. Do,1 A. M. Ghez,lT G.D. Martinez,1 S. Naoz,1 E.E. Becklin,1 A. Boehle,1 S. Chappell,1 D. Chu,1
A. Dehghanfalr,1 K. Kosmo,1 J.R. Lu,2 K. Mat‘[hews,3 M. R. Morris,l S. Sakai,l R. Scht')del,4 and G. Witzel'

A specific theoretical model covered by the fifth force
* Our estimates for graviton mass |framework is a massive graviton. In that context, we found

are recognized by 2 groups a 90% confidence limit 4 > 5000 A.U. for a = 1, which
monitoring the stellar orbits can be interpreted as a lower limit on the graviton’s
around Sgr A* Compton wavelength 1, > 7.5 x 10'! km or, equivalently,

as an upper bound on the graviton’s mass m, < 1.6 X
10~2! eV/c? (see also Ref. [36]). This constraint iS one
order of magnitude less stringent than the recent bound
obtained by LIGO [78], which, nevertheless, does not apply
for all models predicting a fifth force.

[36] D. Borka, P. Jovanovi¢, V.B. Jovanovic, and A.F
Zakharov, Constraining the range of Yukawa gravity
interaction from S2 star orbitsJ. Cosmol. Astropart. Phys.
11 (2013) 050; A. F. Zakharov, P. Jovanovi¢, D. Borka, and
V. B. Jovanovi¢, Constraining the range of Yukawa gravity
interaction from S2 star orbits II: Bounds on graviton mass,

J. Cosmol. Astropart. Phys. 05 (2016) 045.

P. Jovanovic et al. 16
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* Sanders-like potential (Capozziello, Borka, Jova-
novi¢, Borka Jovanovi¢, 2014, PRD, 90, 044052):

M
B(x) = G M 1+a€—\/1—3am¢lx|

Mg,

Our tests of several modified gravity theories

x|
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-0.0024 L
[ 170 =]
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00001 00002 00003 00004 00005 0.0006
o

[MNRAS 489, 76064621 (2019)
[Advance Access publication 2019 August 22

Scalar field effects on the orbit of S2 star

do1:10.1093/mnras/stz2301

The GRAVITY Collaboration : A. Amorim,!> M. Baubock,® M. Benisty,*
J.-P. Berger 24Y. Clénet,’ V. Coudé du Forest,” T. de Zeeuw,>°

J. Dexter ©.> G. Duvert,* A. Eckart,”® F. Eisenhauer,’ Miguel C. Ferreira I
F. Gao,? Paulo J. V. Garcia,!”!°* E. Gendron,? R. Genzel,>!! S. Gillessen,’

809, 127 (2015); D. Borka, P. Jovanovi¢, V. B. Jovanovic,
and A.F. Zakharov, Constraints on R" gravity from pre-
cession of orbits of S2-like stars, Phys. Rev. D 85, 124004
(2012); S. Capozziello, D. Borka, P. Jovanovi¢, and V. B.
Jovanovi¢, Constraining extended gravity models by S2 star
orbits around the Galactic centre, Phys. Rev. D 90, 044052
(2014); A.FE. Zakharov, D. Borka, V. B. Jovanovi¢, and P.
Jovanovi¢, Constraints on R" gravity from precession of
orbits of S2-like stars: A case of a bulk distribution of mass,
Adv. Space Res. 54, 1108 (2014); D. Borka, S. Capozziello,
P. Jovanovi¢, and V. B. Jovanovi¢, Probing hybrid modified
gravity by stellar motion around Galactic centre, Astropart.
Phys. 79, 41 (2016).
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Table 2. Literature computing extensions/alternatives to GR CTTects 1n the Orbits of the S_stars,

Extension/alternative

Results/comments

Reference

Charged non-rotating black holes
Charged rotating black holes and plasma
effects

Fermion ball

Boson ‘star’

Yukawa potential
Einstein—-Maxwell-Dilaton—Axion gravity

Brans—Dicke theory

AR) gravity

Non-local gravity
Scalar tensor gravity

AR, @) gravity
Hybrid gravity

R" gravity

Quadratic Einstein-Gauss—Bonnet gravity
Dark matter profiles (See Table 1 for dark
matter + black hole studies)

Scalar fields and ultralight dark matter

P. Jovanovic et al.

Upper limit to black hole charge from S2
precession upper limit.

