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We investigate scalar-tensor theories, motivated by dark energy models, in the strong gravity regime
around the black hole at the center of our galaxy. In such theories general relativity is modified since the
scalar field couples to matter. We consider the most general conformal and disformal couplings of the scalar
field to matter to study the orbital behavior of the nearby stars around the galactic star center SgrA*. Markov
chain Monte Carlo simulation yields a bound on the parameters of the couplings of the scalar field to matter.
Using Bayesian analysis yields the first constraints on such theories in the strong gravity regime.
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I. INTRODUCTION

The discovery that the Universe is undergoing a period of
accelerated expansion today requires a modification of
general relativity (GR). This could be the addition of a
cosmological constant A [1-6]. This, however, requires
severe fine-tuning and is viewed as theoretically unsatis-
factory. Another theoretical mechanism developed is the
quintessence model [7-28], where a scalar field with a slow
roll behavior is responsible for the late time acceleration of
our Universe. In such models the scalar field does not
couple to ordinary matter, either directly or by quantum
corrections. Other possibilities include a modification of
general relativity itself. Such possibilities include modify-
ing the Einstein-Hilbert action to become a function of the
Ricci scalar, the so-called f(R) theories, or the addition of a
scalar field which couples to matter, the scalar-tensor
theories. The coupling between the scalar field and matter
is derived using theoretical considerations, involving a
transformation from Jordan to Einstein frames, see [29] for
a recent review. Bekenstein has shown the most general
coupling of a scalar field to matter is via a conformal and
disformal transformation [30]. Scalar-tensor theories with a
conformal coupling can be rewritten in terms of f(R) and
vice versa [31]. However, such theories give rise to fifth
forces that are subject to strict limits by solar system tests of
general relativity [32]. Consequently the effect of fifth
forces need to be screened in the solar system, giving rise to
screened modified gravity models whereby the effects of
the scalar field depends on the environment. Such models

“db888 @cam.ac.ukl
"ad107 @cam.ac.uk

2470-0010/2022/105(2)/024052(9)

024052-1

can be screened via the chameleon mechanism [33,34],
symmetron [35], Vainshtein [36], or the Damour-Polyakov
mechanism [37,38]. All rely in different respects on the
environment such that the fifth force is screened in the solar
system and the theory evades all solar system tests but can
give rise to modifications to GR on cosmological scales
[32,33,36,37,39-42].

Similarly the disformal coupling to matter gives rise to
modifications to GR that can be constrained in the solar
system [43] and in collider physics [44]. This results in
constraints on the disformal coupling to matter [45-53].

Whilst solar system physics puts constraints on any
modified gravity model theories with screening can still
give observational effects. For example whilst the fifth
force is suppressed in the solar system they give rise to
deviations on cosmological scales from the standard GR
predictions and could modify the growth of structures.
Such deviations could be detected in future satellite experi-
ments [54,55].

It is also possible to constrain a class of modified gravity
models, namely those that screen with the chameleon
[56,57] or symmetron mechanism [58], using laboratory
experiments [55,59,60]. Indeed such experiments give tight
constraints on the model parameters. This means that this
class of models are constrained by observation on very
different scales and different regimes.

Whilst modified gravity models have been tested on both
small and solar system scales and their effects on cosmol-
ogy computed in some cases they have yet to be tested in
the strong gravity regime. This is the goal of our work. It is
known that there is a relativistic, compact object in the
galactic center: the black hole SgrA*. The stars orbiting
SgrA* are called the S stars [61-68]. A large fraction of

© 2022 American Physical Society


https://orcid.org/0000-0002-9578-3081
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.105.024052&domain=pdf&date_stamp=2022-01-21
https://doi.org/10.1103/PhysRevD.105.024052
https://doi.org/10.1103/PhysRevD.105.024052
https://doi.org/10.1103/PhysRevD.105.024052
https://doi.org/10.1103/PhysRevD.105.024052

DAVID BENISTY and ANNE-CHRISTINE DAVIS

PHYS. REV. D 105, 024052 (2022)

these stars have orbits with high eccentricities. Thus, they
reach high velocities at the pericenter and can be used for
constraining modified gravity [69-103].

