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Outline of the talkOutline of the talk
● Motivation: recent detection of Schwarzschild precession (and its possible small 

deviation from GR prediction) in the orbit of S2 star around Sgr A* by GRAVITY 
Collaboration in 2020

● Outline:
– GR vs theories of massive gravity
– f(R) gravity and Yukawa-like nonlinear correction to the gravitational potential
– Observed stellar orbits around Sgr A* at Galactic Center
– Our old results: constraints on the graviton mass from analysis of the observed 

stellar orbits in Yukawa gravity
– Detection of Schwarzschild precession in S2 star orbit
– Our new results: improved constraints on Yukawa gravity parameters and mass 

of graviton from the observed Schwarzschild precession in S2 star orbit
– Conclusions

● The presented results are obtained in collaboration with:
– Dr. Vesna Borka Jovanović and Dr. Duško Borka (Serbia)
– Prof. Alexander F. Zakharov (Russia)
– Prof. Salvatore Capozziello (Italy)



  

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

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

● Important predictions of massive gravity theories (Will, 1998, PRD, 57, 206):
1) The effective Newtonian potential has a Yukawa form:

                          being the Compton wavelength of graviton
2) Massive graviton propagates at an energy (or frequency) dependent speed vg

● Modified dispersion relation:

● LIGO bound on mg from GW150914 using a potential with Yukawa type correction 
(Abbott et al., LIGO Scientific and Virgo Collaborations, 2016, PRL, 116, 221101):

● Constraints on speed of gravity from the time difference Δt between GW and γ-rays 
from a binary neutron star merger in the galaxy NGC 4993 at z ≈ 0.01 and D = 26 
Mpc (Abbott et al. 2017, ApJL, 848, L13):

GR vs theories of massive gravityGR vs theories of massive gravity



  

● 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)

● Action for f(R) gravity:  

● 4th-order field equations:

● Trace:

● Analytic Taylor expandable function  f(R):

● Metric:

● Yukawa-like nonlinear correction to the grav. potential in the weak field limit:

● Λ - range of Yukawa interaction
● δ - universal constant

ff((RR) gravity and Yukawa-like nonlinear correction) gravity and Yukawa-like nonlinear correction



  

Observed stellar orbits around Sgr A*Observed stellar orbits around Sgr A*

● Observations of S2 star by NTT/VLT and Keck:
– Gillessen et al. 2009, ApJ, 692, 1075
– Ghez et al. 2008, ApJ, 689, 1044

● New observations:
– Gillessen et al. 2017, 

ApJ, 837, 30
– GRAVITY, 2018, 

A&A, 615, L15
– Peißker et al. 2020, 

ApJ, 889, 61 (right)




  

● Simulated orbits in Yukawa gravitational potential were 
fitted to the astrometric observations of S2 star

● χ2 test of goodness of the fits for significance level 
α = 0.1: regions λ < λx where                     can be 
excluded with 90% probability

● Upper bounds for graviton mass for δ = 1 and δ = 100, 
respectively (Zakharov, Jovanović, Borka, Borka 
Jovanović, 2016, JCAP, 2016, No. 05, 045):

Our estimates for graviton mass upper boundOur estimates for graviton mass upper bound



  

Our estimates for graviton mass accepted by PDGOur estimates for graviton mass accepted by PDG
● From 2019, our estimate is in Gauge and 

Higgs Boson Particle Listings by PDG 
(Zyla et al., PDG, 2020, PTEP, 083C01)



  

● The parameterized post-Newtonian (PPN) formalism (Will & Nordtvedt 1972, ApJ, 
177, 757) completely characterizes the weak-field behavior of a gravity theory by a 
set of ten PPN parameters in which this theory differs from Newtonian gravity

● The standard PPN formalism is 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 in the low energy limit gives the Yukawa potential, but it also includes 
the first post-Newtonian approximation that in the limit                  should coincide 
with GR     extended PPN formalism which includes both Yukawa correction and 
the post-Newtonian correction (Jovanović et al. 2023, JCAP, 056)

● Equations of motion in Yukawa gravity:

● Standard PPN equations of motion in the GR:

PPN equations of motionPPN equations of motion



  

Detection of Schwarzschild precession in S2 star Detection of Schwarzschild precession in S2 star orbitorbit