Upper limits from black hole mass, spin, and
local magnetic field

Ruled out by Ghez et al. (2005) and Gravity
Collaboration (2018a).

Effects much smaller than GR at S2 orbit, only
relevant at a few tens of Schwarzschild radii.
Upper limits on potential parameters and
graviton mass from S2 precession upper limit.
Effects smaller than 1073 of GR for S2, need
pulsars or inner stars for further tests.

Effects smaller than 1073 of GR for S2, need
pulsars or inner stars for further tests.

Effects smaller than 1073 of GR for S2, need
pulsars or inner stars for further tests.

Precession compatible with observational
upper limit, of the order of GR prediction
Precession is 13x GR value, ruled out by Hees
et al. (2017)

Best-fitting precession prediction for S2 is
20x GR value, ruled out by Hees et al. (2017)
Best-fitting precession prediction too high,
ruled out by Hees et al. (2017)

‘When compared with Hees et al. (2017) upper
value, the GR value (n = 1) is recovered to <1
per cent, or smaller if extended mass
distributions are present

Derive expressions for gravitational redshift in
function of theory coupling parameters
(scalar/matter and scalar/Gauss—Bonnet
invariant).

Dark matter mass required to explain TeV
emission compatible with orbital upper limits.
Limits on spatial distribution of
non-annihilating dark matter.

Upper limits on scalar field mass (1 pe rcent of
black hole) for particles of mass

4 x 107 eve?

De Laurentis et al. (2018a), Iorio (2012),
Zakharov (2018)
Zajacek et al. (2018)

Munyaneza & Viollier (2002)

Amaro-Seoane et al. (2010), Boshkayev &
Malafarina (2019), Grould et al. (2017a)
Borka et al. (2013), Hees et al. (2017),
Zakharov et al. (2016), Zakharov et al. (2018)
De Laurentis et al. (2018a)

De Laurentis et al. (2018a), Kalita (2018)
Capozziello et al. (2014), De Laurentis et al.
(2018a), De Laurentis, De Martino & Lazkoz
(2018Db), Kalita (2018)

Dialektopoulos et al. (2019)

Borka Jovanovic et al. (2019)

Capozziello et al. (2014)

Borka et al. (2016)

Borka et al. (2012), Zakharov et al. (2014)

Hees et al. (2019)

de Paolis et al. (2011), Dokuchaev &
Eroshenko (2015), Hall & Gondolo (2006),
Torio (2013), Lacroix (2018), Zakharov et al.
(2007)

Bar et al. (2019)




Parametrized Post-Newtonian (PPN) formalism

* PPN formalism completely characterizes the weak-field behavior of a gravity theory by a
set of 10 PPN parameters in which this theory differs from Newtonian gravity

* Expansion in terms of 10 dimensionless metric potentials (Will, 2014, LRR, 17, 4):

U7 U’ijaq)WaAa(1)17(1)27(1)37(1)47‘/;7Wi
e Metric:
goo = — 1 +2U — 2BU% — 26Dy +
2y +2+az+ (G — 2P + ...+ O(?)

1
goi = — 5(4’74-34-041 — oo+ (1 —25)‘/;'—
1
“(14as—G+2)W; —...+0(/?)

2
gij =(1 +27U)8;5 + O(€?)

* Precession angle per orbit:

2rGM
Ap~ (24 2v —
e Light deflection angle: a =~ 2 (1 + )
* Equation of motion:

GM
c2¢

8 | 23

26. 05. 2025.