Recently Ref. [43] has extended the program of [104] to
include both conformal and disformal couplings to matter
in scalar-tensor theories. Rather than specializing to a
specific model, the program uses a general scalar-tensor
theory with parameters chosen to evade known constraints
and computes physical quantities using a post-Newtonian
(PN) expansion. This enables such theories to be tested in
new regimes. Whilst previous work has concentrated on
considering such theories in the solar system in this work
we extend the tests to the strong gravity regime around the
region of SgrA*.

The plan of the work is as follows: Sec. II formulates the
two body equations of motion with the conformal and the
disformal interaction. Section III explains the method.
Section IV explains the results, and Sec. VI discusses
the results in light of model comparison.

II. FORMALISM

Many modified gravity models can be written in the
schematic form:

R 1

L=55-59"0ubs= V() + Laigu) (1)

where the scalar field ¢. Reference [30] shows the most
general theory of a scalar coupled to matter:

G = A(#.0,0)* g + B(#.0,0)°0,40,¢.  (2)

The matter fields are denoted by y; and their Lagrangian is
L,,. Reference [43] focuses of nearly massless scalar and
takes the form V(¢) =0 since dark energy, which is
negligible in the galactic star center system. As a simple
ansatz the conformal factor is studied:

Alp) =explpp/x].  B(¢)* =2/K>A%.  (3)

which is characterized by the constant coupling f and
the disformal interaction is specified by the suppression
scale A. References [43,105,106] use the center of
mass coordinates, with the reduced mass y and the total
mass of the binary system M. The reduced action per u
reads

1 1
£:£0+C2£+LDIS+O<C4>7 (4)

where

Lo=g02+ o), (5a)
4

g :%+G2—]:4 ((3—2ﬂ2)v2— (1 +2ﬁ2)2GTM>v (5b)

Lpis = M (1}2 — 2(1) . ﬁ)z) (SC)

The action is to leading order in the first PN order. When
p and 1/A go to zero the action reduces to the standard
Einstein-Infeld-Hoffmann (EIH) action [107,108]. The
center of mass coordinate system is defined by

-

- - 5
=ry e, V:i=r,

=L

MM,
M:=M,+M,  p:=

=172 6
M, + M, (6)

_H
vi=—,
M

with 0 <v <1/4. Since the research focuses on the
galactic star center, we set v = 0, which demonstrates that
the masses of the S stars is much lower then the mass of the
black hole.

The variation with respect to 7 yields

GMx
3

GM
+ a7 (x(4GM + r(32v% - v%)) +4rvyy), (7)

X:

with the contributing of the conformal coupling f:

2GMx
+p? 2,4 (r(v* = ¢*) +2GM), (8)

and the contribution of the disformal coupling A:

AGM?
~ S (GMrx + 2(vx + 11yy)(vx(x2 —-2y?) + 3v,xy))
+O(c™, 2 A7), )

The same equation is satisfied for the y axis, with the
exchange of x into y and vice versa:
(10)

X <y, V, <>V

)
Again, when f and 1/A go to zero the equation of motion
reduces to the standard GR solution in the first PN limit.
In order to demonstrate the effect of the conformal and the
disformal transformations on the S2 motion, we solve
Eq. (7) numerically. Figure 1 shows the numerical solution
of the S2 orbit in the reference frame, where the location of
SgrA* is (0,0). The numerical solution is for 30 years.
With large conformal interaction > = 0.1 (dashed red line)
and with large disformal interaction strengths, where
1/A* = 0.01, the procession is much bigger. Therefore
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FIG. 1. Thirty years simulated motion of the S2 star for the GR

solution (smooth blue line), with conformal interaction where
f* = 0.1 (dashed red line) and with the disformal interaction
where 1/A* = 0.01 AU3/10° M (dotted orange line).

the possible range for these terms has to be much lower as
we will see from the Bayesian analysis.

