
.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

S-stars motion around relativistic compact object Sgr A*.
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S-stars orbital parameters and SMBH SgrA*

We will use the parameters of Sgr A* from [1]:

𝑀 = 4.28 ⋅ 106𝑀⊙

𝑅𝑔 = 𝐺𝑀
𝑐2 = 6.32 ⋅ 1011 cm

𝐷 = 8.32 Mpc

Star 𝑎, A.U. 𝑒 𝑇 , yrs 𝑣𝑝, km/s
S2 (S0-2) 1044 0.8839 16.0 7675
S38 (S0-38) 1178 0.8201 19.2 5709
S55 (S0-102) 897 0.7209 12.8 5108

Table: S-stars orbital parameters
Central 1.0×1.0 arcsecond of our Galaxy
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S-stars astrophysical parameters

The S-star cluster was investigated by Eisenhauer et al. [2] in 2005. They have obtained some
of the astrophysical parameters of S-stars:

The magnitude of observed S-stars in 𝐾-band is ∼ 14𝑚 ÷ 16𝑚.
The observed S-stars have normal rotating velocities, similar to solar neighborhood stars.
The majority of S-stars appear to be a main sequence stars of B0 ÷ B9 spectral classes.
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S2 gravitational redshift and relativistic Doppler effect

Tuan Do et al., Relativistic
redshift of the star S2 orbiting
the Galactic center supermassive
black hole, arXiv:1907.10731

Image Credit: ESO/M. Kornmesser
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G2 object - no tidal disruption

Elie Bouffard et al.,No sign of
G2’s encounter affecting Sgr A*’s
X-ray flaring rate from Chandra
observations, arXiv:1909.02175

Image Credit: ESO/MPE/Marc Schartmann
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Testing fundamental physics by observations of S-stars

Leor Barack et al., Black Holes, Gravitational Waves and Fundamental Physics: a roadmap,
arXiv:1806.05195:
The purpose of this work is to present a concise, yet comprehensive overview of the state of the
art in the relevant fields of research, summarize important open problems, and lay out a
roadmap for future progress. This write-up is an initiative taken within the framework of the
European Action on “Black holes, Gravitational waves and Fundamental Physics”
Astrophysical tests of the gravity physics: ”all involve gravity as a key component”

Vesna Borka Jovanović et al., Constraining Scalar-Tensor gravity models by S2 star orbit
around the Galactic Center, arXiv:1904.05558

”The aim of our investigation is to derive a particular theory among the class of
scalar-tensor(ST) theories of gravity, and then to test it by studying kinematics and
dynamics of S-stars around supermassive black hole (BH) at Galactic Center (GC)”
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Testing fundamental physics by observations of S-stars

The work of Leor Barack et al. arXiv:1806.05195 [4] actually has ∼200 authors:

Black holes, gravitational waves and fundamental
physics: a roadmap

Leor Barack1, Vitor Cardoso2,3, Samaya Nissanke4,5,6, Thomas
P. Sotiriou7,8 (editors)

Abbas Askar9,10, Krzysztof Belczynski9, Gianfranco Bertone5,
Edi Bon11,12, Diego Blas13, Richard Brito14, Tomasz Bulik15,
Clare Burrage8, Christian T. Byrnes16, Chiara Caprini17,
Masha Chernyakova18,19, Piotr Chruściel20,21, Monica Colpi22,23,
Valeria Ferrari24, Daniele Gaggero5, Jonathan Gair25, Juan
García-Bellido26, S. F. Hassan27, Lavinia Heisenberg28, Martin
Hendry29, Ik Siong Heng29, Carlos Herdeiro30, Tanja
Hinderer4,14, Assaf Horesh31, Bradley J. Kavanagh5, Bence
Kocsis32, Michael Kramer33,34, Alexandre Le Tiec35, Chiara
Mingarelli36, Germano Nardini37a,37b, Gijs Nelemans4,6 Carlos
Palenzuela38, Paolo Pani24, Albino Perego39,40, Edward K.
Porter17, Elena M. Rossi41, Patricia Schmidt4, Alberto
Sesana42, Ulrich Sperhake43,44, Antonio Stamerra45,46, Leo C.
Stein43, Nicola Tamanini14, Thomas M. Tauris33,47, L. Arturo
Urena-López48, Frederic Vincent49, Marta Volonteri50, Barry
Wardell51, Norbert Wex33, Kent Yagi52 (Section coordinators)