Parameter What it measures relative Value
to GR in GR
v How much space-curva- 1
ture produced by unit rest
mass?
I5} How much “nonlinearity” 1
in the superposition law
for gravity?
€ Preferred-location effects? 0
o1 Preferred-frame effects? 0
o) 0
Qa3 0
Qa3 Violation of conservation 0
(1 of total momentum? 0
G2 0
C3 0
@ 0

—
B

. 7 GM GM .
F=—GM— + {[2(5+7)—r —7(7'“-7“

)] #2040 (7-7) }

P. Jovanovic et al.
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Extended/modified PPN formalisms

* The standard PPN formalism 1s not viable for massive gravity theories because
Newtonian order terms are modified by the presence of massive fields so that the
Newtonian potential acquires a Yukawa-like correction (Clifton, 2008, PRD, 77, 024041;

Alsing et al. 2012, PRD, 85, 064041)

* f(R) gravity 1n the low energy limit gives the Yukawa potential, but it also includes the
first post-Newtonian approximation that in the limit f(R) — R should coincide with GR
— extended PPN formalism which includes both Yukawa correction and the post-
Newtonian correction (Jovanovic et al. 2023, JCAP, 056):

” 7 ” GM [( GM - - 5 -
Fy = —GM— Feorcn = [(4 — 7 r> 7+ 4 (F r) f] ,

r3’ c2r3 r
5-GM iy
— . "" _— /r'
=5 - (- 3)e M

1. Standard PPN EoM in GR: |#sr = Tx + Tcor.ar

2. Extended PPN EoM in Yukawa gravity: fi?y — i N T fi?COT,G r T i?cof,a,Y
3. Modified PPN EoM which was used by GRAVITY Collaboration to parametrize the

effect of the Schwarzschild metric: | op = P ~ + fsp i?cor GR

26. 05. 2025. P. Jovanovic et al. 19




Simulating S2 star orbit using PPN EoMs

100
501
— PPNwith fsp = — PPN with fsp )
é e PPN Wlth A i:/ O_. L PPN Wlth A ...........................
: >
é _50 _/
: : : y ' —100 ; . :
0 500 1000 1500 2000 1950 1955 1960 1965
z (AU) z (AU)

FIG. 1. Comparisons between the simulated orbits of S2 star, obtained by numerical integration of equation of motions in PPN
formalism for fsp = 1.10 (blue solid line) and in PPN formalism for A = 46924.6 AU (red dashed line). The orbits
are calculated during five orbital periods, and their zoomed parts around the apocenter, where the largest discrepancy could
occur, are presented in the right panel for better insight.

: 100
E 501 X

GR = —— GR /:,
s Yukawa fﬂ/ O_. L Yukawa ”’:::’,—

> _’_,:::

50| _oozzzEEEmam

i ‘ ' ' ' ~100 : : :

0 500 1000 1500 2000 1950 1055 1960 1965

FIG. 2. Comparisons between the simulated orbits of S2 star, obtained by numerical integration of PPN equation in GR (blue
solid line) and in Yukawa gravity for A = 46924.6 AU (red dashed line, which corresponds to fsp = 1.10) using PPN formalism
(3). The orbits are calculated during five orbital periods, and their zoomed parts around the apocenter, where the largest
discrepancy could occur, are presented in the right panel for better insight.
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= 1001

Ad (ma:

901

Direct fitting of S2 star orbit

50 25 0 —25 —50

_75

Aa (mas)

Parameter Value Fit Error Unit
A 82,175.7 9828.05 AU
M 4.15 0.27 10° M,
R 8.33 0.198 kpc
a 0.1229 0.00430 arcsec
e 0.8797 0.01597
i 134.89 1.984 -
(@) 224 57 5.208 °
w 62.78 4.562 e
P 15.98 0.362 yr
T 2018.12219  0.696709 yr

26. 05. 2025.
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—— C(Calculated

$  Observed
O-C residuals

1995 2000 2005 2010 2015
Time (yr)

e Graviton mass upper bound from the best fit

orbit of S2 star in phenomenological potential
by C. Will: m, < (1.540.8) x 1072 eV
Symmetry 2024, 16, 397. https://doi.org/10.3390/sym16040397

’E symmetry MBPY

Article
Constraints on Graviton Mass from Schwarzschild Precession in
the Orbits of S-Stars around the Galactic Center

Predrag Jovanovié¢ *({, Vesna Borka Jovanovi¢ (9, Dusko Borka 2(0 and Alexander F. Zakharov 3
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Influence of bulk distribution of matter