● Theoretical expectations (left) and observed residuals of δφ (right) between GR and 
Keplerian orbits of the S2 star around 2018 pericentre

● Schwarzschild precession detected as a change in δφ by ≈12' between two apocentres
● Modified PPN equation of motion was used to parametrize the effect of the 

Schwarzschild metric:

● An ad hoc factor fSP in front of the first post-Newtonian correction of GR shows to 
which extent some gravitational model is relativistic:

● GR and Keplerian orbits are obtained for fSP = 1 and fSP = 0, respectively
● The best-fit of the observed S2 orbit around Sgr A* resulted with

● GRAVITY Collaboration, Abuter et al. 
2020, A&A, 636, L5:



  

Constraints on Yukawa gravity parameters IConstraints on Yukawa gravity parameters I
● Schwarzschild precession:

● Additional contribution of Yukawa gravity to the Schwarzschild precession 
(Zakharov, Jovanović, Borka & Borka Jovanović, 2016, JCAP, 045):

● Observed precession detected by GRAVITY:

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



  

Stellar orbits around Sgr A* simulated using PPN EoMStellar orbits around Sgr A* simulated using PPN EoM



  

● For the given strength of Yukawa interaction δ and parameter fSP, the following 
condition holds:

● P* can be used as a criterion for classification of the gravitational systems 
according to their scales, as well as to find the systems which could be described by 
similar values of the range of Yukawa interaction Λ

● Influence of strength of Yukawa interaction δ on its range Λ in the case of S-stars

Constraints on Yukawa gravity parameters IIConstraints on Yukawa gravity parameters II

(Jovanović, Borka Jovanović, Borka 
& Zakharov, 2023, JCAP, 056)



  

● Constrains on Yukawa 
gravity parameters, obtained 
from the orbits of all studied 
S-stars using Markov chain 
Monte Carlo (MCMC) 
simulations (bottom right 
panel in the figure):

Jovanović, Borka Jovanović, 
Borka & Zakharov, 2023, 
JCAP, 056



  

Bounds on graviton mass IBounds on graviton mass I
● A gravitational potential which does not include δ is usually used in the frame of a 

massive graviton theory and thus, in order to study the constraints on the graviton 
mass mg, we assumed that δ = 1 in Yukawa gravity potential 

● We also assumed that the range of Yukawa interaction Λ corresponds to the graviton 
Compton wavelength λg:

● Constraints on mg from the observed S-star orbits:

Jovanović, Borka Jovanović, Borka & Zakharov, 2023, arXiv:2305.13448v3



  

● 68% confidence 
regions for graviton 
mass mg and fSP, as 
well as prediction for 
possible improvements 
by the future high 
precision observations, 
obtained from the 
orbits of all studied S-
stars using MCMC 
simulations

Jovanović, Borka 
Jovanović, Borka & 
Zakharov, 2023, 
arXiv:2305.13448v3



  

Bounds on graviton mass IIBounds on graviton mass II

Jovanović, Borka 
Jovanović, Borka & 
Zakharov, 2023, 
arXiv:2305.13448v3



  

ConclusionsConclusions
● We obtained new and improved constraints on Yukawa gravity parameters δ and Λ, 

as well as on mass of graviton mg from the observed orbits of the S-stars around Sgr 
A*, assuming that orbital precession in Yukawa gravity has a small deviation from 
GR prediction, as recently indicated by GRAVITY Collaboration

● For that purpose we assumed modified and extended PPN formalisms and used the 
factor fSP, which was recently introduced and measured by the GRAVITY 
Collaboration and which parametrizes the effect of the Schwarzschild metric

● We derived the relations describing the dependence of Λ and mg on fSP and used 
them to improve the corresponding constraints from the measured value of fSP

● Our MCMC simulations resulted with the following best-fit values and uncertainties 
of Yukawa gravity parameters in the case of the studied observed sample of S-stars:
                              and

● According to the current GRAVITY estimate of                     our previous 
constraints on the upper bound of mg can be improved for about 3 times, but with 
unrealistically high contribution of 95% to the relative error

● Our MCMC simulations also showed that if the future high precision observations 
will confirm the GR prediction for Schwarzschild precession with much higher 
accuracy, so that fSP will be in the range 1.0011-1.0021, they could improve the 
previous constraints on the upper bound of mg for about 25 times, reaching: 



Thank you for your 
attention!
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