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Outline

1. Yukawa gravity with fifth force

2. Graviton mass and speed of gravity

3.  f(R) gravity and Yukawa-like correction to the gravitational potential

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

5. 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

● It is 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:

● α - strength of the fifth force, λ - its range

● λ corresponds to the Compton wavelength of 

graviton with small mass mg:

● Phenomenological assumption for gravitational 
potential in the case of massive graviton (Will, 
1998, PRD, 57, 2061):
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● Massive graviton propagates at an energy (or frequency) dependent speed vg:

● vg can be measured from the arrival and emission time differences Δta and Δte between a 
GW and an EW signal emitted from the same source at a distance D:

where z is the redshift of the source

Graviton mass and speed of gravity
● Graviton:

– Spin: 2 (tensor boson)
– Electric charge: 0 (neutral)

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

● Modified dispersion relation (Will, 1998, 
PRD, 57, 2061):
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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)

● Action for f(R) gravity:

● 4th-order field eqs:

● Trace:

● Analytic Taylor expandable function f(R):

● Metric:

● Yukawa-like correction to the gravitational potential in the weak field limit:
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● 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 8σ spatial offset between the observed X-ray surface 
density and that reconstructed in GR in the presence of DM

● MOG: 

Yukawa gravity and the "Bullet cluster"
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Experimental constraints on fifth force
● Experimental constraints to additional 

Yukawa gravitational interaction 
between masses m1 and m2:
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● Yukawa type correction with characteristic length scale λg:

● LIGO bound from GW150914:

LIGO constraints on fifth force and graviton mass
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Observational constraints on speed of gravity

● GW and γ-rays from a binary neutron 
star merger in the galaxy NGC 4993 
at z ≈ 0.01 and D = 26 Mpc:
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Sgr A* - Central SMBH of the Milky Way

New Technology Telescope 
(3.6 m), La Silla Obs., Chile

Very Large Telescope
(4 x 8.2 m), Paranal Obs., Chile 

Keck telescope
(2 x 10 m), Hawaii, USA

● 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
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Observed stellar orbits around Sgr A*
● Observations of S2 star by NTT/VLT and 

Keck (below):
– Gillessen et al. 2009, ApJ, 692, 1075
– Ghez et al. 2008, ApJ, 689, 1044
– Gillessen et al. 2017, ApJ, 837, 30

● New observations (right):
- GRAVITY, 2018, A&A, 615, L15
- Peißker et al. 2020, ApJ, 889, 61
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● fSP - an ad hoc factor in front of the 
first post-Newtonian correction of 
GR showing to which extent some 
gravitational model is relativistic

● The best-fit value from the 
observed orbit of S2 star around 
Sgr A*:

Detection of Schwarzschild precession in S2 star orbit

The precession angle projected on the sky as a function of time, i.e. the difference 
between the best-fit GR orbit for fSP = 1.1 (thick red curve) and the same orbit for fSP = 0 
(Newton + Rømer effect + transverse Doppler effect + gravitational redshift)
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● Numerical integration of differential equations of motion (Borka, Jovanović, Borka 
Jovanović, Zakharov, 2013, JCAP, 2013, No. 11, 050):

● Equation of motion (EoM):

Simulated orbit of S2 star in Yukawa gravity

● Simulated orbits were then fitted to the astrometric 
observations of S2 star
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Our estimates for graviton mass upper bound
● χ2 test of goodness of the fits for 

significance level α = 0.1: regions  λ < λx 
where                   can be excluded with 90% 
probability

●

●

● Corresponding upper bounds for graviton 
mass:

●

●
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Our 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)
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Impact of our studies of fifth force

● Our estimates for graviton mass 
are recognized by 2 groups 
monitoring the stellar orbits 
around Sgr A*
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Our tests of several modified gravity theories
● Sanders-like potential (Capozziello, Borka, Jova-

nović, Borka Jovanović, 2014, PRD, 90, 044052):
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● 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):

● Metric:

● Precession angle per orbit:

● Light deflection angle:
● Equation of motion:

Parametrized Post-Newtonian (PPN) formalism
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Extended/modified PPN formalisms
● 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):

1. Standard PPN EoM in GR:

2. Extended PPN EoM in Yukawa gravity:

3. Modified PPN EoM which was used by GRAVITY Collaboration to parametrize the 

effect of the Schwarzschild metric:
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Simulating S2 star orbit using PPN EoMs
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 Direct fitting of S2 star orbit

● Graviton mass upper bound from the best fit 
orbit of S2 star in phenomenological potential 
by C. Will:
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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:

● Double power-law mass density profile (where                                     for S2 star):

(Jovanović, Borka, Borka Jovanović, Zakharov, 
2021, EPJD, 75, 145)

● S2 star precession per orbital period in (λ, δ) 
parameter space for mass density of 
extended matter:

● White dashed line: the case when the 
precession is the same as in GR
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● Schwarzschild precession:

● Additional contribution of Yukawa gravity:

● Observed precession detected by GRAVITY:

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

Constraints from detected Schwarzschild precession
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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 δ 
has a greater range Λ

● In case               there is very little 
difference compared to case
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● Assuming that δ = 1 and that Λ corresponds to the graviton Compton wavelength λg:

Dependence of graviton mass on fSP
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Bounds on range of a fifth force and graviton mass
● Results for all S-stars 

from Table 3 in 
Gillessen et al 2017, 
ApJ, 837, 30, except 
of S111
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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 λ of a fifth force

● Assuming that λ corresponds to the Compton wavelength of graviton λg, 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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Instead of References: Impact of our results I
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Instead of References: Impact of our results II
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Instead of References: Impact of our results III
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Instead of References: Impact of our results IV
● Part of the presented results is included in the White Paper of the 

COST action CA21136 CosmoVerse
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Thank you for your attentionThank you for your attention
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