* Orbital precession of S2 star in Yukawa gravity for different mass densities of bulk
distribution of matter which describes stellar cluster, interstellar gas and dark matter,
contained within some radius r around SMBH: M (r) = Mg + Mg (1)

* Double power-law mass density profile (where ro = 10" A o = 1.4 for S2 star):
B r\ [ 20+£0.1, r>1rg AT pore 3—a
pm_p‘)( ) ’“_{1.410.1, rar o Meatlr) =50

Table 1 The values of parameter A (in AU) for different
combinations of 3 values of parameter 6 the 5 values of the
mass density distribution of extended matter pg

80 A

= 9.8

60 - :8:6 po (in 10°Mopc™)
w 0 2 4 6 8
AT =1 15125 3130 2080 1597 1302
5=10 20395 4425 3015 2370 1978

20} 0=100 21285 4640 3175 2500 2090

Table 2 The graviton mass (mg4) estimates corresponding]
to all mass density distributions presented in Table 1, in the
case when Yukawa gravity parameter § = 1

ol 22>
2000 2500 3000 3500 4000 4500 5000

A
» S2 star precession per orbital period in (A, 0)

parameter space for mass density of po (in 10°Mope™) 0 2 4 6 8
extended matter: po = 2 x 108 Mgpc™3 g (in 1077 eV) 05 26 40 52 64

» White dashed line: the case when the (Jovanovi¢, Borka, Borka Jovanovi¢, Zakharov,
precession is the same as in GR (0°.18) 2021, EPJD, 75, 145)
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Constraints from detected Schwarzschild precession

Schwarzschild precession: Aid bnGM
* schwarz : A
p PCGR 2a(l — e?) ST
l1—e*a
» Additional contribution of Yukawa gravity: A¢i®? ~ il 0 < A

14+ A2’

. 2nGM
* Observed precession detected by GRAVITY: Aweps ~ Za(l — &) (3fsp)

 Constraints on the range of Yukawa interaction A from observed S-star orbits:

CP\/ 6(v/1 —e2)?

2\ 2(3fsp — 3)(1 4+ 90)

7
10" 73
; 10° 0.9 -J
10° 4 [

: “ 5
] = 10
10° - | ?

. I
3 104
T 0.3

Apy + Apgr =~ Apops = A(R €] 5) ~

A (AU)

A (AU)
A (AU)
|

10" 5

10° 3

2
mpf%um
yr
150 555

50 100 150 200
P (yr)
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Dependence of range of a fifth force on its strength

* Results for all S-stars from Table 3
in Gillessen et al 2017, ApJ, 837, 30,
except of S111

* A fifth force with greater strength 6
has a greater range A

* In case J = 10 there is very little
difference compared to case § = 1

10urnal of Cosmology and Astroparticle Physici
An IOP and SISSA journal

JCAP03 (2023) 056

Constraints on Yukawa gravity
parameters from observations of
bright stars

P. Jovanovié,** V. Borka Jovanovié,’ D. Borka®
and A.F. Zakharov®

26. 05. 2025.

Star | Ag P> A+ AA (AU)

