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Outline of the talkOutline of the talk

● Motivation: addressing the unclear situation with graviton mass 
● Yukawa-like version of massive gravity
● Existing constraints on Yukawa gravity and graviton mass
● Observed stellar orbits around Sgr A* at Galactic Center
● Our results: constraining the graviton mass by analysis of the observed  

stellar orbits in Yukawa gravity
● The results are obtained in collaboration with:

– Vesna Borka Jovanović and Duško Borka (Serbia)
– Alexander F. Zakharov (Russia)
– Salvatore Capozziello (Italia)

● Conclusions



  

● Massive graviton propagates at an energy (or frequency) dependent speed, and the 
effective Newtonian potential has a Yukawa form (Will, 1998, PRD, 57, 206):            
                                  where                           is the Compton wavelength of graviton

● Modified dispersion relation:

Graviton: gauge boson of gravitational interactionGraviton: gauge boson of gravitational interaction
● 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: 
gravitation is propagated by a 
massive field (i.e. by graviton  
with small, nonzero mass mg)

● Indroduced in 1939 (Fierz & 
Pauli, 1939, RSPSA, 173, 211)



  

Yukawa gravityYukawa 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 and their trace:

● Analytic Taylor expandable function  f(R):

● Metric:

● Yukawa-like gravitational potential in the weak field limit:

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



  

Constraints on Yukawa gravity IConstraints on Yukawa gravity I
● Yukawa-like potential of the form (Sanders, 

1984, A&A, 136, L21):

● Gravitational constant measured locally (G0) 
and at infinity (G∞):

● If r0 corresponds to graviton mass m0 then flat 
rotation curves could be accounted for α ~ -1

● Additional repulsive (anti-gravity) force

● Experimental constraints on additional 
Yukawa gravitational interaction between 
masses m1 and m2 (Adelberger et al. 2009, 
PrPNP, 62, 102):



  

● LIGO bound from GW150914:
● Solar System bounds:
● Binary-pulsar bounds:

● Expected detection limit for a future pulsar timing array with 300 pulsars, observed 
for 10 years (Lee et al. 2010, ApJ, 722, 1589):

Constraints on Yukawa gravity IIConstraints on Yukawa gravity II
● Probability distribution and exclusion 

regions for the graviton Compton 
wavelength λg (Abbott et al., LIGO 
Scientific and Virgo Collaborations, 
2016, PRL, 116, 221101)

● Yukawa type correction with 
characteristic length scale λg:



  

Stellar orbits monitored by 2 groups:
● R. Genzel (ESO): New Technology 

Telescope & Very Large Telescope, Chile
● A. Ghez: Keck telescope, Hawaii, USA

Stellar orbits around Sgr A*Stellar orbits around Sgr A*

Observations of S2 star by NTT/VLT and Keck 
(Gillessen et al. 2009, ApJL, 707, L114;  
Genzel et al. 2010, Rev. Mod. Phys., 82, 3121)




  

● Top left: GRAVITY Collaboration, 
2018, A&A, 615, L15

● Top right: Peißker et al. 2020, ApJ, 
889:61

● Bottom right: Gillessen et al. 2017, 
ApJ, 837:30

New observations of stellar orbits around Sgr A*New observations of stellar orbits around Sgr A*



  

Overiview of our resultsOveriview of our results
● D. Borka, P. Jovanović, V. Borka Jovanović, A. F. Zakharov, Constraining the 

range of Yukawa gravity interaction from S2 star orbits, Journal of Cosmology 
and Astroparticle Physics, Vol. 2013, No. 11 (2013), p. 050.

● S. Capozziello, D. Borka, P. Jovanović, V. Borka Jovanović, Constraining 
extended gravity models by S2 star orbits around the Galactic Centre, Physical 
Review D, 90 (2014), p. 044052.

● A. F. Zakharov, P. Jovanović, D. Borka, V. Borka Jovanović, Constraining the 
range of Yukawa gravity interaction from S2 star orbits II: bounds on graviton 
mass, Journal of Cosmology and Astroparticle Physics, Vol. 2016, No. 05 
(2016), p. 045.

● A. F. Zakharov, P. Jovanović, D. Borka, V. Borka Jovanović, Constraining the 
range of Yukawa gravity interaction from S2 star orbits III: improvement 
expectations for graviton mass bounds, Journal of Cosmology and Astroparticle 
Physics, Vol. 2018, No. 04 (2018), p. 050.

● P. Jovanović, D. Borka, V. Borka Jovanović, A. F. Zakharov, Influence of bulk 
mass distribution on orbital precession of S2 star in Yukawa gravity, European 
Physical Journal D 75:145, (2021), pp. 1-7.



