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Abstract. Here we present our achieved results on the bounding graviton mass by the
observed orbits of bright stars around Sgr A*. We used available observations of the S-star
orbits in our Galactic center. By comparison of these stellar orbits with their simulated
orbits in Yukawa gravitational potential, we estimated the constraints on the parameters of
this modified theory of massive gravity. Then, we connected one of these parameters with
the Compton wavelength of the graviton and used it for estimation of the graviton mass.
In that way we obtained a new method of determining the upper limit of graviton mass,
completely independent from other methods published until now. The constraints on the
Compton wavelength of the graviton and its mass, obtained using this method, were in a
good agreement with the coresponding LIGO results.

1. INTRODUCTION

Our researches connected with graviton mass, which were initiated as one of the topics
of the successfully finished national project 176003 ” Gravitation and the large scale
structure of the Universe”, are further developing in the scope of new national projects
”Gravitation and cosmology” and ”Gravitation and astroparticle physics”, funded
by Ministry of Science, Technological Development and Innovations of the Republic
of Serbia. This scientific research has been done at the Astronomical Observatory
Belgrade, in cooperation with Vina Institute of Nuclear Sciences.

The results of our researches regarding bounds on graviton mass are presented at
more national and international conferences (poster session, short talks, invited talks,
seminars), and the papers are published in proceedings and refereed journals, as well.
At the end of this paper we give the bibliography of the papers published on this
topic.

2. GRAVITON AND ITS MASS

Elementary particles of the Standard Model consist of leptons and quarks (there are
24 of them in total: six leptons and six quarks, as well as the same number of their
antiparticles). Elementary particles interact in the way they are exchanging quants
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of interaction field, i.e. the calibration or gauge bosons. Graviton is a gauge boson of
the gravitation interaction which acts on massive particles. Here we give some of its
characteristics:

e intrinsic spin (in units of reduced Planck constant h): o = 2 (tensor boson),

e charge (in units of elementary charge e): @ = 0, i.e. it is electrically neutral,

e mass: if it has a mass, then it is very small (we calculate its upper limit).

Graviton, a spin-2 (tensor) and electrically uncharged gauge boson of the gravita-
tional interaction, according to General Relativity travels along null geodesics at the
speed of light ¢ (like photon). However, according to some alternative theories, grav-
ity is propagated by a massive field, i.e. by a graviton with some small, nonzero mass
mg. Let us mention here that the existence of massive graviton plays a fundamental
role in modern physics, and its non-zero mass leads to modifications of the speed of
gravitational waves depending on their frequencies.

3. MASSIVE GRAVITY THEORIES

Theories of massive gravity, which are first proposed by Fierz & Pauli (1939), make
the following two important predictions (Will, 1998):
1. the effective Newtonian potential has a Yukawa form: ® (r) oc r~Lexp(—r/),),
where Ay = h/(mgc) is the Compton wavelength of graviton, and
2. massive graviton propagates at an energy (or frequency) dependent speed vg:
v2/c? =1—m2c'/E® =1—h*c/(AJE?) =1—c*/(f)g)*.
Gravitational potential with a Yukawa correction can be obtained in the Newtonian
limit of any analytic f(R) gravity model given by the following action (Capozziello
et al. 2014):

s= [day=glsm+ac,), x=15C (1)

In such a case, the gravitational potential in the weak field limit is given by:

@(r):—% <1+(56_A>, @)

C

where A is the range of Yukawa interaction and § is a universal constant.

The limits on graviton mass can be obtained through different methods in modified
gravity theories. The experimental limits to mgﬂ have been set based on a Yukawa
potential, dispersion relation, or other modified gravity theories (Particle Data Group
2024). The massive gravity theories are tested at different astrophysical and cosmo-
logical scales. Thus, in addition to the ground and space-based gravitational wave
detectors such as LIGO/Virgo or LISA, the graviton mass can be also determined
from observations in electromagnetic band of gravitational systems such as: Solar
System planetary astrometric data, orbits of S-stars around Sgr A*, binary pulsars,
galactic clusters, black holes and their mergers, and weak gravitational lensing. See,
for instance, my from constrains to the range of Yukawa gravity interaction from S-
star orbits around black hole at Galactic Center obtained by Zakharov et al. (2016a);
Jovanovi¢ et al. (2023). Or, for example, Jovanovié¢ et al. (2024a,b) analyzed the
Schwarzschild precession of S2 in the framework of Yukawa gravity theory, and set an

IParticle Data Group, 2024: https://pdg.1bl.gov/2024/1istings/rpp2024-1list-graviton.pdf
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upper limit to the mass of the graviton, which is compatible with limits from aLLIGO
gravitational-wave data.