™ | () 5 =0.01 5=01 =1
S1 48.2| 125.79| 164626.9 4+ 13537.8 498844.4 + 41021.7 1169893.8 + 96204.5
S2 722.1 5.12 6730.8 + 149.9 20395.2 £ 454.3 47831.0 £ 1065.4
S4 65.5| 68.01| 89185.0 + 1750.2 270244.0 £+ 5303.3 633778.4 £+ 12437.2
S6 102.4| 76.74| 100839.1 + 267.5 305557.6 + 810.6 716596.2 + 1901.1
S8 138.0| 42.73| 56050.5 £+ 1717.2 169841.6 + 5203.5 398314.0 + 12203.2
S9 124.3| 34.33| 450304 + 2503.1 136448.8 + 7584.9 320000.8 + 17788.2
S12 | 314.6| 18.33| 24050.7 + 475.7 72877.1 £+ 14414 170912.0 £+ 3380.4
S13 91.6| 42.20| 55328.1 + 601.8 167652.4 £+ 1823.5 393179.8 £+ 4276.6
S14 [1465.9 5.60 7346.3 + 981.2 22260.4 £ 2973.2 52205.2 £ 6972.8
S17 | 66.1| 67.35| 88370.7 £ 4262.7 267776.5 £ 12916.7 627991.6 + 30292.4
S18 | 107.1| 34.71| 45506.5 + 926.2 137891.7 + 2806.5 323384.7 + 6581.8
S19 87.1| 72.62| 95481.5 + 36447.7 289323.6 + 110442.1 678523.9 + 259009.7
S21 | 217.4| 19.18| 25142.3 £+ 1261.7 76185.0 + 3823.2 178669.6 £ 8966.2
S22 19.0| 456.10| 599449.8 £ 236689.3 | 1816423.7 £ 717204.5 4259891.2 £+ 1681993.5
S23 | 114.1| 34.54| 45425.0 + 11014.4 137644.5 £ 33375.3 322805.0 = 78272.1
S24 | 107.5| 97.28| 127590.2 + 14036.6 386617.6 £ 42533.2 906698.7 £ 99749.1
S29 98.5| 57.33| 75236.9 + 14099.5 227979.3 £+ 42723.7 534658.8 £+ 100196.0
S31 63.3| 82.46| 108733.3 + 3953.7 329478.4 + 11980.3 772695.3 + 28096.4
S33 47.9| 135.83| 178323.3 + 27097.8 540346.5 + 82110.5 1267224.9 + 192566.2
S38 | 427.5 8.31| 10917.4 + 51.8 33081.5 £ 157.1 77582.9 + 368.4
S39 | 364.5| 19.25| 25286.5 + 2038.3 76622.1 + 6176.3 179694.7 + 14484.7
S42 30.8| 250.45| 327668.0 + 127216.9 092883.5 + 385486.4 2328518.3 £ 904045.8
Sh54 | 81.5| 144.02| 187868.3 + 301214.1 569269.5 + 912724.3 1335055.3 + 2140528.3
S55 | 382.8 7.38 9666.0 + 302.1 29289.4 + 915.3 68689.7 + 2146.6
S60 | 105.5| 50.59| 66370.5 + 2549.6 201112.8 + 7725.8 471651.3 £+ 18118.6
S66 13.4| 655.82| 860607.2 £+ 88872.3 2607770.2 £ 269296.7 6115763.2 £ 631556.7
S67 19.3| 402.94| 528751.9 + 32803.8 1602198.3 + 99400.4 3757488.1 £+ 233114.5
S71 | 106.2| 100.28| 131669.4 + 20154.0 398978.3 + 61069.7 935687.0 £ 143221.2
S83 15.3| 589.30| 773374.9 £+ 184565.2 | 2343443.1 £ 559260.5 5495861.3 + 1311582.1
S85 11.01772.21|2311796.7 £ 3523752.4| 7005094.4 + 10677503.5|16428402.6 + 25040965.4
S87 7.6|1577.89|2065566.0 + 200654.2 | 6258978.1 + 608012.7 |14678604.7 + 1425916.1
S89 31.0| 273.90| 358908.7 £ 49485.2 1087547.9 4+ 149947.8 2550525.9 £ 351658.7
S91 11.4| 891.25|1168818.2 4+ 101284.2 | 3541696.1 + 306906.4 8306013.7 £ 719759.3
S96 13.6| 646.91| 848925.2 £ 53447.7 | 2572372.1 £ 161954.7 | 6032747.3 £ 379817.5
S97 9.71151.43|1516520.2 + 550839.2 | 4595286.1 + 1669126.3 |10776901.1 + 3914448.1
S145| 23.6| 343.33| 452172.2 + 222048.9 | 1370150.3 + 672841.7 | 3213287.3 + 1577953.6
S175|1812.0|  6.30 8263.6 + 2000.9 25040.0 £+ 6062.9 58723.9 + 14218.7
R34 18.6| 589.73| 775088.0 £ 220322.6 | 2348634.1 £ 667611.0 5508035.2 £ 1565686.6
R44 5.5|2579.33|3444472.6 + 2260986.2|10437273.8 + 6851130.7 |24477576.8 + 16067325.7

P. Jovanovic et al.
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Dependence of graviton mass on fsp

* Assuming that 0 = 1 and that A corresponds to the graviton Compton wavelength A,:

he 4h 3(fSP o 1)
)\g — m_g = mg(PaeafSP)N P (m)S
fsp =1.10 o
103
= —
g@ 1025
102 |© '2
B <
10" o )
= - 10!