  

Simulated orbits of S2 star in Yukawa gravitySimulated orbits of S2 star in Yukawa gravity
● Simulated orbits of S2 star in Yukawa gravitational potential obtained by numerical 

integration of differential equations of motion (Borka, Jovanović, Borka Jovanović, 
Zakharov, 2013, JCAP, 2013, No. 11, 050):

● Simulated orbits were then fitted to the astrometric observations of S2 star

● Example for δ = 1/3 (since it was successfully
applied to clusters of galaxies)



  

● Reduced χ2 map for Yukawa 
potential (Borka, Jovanović, 
Borka Jovanović, Zakharov, 
2013, JCAP, 2013, No. 11, 
050)

Reduced Reduced χχ22 m maps of fitted S2 star orbitsaps of fitted S2 star orbits

● Reduced χ2 map for Sanders-like 
potential (Capozziello, Borka, 
Jovanović, Borka Jovanović, 2014, 
PRD, 90, 044052):



  

● Critical value for χ2: 
● Regions λ < λx where                    can be excluded with 1 - α = 90% probability
● For δ = 1:
● For δ = 100:
● Corresponding upper bounds for graviton mass (Zakharov, Jovanović, Borka, 

Borka Jovanović, 2016, JCAP, 2016, No. 05, 045):

Our estimates for graviton mass upper boundOur estimates for graviton mass upper bound
● χ2 test of goodness of the S2 star 

orbit fits by Yukawa potential 
● Test statistic:

● Intrinsic dispersion of the data due 
to their mutually inconsistent 
uncertainties: σint = 1.13 mas

● NDOF: ν = 66
● Significance level: α = 0.1



  

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., Particle Data Group, 2020, 
PTEP, 083C01)



  

Possible improvements by future observations IPossible improvements by future observations I
● Improvement expectations for graviton mass bounds, assuming that the GR 

predictions for orbital precession will be confirmed by the future observations 

● Angle of orbital precession in Yukawa gravity:
● Schwarzschild precession:

● Relative errors: 

(Zakharov, 
Jovanović, Borka, 
Borka Jovanović, 
2018, JCAP, 2018, 
No. 04, 050)

where T0 and a0 
correspond to a 
selected orbit 
(e.g. of S2 star)



  

● Orbits with small eccentricities provide better constraints on graviton mass
● Due to linear dependence of Λ on orbital period, future monitorings of a bright star 

with a period around ≈ 50 years and small eccentricity could provide graviton mass 
constraint of:

● In the case of S2 star, this estimate could reach:

Possible improvements by future observations IIPossible improvements by future observations II

(Zakharov, Jovanović, Borka, Borka Jovanović, 2018, JCAP, 2018, No. 04, 050)



  

Influence of bulk distribution of matter IInfluence of bulk distribution of matter I
● Effects of bulk mass distribution on orbital precession of S2 star in Yukawa gravity 

(Jovanović, Borka, Borka Jovanović, Zakharov, 2021, EPJD, 75, 145)
● Bulk distribution of matter which decribes stellar cluster, interstellar gas and dark 

matter contained within some radius r around SMBH:
● Double power-law mass density profile (Genzel et al. 2003, ApJ, 594, 812):

● For S2 star:
● Orbital precession of S2 star in Yukawa gravity for different mass densities of matter

● Example for:  



  

Influence of bulk distribution of matter IIInfluence of bulk distribution of matter II

● For larger mass density distributions of the extended matter, the corresponding 
estimates for graviton mass could be slightly larger but still in the expected interval

● S2 star recession per orbital period in 
parameter space of Yukawa gravity 
for mass density distribution of 
extended matter:

● The case when S2 star orbital precession in Yukawa gravity with extended mass 
density distribution is the same as in GR (0◦.18)

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



  

ConclusionsConclusions
● Analysis of the observed stellar orbits around Sgr A* in the frame of Yukawa 

gravity represents a powerful tool for constraining the graviton mass and testing the 
GR predictions.

● Fitting the simulated stellar orbits in Yukawa potential to the observed orbit of S2 
star showed that the range of Yukawa interaction Λ is on the order of several 
thousand astronomical units (AU)

● Assuming that Λ corresponds to the Compton wavelength of graviton λg, we 
estimated the upper bound for its mass to:

● Our estimate for graviton mass upper bound is consistent with the LIGO results, but 
obtained in an independent way, and since 2019. it is included in the Gauge and 
Higgs Boson Particle Listings published by PDG

● Range of Yukawa gravity Λ can be constrained in such a way to induce the same 
orbital precession of stellar orbits as in GR

● Monitoring of a bright S-star with orbital period of ≈ 50 years and small 
eccentricity by the future telescopes could provide an opportunity to constrain the 
upper bound for graviton mass to:

● Estimates for graviton mass may be slightly larger for larger mass density 
distributions of the extended matter, but are still in the expected interval 



Thank you for your 
attention!
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