Tiziano Abdelsalhin24, Miguel Ángel Aloy53, Pau
Amaro-Seoane54,55,56, Lorenzo Annulli2, Manuel Arca-Sedda57,
Ibrahima Bah58, Enrico Barausse50, Elvis Barakovic59, Robert
Benkel7, Charles L. Bennett58, Laura Bernard2, Sebastiano
Bernuzzi60, Christopher P. L. Berry42, Emanuele Berti58,61,
Miguel Bezares38, Jose Juan Blanco-Pillado62, Jose Luis
Blázquez-Salcedo63, Matteo Bonetti64,23, Mateja Bošković2,65,
Zeljka Bosnjak66, Katja Bricman67, Bernd Brügmann60, Pedro
R. Capelo68, Sante Carloni2, Pablo Cerdá-Durán53, Christos
Charmousis69, Sylvain Chaty70, Aurora Clerici67, Andrew
Coates71, Marta Colleoni38, Lucas G. Collodel63, Geoffrey
Compère72, William Cook44, Isabel Cordero-Carrión73, Miguel
Correia2, Álvaro de la Cruz-Dombriz74, Viktor G. Czinner2,75,
Kyriakos Destounis2, Kostas Dialektopoulos76,77, Daniela
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Black holes, gravitational waves and fundamental physics: a roadmap 2

Doneva71,78 Massimo Dotti22,23, Amelia Drew44, Christopher
Eckner67, James Edholm79, Roberto Emparan80,81, Recai
Erdem82, Miguel Ferreira2, Pedro G. Ferreira83, Andrew
Finch84, Jose A. Font53,85, Nicola Franchini7, Kwinten Fransen86,
Dmitry Gal’tsov87,88, Apratim Ganguly89, Davide Gerosa43,
Kostas Glampedakis90, Andreja Gomboc67, Ariel Goobar27,
Leonardo Gualtieri24, Eduardo Guendelman91, Francesco
Haardt92, Troels Harmark93, Filip Hejda2, Thomas Hertog86,
Seth Hopper94, Sascha Husa38, Nada Ihanec67, Taishi Ikeda2,
Amruta Jaodand95,96, Philippe Jetzer97, Xisco
Jimenez-Forteza24,77, Marc Kamionkowski58, David E. Kaplan58,
Stelios Kazantzidis98, Masashi Kimura2, Shiho Kobayashi99,
Kostas Kokkotas71, Julian Krolik58, Jutta Kunz63, Claus
Lämmerzahl63,100, Paul Lasky101,102, José P. S. Lemos2, Jackson
Levi Said84, Stefano Liberati103,104, Jorge Lopes2, Raimon
Luna81, Yin-Zhe Ma105,106,107, Elisa Maggio108, Alberto
Mangiagli22,23, Marina Martinez Montero86, Andrea Maselli2,
Lucio Mayer68, Anupam Mazumdar109, Christopher
Messenger29, Brice Ménard58, Masato Minamitsuji2,
Christopher J. Moore2, David Mota110, Sourabh Nampalliwar71