100@%& 50 100 150
P (years)

50p
PHYSICAL REVIEW D 109, 064046 (2024)

Improvement of graviton mass constraints using GRAVITY’s detection of
Schwarzschild precession in the orbit of S2 star around the Galactic Center

> Dusko Borka ,2’* and Alexander F. Zakharov®®

o2 1 & 2
Predrag Jovanovic®,” Vesna Borka Jovanovic®,
P. Jovanovic et al.
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Bounds on range of a fifth force and graviton mass

e Results for all S-stars
from Table 3 1n
Gillessen et al 2017,
Apl, 837, 30, except
of S111

26. 05. 2025.

fsp=1.10£0.19

fop=1.19£0.19

tar A £ AA (AU) my+ Am, (100 eV) RE. (%) A £ AA (AU) my+ Am, (100 eV) RE. (%)
g1 1.2¢ + 06 + 1.2¢ + 06 79 479 1007 8.4e+05+4.7e+05 99+55 55.7
S2  47e+04+4.5e + 04 176.6 = 170.0 963  3.4de+ 04+ 1.7¢ 4+ 04 2435 + 124.8 51.3
S4  62e+05+6.0e+ 05 133+ 12.9 96.7 4.5+ 05 £ 2.3e + 05 183495 51.7
S6  7.0e+05=+6.7e+05 11.8+11.2 952  5.le +05 & 2.6e + 05 162482 50.2
S8 3.9e+05+3.8e+05 9194 907 98.0  2.8¢+05+ 1.5¢ +05 292 4 15.4 53.0
S9  3.le+05+3.le+05 26.3 +26.2 99.7  23e 405+ 1.2¢ + 05 36.3 + 19.8 54.7
SI12  1.7e + 05+ 1.6e + 05 493 +47.6 964  1.2e+0546.3e 404 68.0 & 35.0 51.4
SI3  3.9e+05+3.7e+05 21.4+20.4 955  2.8e 405+ l.4e + 05 29.5 + 14.9 50.5
S14  5.le+ 04 +5.5¢ + 04 161.3 £ 1732 1073  37e+04+23e+04 2224+ 138.6 62.3
S17  6.2e + 05+ 6.0e + 05 13.4 + 13.0 97.1  4.5¢ 405+ 2.3e +05 18.5+9.6 52.1
SI18  3.2e+05+3.1e + 05 26.0 + 25.1 96.5  2.3e 405+ 1.2¢ + 05 359+ 18.5 515
S19  6.7e +05+7.8¢ + 05 12.4 + 145 1164  4.8e+05+3.5¢ + 05 1734133 71.4
S21  1.8¢+05 =+ 1.8¢ + 05 47.1 4469 99.6  1.3e+ 054 7.0e + 04 65.0 & 35.5 54.6
S22 4.2e+ 06+ 4.8 + 06 2.0£23 1141 3.0e + 06 + 2.1e + 06 27419 69.1
$23  32e+05+3.7e+ 05 963 L3503 1156  2.3e+05+ 1.6e + 05 36.1 4+ 25.5 70.6
S24  8.9e+05+9.2¢e + 05 9.3+9.6 1032 6.5¢ + 05+ 3.8¢ + 05 128475 58.2
S29  5.3e+05+5.7e +05 158 +17.2 109.1  3.8¢ + 05+ 2.4e + 05 217+ 13.9 64.1
S31  7.6e +05+7.3e+05 1.0+ 106 96.4  5.5¢ 405+ 2.8¢ + 05 15.147.8 51.4
S33  1.2e + 06+ 1.3e + 06 67+7.1 1070 9.0e + 05 + 5.6e + 05 92457 62.0
S38  7.6e +04+73e+04 108.8 + 103.7 954  5.5¢+04 428+ 04 149.9 +75.5 50.4
S39 1.8 +05+ 1.7¢ +05 47.0 + 46.4 98.8  1.3e+0546.9¢+ 04 64.7 + 34.8 53.8
S42  23e 406+ 2.8 + 06 3.6+4.4 1227  1.7e +06 + 1.3e + 06 50439 i
S54  1.3e+ 06+ 2.5¢ + 06 6.3+11.8 1883  9.6e + 05+ 1.4e + 06 87+ 12.4 143.3
S55  6.8e + 04 + 6.6 + 04 122.4 £ 119.4 97.6  4.9e+ 04 £ 2.6e + 04 168.7 + 88.7 52.6
S60 4.6 + 05+ 4.5¢ + 05 179+ 17.5 97.7  3.4e+054+ 1.8 + 05 24.6 4 13.0 5.7
S66  6.0e + 06 + 6.1 + 06 14414 1014  4.4e+06+2.5e+06 194 1.1 56.4
S67  3.7e + 06 +3.7e + 06 53199 100.1  2.7e + 06+ 1.5¢ + 06 511 55.1
S71 9.2 +05 £ 9.9¢ + 05 9.0+97 1073 6.7e +05 + 4.2¢ + 05 124477 62.3
S83  5.4e + 06 + 6.0 + 06 1517 1103 3.9 + 06 £ 2.6¢ + 06 21414 65.3
S85  1.6e +07 =+ 3.4e + 07 0.5+ 1.1 211.0  1.2e+ 07 +2.0e + 07 07412 166.0
S87  l.4de+ 07+ 1.5¢ + 07 0.6 + 0.6 1024 1.0e + 07 + 6.0e + 06 0.8+0.5 57.4
S89  2.5¢ +06+2.7e + 06 33436 107.8  1.8e + 06+ 1.le + 06 45429 62.8
S91  8.2e+ 06+ 8.3¢ + 06 1.0+ 1.0 101.9 5.9 + 06 + 3.4e + 06 14408 56.9
S96  5.9e + 06 + 5.9¢ + 06 14414 1000 4.3e+ 06+ 2.4e + 06 194 1.1 55.0
S97  l.1le+07=+1.3e + 07 0.8+ 1.0 1259  7.7e + 06 £ 6.2¢ + 06 1.140.9 80.9
S145 3.le + 06 +4.3e + 06 26+3.6 1367  2.3e+06+2.1e + 06 3633 91.7
S175  5.8¢ + 04 + 6.4e + 04 143.4 + 158.1 1103 42e+04+2.7e+04 197.6 + 129.0 65.3
R34 5.4e+ 06+ 6.5¢ + 06 15+1.8 1205 3.9 + 06 + 3.0e + 06 21+16 75.5
R44  2.4e+07+3.7e+ 07 0.4+0.5 1562 1.7e + 07 + 1.9¢ + 07 0.540.5 1112
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Conclusions