4. RECENT RESULTS ON GRAVITON MASS CONSTRAINTS

With aim of obtaining the constraints on the parameters of the Yukawa-like gravi-
tational potentials, as well as on the graviton mass mg, in our recent investigations
we studied the trajectories of bright S-stars around Sgr A* at Galactic Center (GC),
representing the central supermassive black hole (SMBH) of our Galaxy, in the frame
of Yukawa gravity (see e.g. Borka et al. 2013, 2023; Capozziello et al. 2014; Jovanovié
et al. 2021, 2023, 2024a,b; Zakharov et al. 2016a,b, 2017a,b,c, 2018a,b,c,d, 2020). For
that purpose we used combined astrometric observations of the S-star orbits by both
Very Large Telescope (VLT) and Keck telescope available in Gillessen et al. (2017),
as well as the recent results by the GRAVITY Collaboration about their detection of
the Schwarzschild precession in the orbit of S2 star (GRAVITY Collaboration 2020,
2022).

In these investigations we assumed that the parameter A of the Yukawa-like grav-
itational potential, representing the range of interaction, corresponds to the graviton
Compton wavelength )\;. Besides, we also assumed that the orbital precession in
Yukawa gravity should be close to the prediction of General Relativity (GR) for
Schwarzschild precession. This enabled us to obtain the constraints on the graviton
mass my in two different ways:

1. by direct fitting of the simulated orbits in Yukawa gravity into the corresponding

observed orbits of S-stars, and

2. from the factor fgp under which the observed orbital precession deviates from

the Schwarzschild precession in GREL and which was recently measured by the
GRAVITY Collaboration.

Regarding the first approach, direct orbital fitting in the frame of Yukawa gravity
was performed by minimization of the reduced x? statistics using the differential evo-
lution optimization method, implemented as Python Scipy function|/scipy.optimize.
differential_evolution| (detailed description of the fitting procedure can be found
in Jovanovié et al. 2024b). An example of such orbital fitting in the case of S2 star
and universal constant of § = 1 is presented in Fig. [I] while the resulting best-fit val-
ues of the parameters, obtained for x2, = 1.1084, are given in Table 1] The best-fit
value for the graviton Compton wavelength of Ay = 5.8 +0.98 x 10* AU corresponds
to the graviton mass of my = 142.9 4 24.1 x 10~ eV.

In the second approach, we first derived the following relation between the param-
eter A and fsp when universal constant is 6 = 1 (Jovanovié et al. 2023, 2024a,b):

) _cP (m)?’
A(P,e; fsp) = =\ 3(Fsr = 1) 3)

for which Yukawa gravity results with practically the same orbital precession as GR
in case of a star with orbital period P and eccentricity e. Taking that the graviton
Compton wavelength A\; = A, we then obtained the corresponding estimates for the
graviton mass myg in the case of different S-stars. Table |2| presents several such

2Factor fsp in GR is equal to 1 and in Newtonian gravity to 0.
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estimates in the case of S2 star which are obtained for the best-fit value of fsp
given in GRAVITY Collaboration (2020): fsp = 1.10 £ 0.19, as well as for the
following three upper bounds which are 1o compatible with the GR value of fgp = 1:

50 25 0 -25 -—50 -5 1995 2000 2005 2010 2015
Aa (mas) Time (yr)

Figure 1: Left: Comparison between the best-fit simulated orbit of the S2 star in
Yukawa gravity (blue solid line), and the corresponding astrometric observations from
Gillessen et al. (2017) (black circles with error bars). Right: The same for the radial
velocity of the S2 star (top), as well as for its o (middle) and ¢ (bottom) offset relative
to the position of Sgr A* at the coordinate origin. Red dots in the right panels denote
the corresponding O-C residuals.

Table 1: Best-fit values of the graviton Compton wavelength A,, SMBH mass M,
distance R to the GC and the osculating orbital elements a,e,i,Q,w, P,T of the S2
star orbit.