Andrea Nerozzi2, David Nichols4, Emil Nissimov111, Martin
Obergaulinger53, Niels A. Obers93, Roberto Oliveri112, George
Pappas24, Vedad Pasic113, Hiranya Peiris27, Tanja
Petrushevska67, Denis Pollney89, Geraint Pratten38, Nemanja
Rakic114,115, Istvan Racz116,117, Miren Radia44, Fethi M.
Ramazanoğlu118, Antoni Ramos-Buades38, Guilherme Raposo24,
Marek Rogatko119, Roxana Rosca-Mead44, Dorota Rosinska120,
Stephan Rosswog27, Ester Ruiz-Morales121, Mairi
Sakellariadou13, Nicolás Sanchis-Gual53, Om Sharan Salafia122,
Anuradha Samajdar6, Alicia Sintes38, Majda Smole123, Carlos
Sopuerta124,125, Rafael Souza-Lima68, Marko Stalevski11,
Nikolaos Stergioulas126, Chris Stevens89, Tomas Tamfal68,
Alejandro Torres-Forné53, Sergey Tsygankov127, Kıvanç İ.
Ünlütürk118, Rosa Valiante128 Maarten van de Meent14 José
Velhinho129, Yosef Verbin130, Bert Vercnocke86, Daniele
Vernieri2, Rodrigo Vicente2, Vincenzo Vitagliano131, Amanda
Weltman74, Bernard Whiting132, Andrew Williamson4, Helvi
Witek13, Aneta Wojnar119, Kadri Yakut133, Haopeng Yan93,
Stoycho Yazadjiev134, Gabrijela Zaharijas67, Miguel Zilhão2
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Post-Newtonian Effects
We consider a possibility for Post-Newtonian measurement of the energy density of the
gravitational field using orbital motion of S-stars.
The Post-Newtonian parameters are:

𝑣
𝑐 , 𝑣2

𝑐2 , 𝜑𝑁
𝑐2 , 𝑧𝑑, 𝑧𝑔, 𝜀𝑔

𝑣 – orbital velocity
𝜑𝑁 = −𝐺𝑀/𝑟 – Newtonian potential
𝑧𝑑 – relativistic Doppler shift
𝑧𝑔 – gravitational redshift
𝜀𝑔 – energy density of the gravitational field (erg/cm3)

We consider the contribution of the energy density of the gravitational field to the observed
value of the pericenter shift of the S stars (S2, S38, S55).

R. I. Gainutdinov1, Yu. V. Baryshev1, V. V. Sokolov2. 1Saint-Petersburg State University, 2SAO RAS.
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Equations of Motion (PN-GR)
In the frame of the geometrical gravity theory (GR), according to Brumberg ([3], 1991) the
Lagrange function and corresponding Post-Newtonian equations of motion of a test particle in
the gravitational field of central massive body is given by:

𝐿
𝑚 = ̇r2

2 (1 + ̇r2

4𝑐2 − (3 − 2𝛼)𝜑𝑁
𝑐2 ) − 𝜑𝑁(1 + (1 − 2𝛼)𝜑𝑁

2𝑐2 + 𝛼(r ⋅ ̇r)2

𝑐2𝑟2 )

̈r = −𝛁𝜑𝑁(1 + (4 − 2𝛼)𝜑𝑁
𝑐2 + (1 + 𝛼) ̇r2

𝑐2 − 3𝛼(r ⋅ ̇r)2

𝑐2𝑟2 ) + (4 − 2𝛼)(𝛁𝜑𝑁 ⋅ ̇r
𝑐 ) ̇r

𝑐
From the Lagrange function we also obtain energy and angular momentum:

𝐸
𝑚 = ̇r2

2 (1 + ̇r2

4𝑐2 − (3 − 2𝛼)𝜑𝑁
𝑐2 ) + 𝜑𝑁(1 + (1 − 2𝛼)𝜑𝑁

2𝑐2 − 𝛼(r ⋅ ̇r)2

𝑐2𝑟2 )

J
𝑚 = [r × ̇r](1 + ̇r2

4𝑐2 − (3 − 2𝛼)𝜑𝑁
𝑐2 )

R. I. Gainutdinov1, Yu. V. Baryshev1, V. V. Sokolov2. 1Saint-Petersburg State University, 2SAO RAS.
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Equations of Motion (PN-GR) in harmonic coordinates

Where (𝛼 = 1) for Schwarzschild coordinates, and (𝛼 = 0) for harmonic coordinates.
The equations of motion in harmonic coordinates:

̈r = −𝛁𝜑𝑁(1 + 4𝜑𝑁
𝑐2 + ̇r2

𝑐2 ) + 4(𝛁𝜑𝑁 ⋅ ̇r
𝑐 ) ̇r

𝑐 (1)