* Analysis of the stellar orbits around Sgr A* in the gravitational potentials with Yukawa-
like corrections represents a powerful tool for studying a fifth force and constraining the
graviton mass

* Fitting the simulated stellar orbits in Yukawa potential to the observed orbit of S-stars
enabled us to estimate the range A of a fifth force

* Assuming that A corresponds to the Compton wavelength of graviton A, we obtained
new estimate for the upper bound for graviton mass that was consistent with the LIGO
results, but obtained in an independent way

* Since 2019. our estimate is included in the Gauge and Higgs Boson Particle Listings
published by PDG

* Extended matter may slightly increase these estimates for graviton mass, but within the
expected interval

* We also studied modified and extended PPN formalisms and used them to further
improve our constraints on strength and range of a fifth force, as well as on mass of

graviton mass from the Schwarzschild precession in S2 star orbit detected by the
GRAVITY Collaboration

* The obtained results showed that both massive graviton and a fifth force could play a
fundamental role in modern physics, and thus it is of essential importance to further
investigate these concepts
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Astron Astrophys Rev (2024) 32:3
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REVIEW ARTICLE

t‘)

Check for
updates

Experimental studies of black holes: status and future
prospects

Reinhard Genzel**@® - Frank Eisenhauer'* - Stefan Gillessen'