Parameter Value Fit error  Unit

Ag 5.8 0.98 10* AU
M 4.10 0.579 108 M,
R 8.30 0.246 kpc

a 0.1229 0.00527 arcsec
e 0.8787 0.01213

i 134.90 2.049 °

Q 224.51 6.840 °

w 62.70 5.781 °

P 16.05 0.541 yr

T 2018.29626 1.629346 yr
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fsp =1.1940.19, fsp = 1.16+£0.16 and fgp = 1.14440.144. These 1o measurement
errors are taken from GRAVITY Collaboration (2020, 2022).

Table 2: The Compton wavelength of the graviton )y, its mass mg, as well as their
relative and absolute errors, calculated for four different values of fsp in the case of
S2 star.

fsp | Afsp Ay AN, my + Amy, R.E.
(AU) (1024 eV) (%)
4.5e+04 [ 176.6 + 170.0 [ 96.3
1.7e+04 | 2435 + 1248 | 51.3
1.9e+04 | 2234 + 1146 | 51.3
2.0e+04 | 211.9 + 108.7 | 51.3

1.100 | 0.190 | 4.7e+4-04
1.190 | 0.190 | 3.4e+04
1.160 | 0.160 | 3.7e+04
1.144 | 0.144 | 3.9e+404

HH

As it can be seen from the presented results, our constraints on the graviton
mass obtained using the above two methods are independent, but consistent with
the corresponding LIGO’s result of m, < 1.2 x 107%? eV estimated from the first
gravitational wave signal GW150914 (LIGO/Virgo Collaboration, 2016).

In addition to the mentioned references, our graviton mass constraints are also pre-
sented and cited in the below Seminars and White Paper: Seminar 1: Vesna Borka
Jovanovié¢ and Dusko Borka, Nobel prize for Physics for 2020 and our researches at
this topic, Seminar for geometry and applications, 22"¢ October 2020, Mathemati-
cal Faculty, University of Belgrade; Seminar 2: Predrag Jovanovi¢, Observational
cosmology and cosmological tests, Seminar for geometry and applications, 8" April
2021, Mathematical Faculty, University of Belgrade; White Paper: CosmoVerse
White Paper - Addressing observational tensions in cosmology with systematics and
fundamental physics (CA21136), Chapter ”Modified gravity” (in preparation, 2024).

5. CONCLUSIONS

Here we presented a short overview of our recent results on the bounding graviton
mass by analysis of the stellar orbits around Sgr A* in the frame of Yukawa gravity.
For that purpose we used two different approaches based on: (i) direct orbital fitting
and (ii) recovering the recently detected Schwarzschild precession in the orbit of S2
star using the Yukawa-like gravitational potential. The both approaches resulted
with the constraints on the graviton mass which are independent, but consistent with
the corresponding LIGQO’s estimate. The obtained results also demonstrate that the
existence of massive graviton plays a fundamental role in modern physics, and that
it is important to further develop this topic.

Acknowledgments. This research was funded by the Ministry of Science, Techno-
logical Development and Innovations of the Republic of Serbia through the Project
contracts No. 451-03-66,/2024-03/200002 and 451-03-66/2024-03/200017.

References
Borka, D., Jovanovié, P., Borka Jovanovié, V., Zakharov, A. F.: 2013, J. Cosmol. Astropart.
P., 2013, No. 11, 050, doi: 10.1088/1475-7516/2013/11/050

Borka, D., Borka Jovanovié, V., Jovanovié, P.: 2023, Filomat, 37, 8591, doi: 10.2298/
FILL.2325591B

55



V. BORKA JOVANOVIC et al.

Capozziello, S., Borka, D., Jovanovié¢, P., Borka Jovanovié¢, V.: 2014, Phys. Rev. D, 90,
044052, doi: 10.1103/PhysRevD.90.044052

Fierz, M., Pauli, W.: 1939, Proc. R. Soc. London Ser. A, 173, 211, doi: 10.1098/
rspa.1939.0140

Gillessen, S., Plewa, P.M., Eisenhauer, F., Sari, R.E., Waisberg, 1., Habibi, M., Pfuhl, O.,
George, E., Dexter, J., von Fellenberg, S., et al.: 2017, Astrophys. J., 837, 30, doi:
10.3847/1538-4357 /aa5c4l