The energy and the angular momentum in harmonic coordinates:

𝐸
𝑚 = ̇r2

2 (1 + ̇r2

4𝑐2 − 3𝜑𝑁
𝑐2 ) + 𝜑𝑁(1 + 𝜑𝑁

2𝑐2 )

J
𝑚 = [r × ̇r](1 + ̇r2

4𝑐2 − 3𝜑𝑁
𝑐2 )

R. I. Gainutdinov1, Yu. V. Baryshev1, V. V. Sokolov2. 1Saint-Petersburg State University, 2SAO RAS.
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Pericenter shift (GR)

The Post-Newtonian equation of motion lead us into the effect of pericenter shift. The formula
for the value of pericenter shift per one turn in GR is well known [3]:

Δ𝜔 = 6𝜋𝑅𝑔
𝑎(1 − 𝑒2)

Dividing this value by synodic period 𝑇 (the time that it takes for the probe body to go from
pericenter to pericenter) gives us the value of the rate of the pericenter shift:

�̇� = 6𝜋𝑅𝑔
𝑎(1 − 𝑒2)𝑇 (2)

R. I. Gainutdinov1, Yu. V. Baryshev1, V. V. Sokolov2. 1Saint-Petersburg State University, 2SAO RAS.
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Field Gravitation Theory

In the frame of the field approach to gravitation, formulated by Feynman in his famous
”Lectures on Gravitation” [6], the gravitation is described as a material field with positive
energy density in a flat Minkowski space (like all other fundamental physical interactions).

The gravitational symmetric tensor field has two irreducible parts: spin-2 attractive part and
spin-0 repulsive part (V. V. Sokolov, Yu. V. Baryshev, [7], 1980). One of the main
characteristics of the field is that it has energy-momentum tensor, and its 00-component
(energy density of gravitational field) from [7] for static spherically symmetric field is given by:

𝑡00
𝑔 = 1

8𝜋𝐺(𝛁𝜑𝑁)2 ⩾ 0 (3)

R. I. Gainutdinov1, Yu. V. Baryshev1, V. V. Sokolov2. 1Saint-Petersburg State University, 2SAO RAS.
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Problem of the energy-momentum pseudotensor in GR

According to Landau and Lifshitz “The Classical Theory of Fields” ([8], §96) the
energy-momentum of the gravitational field in curved space cannot be defined in covariant
form. It is so called the energy-momentum pseudotensor of gravitational field, and it depends
on a choice of coordinates, so:
”it is meaningless to talk of whether or not there is gravitational energy at a given place”.

Thus, the energy of gravitational field is non-localizable in the frame of geometrical approach
for description of gravitation.

While in the Feynman’s field approach to gravitation, the energy density of the gravitation field
is a positive localizable physical quantity, e.g. Eq.(3).

R. I. Gainutdinov1, Yu. V. Baryshev1, V. V. Sokolov2. 1Saint-Petersburg State University, 2SAO RAS.
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Equations of motion (PN-FGT)

In the frame of the Field Gravitation Theory, according to Baryshev ([9], 1986) (see also G.
Kalman, [10], 1961), the Lagrange function and corresponding Post-Newtonian equations of
motion of a test particle in the gravitational field of central massive body is given by:

𝐿
𝑚 = ̇r2

2 (1 + ̇r2

4𝑐2 − 3𝜑𝑁
𝑐2 ) − 𝜑𝑁(1 + 𝜑𝑁

2𝑐2 )

̈r = −𝛁𝜑𝑁(1 + 4𝜑𝑁
𝑐2 + ̇r2

𝑐2 ) + 4(𝛁𝜑𝑁 ⋅ ̇r
𝑐 ) ̇r

𝑐 (4)

We see that the Eq.(4) coincide with the equation Eq.(1) that we have obtained in the frame
of harmonic coordinates of GR.