Further tests of General Relativity near a MBH GRAVITY Collaboration et al.
(2019b) confirmed the Equivalence Principle in the orbit of S2 through a test of the
linear positional invariance. In that paper the redshift data are split into spectroscopy
of the hydrogen Bry line and the Hel 2.1um line, and the gravitational redshift term is
computed for the two data sets. Einstein’s Equivalence Principle stipulates that in free
fall the motion should only depend on mass/energy, and not on composition. And
indeed, GRAVITY Collaboration et al. (2019b) set an upper limit of a few 1072 to
the fractional difference of the gravitational redshift in hydrogen and helium. In
another paper, Hees et al. (2017, 2020) used the Galactic Center data to set limits on a
hypothetical fifth force, and variations in the fine structure constant. (Jovanovic et al.
2024) analyzed the Schwarzschild precession of S2 in the framework of Yukawa
gravity theory, and set an upper limit to the mass of the graviton, which is compatible
with limits from alLIGO gravitational-wave data.

26. 05. 2025.
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XA, 692, A242 (2024)
Fttps://doi.org/10.1051/0004-6361/202452274 Agtronomy

© The Authors 2024 Astrophysics|

Improving constraints on the extended mass distribution
in the Galactic center with stellar orbits

GRAVITY Collaboration*: K. Abd El Dayem', R. Abuter*, N. Aimar!-’®, P. Amaro Seoane!#20:15,
A. Amorim®7, J. Beck?, J. P. Berger3’4, H. Bonnet*, G. Bourdarot?, W. Brandner®, V. Cardoso’-7®,
R. Capuzzo Dolcetta?! @, Y. Clénet', R. Davies’®, P. T. de Zeeuw®, A. Drescher’®, A. Eckart®'3®, F. Eisenhauer®!°,
H. Feuchtgruber?, G. Finger?, N. M. Forster Schreiber’®, A. Foschi', F. Gao'?, P. Garcia'®’®, E. Gendron!,

R. Genzel>!!, S. Gillessen?®, M. Hartl?, X. Haubois’, F. Haussmann?, G. HeiBel'®!, T. Henning®, S. Hippler’®,
M. Horrobin®, L. Jochum®, L. Jocou®*®, A. Kaufer®®, P. Kervella!, S. Lacour!-4, V. Lapeyrere!, J.-B. Le Bouquin?,
P. Léna' ®, D. Lutz?, F. Mang?, N. More?, T. Ott?, T. Paumard'®, K. Perraut?®, G. Perrin!, O. Pfuhl*2, S. Rabien?,

D. C. Ribeiro?, M. Sadun Bordoni>**®, S. Scheithauer’®, J. Shangguan®®, T. Shimizu?, J. Stadler'>2, O. Straub> '8,
C. Straubmeier®®, E. Sturm?, L. J. Tacconi?, I. Urso!®, F. Vincent', S. D. von Fellenberg'3-2®,
F. Widmann?, E. Wieprecht?, J. Woillez*, and F. Zhang??-2324®

Additionally, a deviation from general relativity, such as
the one introduced by massive gravity theories or f(R)-gravity,
could modify the gravitational potential through a Yukawa-like
correction in the Newtonian limit, adding an additional preces-
sion of the stellar orbits to the prograde SP and the retrograde
precession induced by an extended mass distribution (Hees et al.
2017; De Martino et al. 2021; Tan & Lu 2024; Jovanovic et al.

2024a,b).
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Exploring the presence of a fifth force
at the Galactic Center

The GRAVITY Collaboration’* : K. Abd El Dayeml, R. Abuter®, N. Aimar'®%7, P. Amaro Seoane'*21°, A. Amorim?7,
J.P. Berger3’4, H. Bonnet*, G. Bourdarot?, W. Brandner>, V. Cardoso’- 1°, Y. Clénet!, R. Davies?, P.T. de Zeeuw?",
A. Drescher?, A. Eckart® 13, F. Eisenhauer® '8, H. Feuchtgruberz, G. Fingerz, N.M. Forster Schreiber?, A. Foschil:2**,
P. Garcia'®’, E. Gendron!, R. Genzel> 1!, S. Gillessen?, M. Hartl?, X. Haubois’, F. Haussmann?, T. Henning5,
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