GRAVITY Collaboration, Abuter, R., Amorim, A., Baubck, M., Berger, J.P., Bonnet, H.,
Brandner, W., Cardoso, V., Clénet, Y., de Zeeuw, P.T. et al.: 2020, Astron. Astrophys.,
636, L5, doi: 10.1051,/0004-6361/202037813

GRAVITY Collaboration, Abuter, R., Aimar, N., Amorim, A. et al.: 2022, Astron. Astro-
phys., 657, L12, doi: 10.1051/0004-6361,/202142465

Jovanovié, P., Borka, D., Borka Jovanovié¢, V., Zakharov, A. F.: 2021, Eur. Phys. J. D, 75,
145, doi: 10.1140/epjd/s10053-021-00154-z

Jovanovié, P., Borka Jovanovié, V., Borka, D., Zakharov, A. F.: 2023, J. Cosmol. Astropart.
P., 2023 No. 03, 056, doi: 10.1088/1475-7516,/2023/03/056

Jovanovié, P., Borka Jovanovié, V., Borka, D., Zakharov, A. F.: 2024a, Phys. Rev. D, 109,
064046, doi: 10.1103/PhysRevD.109.064046

Jovanovié, P., Borka Jovanovié, V., Borka, D., Zakharov, A. F.: 2024b, Symmetry, 16, 397,
doi: 10.3390/sym16040397

LIGO Scientific Collaboration and Virgo Collaboration, Abbot, B. P. et al.: 2016, Phys.
Rev. Lett., 116, 061102, doi: 10.1103/PhysRevLett.116.061102

Particle Data Group Collaboration, Navas, S. et al.: 2024, Phys. Rev. D, 110, 030001, doi:
10.1103/PhysRevD.110.030001

Will, C. M.: 1998, Phys. Rev. D, 57, 2061, doi: 10.1103/PhysRevD.57.2061

Zakharov, A. F., Jovanovié, P., Borka, D., Borka Jovanovié, V.: 2016a, J. Cosmol. Astropart.
P., 2016, No. 05, 045, doi: 10.1088/1475-7516/2016/05/045

Zakharov, A. F., Jovanovi¢, P., Borka, D., Borka Jovanovi¢, V.: 2016b, EPJ Web Conf.,
125, 01011, doi: 10.1051/epjconf/201612501011

Zakharov, A. F., Jovanovi¢, P.; Borka, D., Borka Jovanovi¢, V.. 2017a, EPJ Web Conf.,
138, 01010, doi: 10.1051/epjconf/201713801010

Zakharov, A. F., Jovanovié, P., Borka, D., Borka Jovanovié, V.: 2017b, J. Phys.: Conf. Ser.,
798, 012081, doi: 10.1088/1742-6596,/798,/1/012081

Zakharov, A. F., Jovanovié, P., Borka, D., Borka Jovanovié, V.: 2017c, Proceedings of the
52nd Rencontres de Moriond (Gravitation Session), La Thuile, Italy, March 25 - April 1,
247

Zakharov, A. F., Jovanovié, P., Borka, D., Borka Jovanovié, V.: 2018a, J. Cosmol. Astropart.
P., 2018, No. 04, 050, doi: 10.1088/1475-7516,/2018/04,/050

Zakharov, A. F., Borka, D., Jovanovié¢, P.; Borka Jovanovié¢, V.: 2018b, Book of abstracts of
the 42nd Committee on Space Research, Pasadena, USA, July 14-22, H0.2-14-18

Zakharov, A. F.,; Jovanovié¢, P., Borka, D., Borka Jovanovié¢, V.: 2018c, Int. J. Mod. Phys.
Conf. Ser., 47, 1860096, doi: 10.1142/S2010194518600960

Zakharov, A. F., Jovanovié¢, P., Borka, D., Borka Jovanovié, V.: 2018d, Proceedings IAU
Symposium 347: Early Science with ELTs (EASE)

Zakharov, A. F., Jovanovié, P., Borka, D., Borka Jovanovié¢, V.: 2020, Contrib. Astron. Obs.
Skalnate Pleso, 50, 203, doi: 10.31577/caosp.2020.50.1.203

56