R. I. Gainutdinov1, Yu. V. Baryshev1, V. V. Sokolov2. 1Saint-Petersburg State University, 2SAO RAS.
S-stars motion around relativistic compact object Sgr A*. 14



.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

Pericenter shift (FGT)

From coincidence of equations of test particles motion Eq.(4) in FGT and Eq.(1) in GR it
follows that the expression for the pericenter shift in FGT and GR is exactly the same.

The difference from GR is that the FGT formula has two different terms:

�̇� = 6𝜋𝑅𝑔
𝑎(1 − 𝑒2)𝑇 = 7𝜋𝑅𝑔

𝑎(1 − 𝑒2)𝑇 − 𝜋𝑅𝑔
𝑎(1 − 𝑒2)𝑇

The first term with coefficient of 7𝜋 corresponds to the linear approximation, when in the field
equations one does not take into account the non-linear contribution (energy of gravitational
field itself).

The second term with coefficient of −𝜋 occurs after taking into account the non-linearity due
to the positive energy density of the gravitational field given by Eq.(3). This term corresponds
to the measuring of the field energy of the gravity via pericenter shift observations.

R. I. Gainutdinov1, Yu. V. Baryshev1, V. V. Sokolov2. 1Saint-Petersburg State University, 2SAO RAS.
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Pericenter shift values for S-stars

The pericenter shift values and parameter of 𝜑𝑁
𝑐2 in pericenter predicted for S-stars are:

Star S2 S38 S55
Δ𝜔 12′ 7.1′ 6.7′

�̇� 45″/yr 22″/yr 31″/yr
�̇� ⋅ 100 yrs 1∘15′ 37′ 52′

( 𝜑𝑁
𝑐2 )per −3.48 ⋅ 10−4 −1.99 ⋅ 10−4 −1.69 ⋅ 10−4

The observable effect is similar to one with Mercury anomalous pericenter shift, that
Einstein explained. Now we can observe it with S-star cluster in the center of our Galaxy.
For Mercury, the pericentral 𝜑𝑁

𝑐2 is −3.21 ⋅ 10−8, and for binary pulsar PSR 1913+16 it is
−2.7 ⋅ 10−6. We can see that the field at the pericenter of the S-stars orbits is stronger by 2
orders of magnitude. Although, it is still considered as a weak field.

R. I. Gainutdinov1, Yu. V. Baryshev1, V. V. Sokolov2. 1Saint-Petersburg State University, 2SAO RAS.
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S2 orbit PN effects: Orbit simulation

−0.10 −0.05 0.00 0.05 0.10 0.15
Declination difference ∆δ, ′′

0.00

0.05

0.10

0.15

R.
A.

diff
er
en

ce
∆
α
,′

′

Observable trajectory (S2) If we zoom in:

We can see that Post-Newtonian orbit
is slightly thicker than Newtonian. That
is caused by the pericenter shift effect.
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S2 orbit PN effects: Relativistic Doppler effect

The difference between the
Newtonian and Post-Newtonian
equations of motions leads into the
small difference in the pericenter
velocities, which leads into the small
difference in orbital periods. We can
see that after approximately 30 years
of observations the difference is
becoming larger due to time offset.
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S2 orbit PN effects: Gravitational redshift

The same effect can be seen on the
gravitational redshift plot.
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S2 orbit PN effects: Total redshift

We obtained the total redshift plot,
which takes into accound both
Doppler shift and gravitational
redshift.
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S2 orbit PN effects: Energy density of the gravitational field

According to the Eq.(3) we also can
measure the energy density of the
gravitational field along the orbit of a
star:

𝜀𝑔 = (𝛁𝜑𝑁)2

8𝜋𝐺 = 𝐺𝑀2

8𝜋𝑟4
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Conclusion

The predicted for observations Post-Newtonian effects for the nearest to Sgr A* stars coincide
in GR and FGT (Field Gravitation Theory).

In the frame of the FGT the effect of pericenter shift contains separate term, which corresponds
to the direct contribution of the positive localizable energy density of the graviational field.

The value of positive energy density of gravitational field in the frame of field approach to
gravitation is measurable. This conclusion is also consistent with the detection of positive
energy of the gravitational waves by LIGO-Virgo antennas.
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