III. METHODOLOGY

Figure 2 summarizes the methodology. We start the first
iteration using a sampling of the initial position (x, y,) and
velocity (Xg,¥) of the corresponding star in the orbital
plane at the epoch at 1995. The true positions (x;, y;) and
velocities (x;, y;) at all successive observed epochs are then
calculated by numerical integration of equations of motion
(7), and projected into the corresponding positions (x¢, y)
in the observed plane (apparent orbit). There are three
angles that we take into account: Q is longitude of the
ascending node, w is longitude of pericenter, and i is the
inclination. The transformation from the reference frame to
our frame is via the rotation matrix:

(,:1 n’;) (1)

where the expressions for [y, [,, m;, and m, depend on three
orbital elements:

[, = cosQcosw — sin Qsinw cos i,
[, = —cosQsinw — sin L cos wcos i,
m; = sin Qcosm + cos Q sinw cos i,

My = —sin 2 sin @ + cos 2 cos w cos i.

We divided the location by the distance d and rescaling the
angle to arcsec to be consistent with the observations
obtained. We perform a Bayesian statistical analysis to
constrain the four chameleon, or indeed general scalar-
tensor theory, parameters, which we collectively denote by

0 = {Xy.%p. M.d.p. Aw}. The y* function entering the
likelihood is given by

e -3 (xw(i)xgif(@)f . (y'(é)(i)yz,yy(@))z‘

1

(12)

Our analysis uses publicly available astrometric and
spectroscopic data that have been collected during the past
30 years. We use 145 astrometric positions spanning a
period from 1992.225 to 2016.38 from [109]. The data
come from speckle camera SHARP at the ESO New
Technology Telescope [110], measurements were made
using the Very Large Telescope Adaptive Optics.

Regarding the problem of likelihood maximization,
we use an affine-invariant MCMC sampler [111], as it is
implemented within the open-source packaged POLYCHORD
[112] with the Getpist package [113] to present the results.
We test three different models: the GR solution, with
conformal transformation and with the disformal trans-
formation. We test these models with respect to the
measurements of the S2 and the S38 stars. The S2 and
S38 stars are the closest stars orbiting SgrA* and the stars
for which we have data.

In order to ensure that the conformal and the
disformal coupling are subdominant, we choose the cor-
responding prior for our fit. > €[0.;0.1] and A~ €
[0.;0.03] (AU?/My,) for the conformal and the disformal
strengths. Besides we use a uniform prior on the distance
towards the galactic center and the mass of SgrA* as
d € [5.;10.]Kpc and M € [3.;6.]10° M. For simplicity
we use the angles that reported by the Gravity collaboration
as a Gaussian prior. For the rest we assume a uniform prior
of the initial location and velocities.

IV. RESULTS

The posterior distribution of the S2 star fit is presented in
Fig. 3 and the posterior distribution for the data of S38 is
presented in Fig. 4. The full motion is presented in Fig. 5.

Figure 6 presents the posterior distribution for the mass of
SgrA* and the distance. The obtained mass of the SgrA* is
changed a bit with the S38 measurements: from 4.18 £+
0.2310% M, for GR, 4.19 + 0.1610° M, for the conformal
interaction and 4.25 +0.2610° My with the disformal
interaction, into 4.13 4+ 0.0810° Mg for GR, 4.13+
0.0810° My for the conformal interaction 4.18 4
0.110° M with the disformal interaction. The distance
towards SgrA* decreases: from 8.38 & 0.12 kpc for GR,
8.40 4 0.13 kpc for the conformal interaction and 8.37 4
0.06 kpc with the disformal interaction, into 8.42 +0.07 kpc
for GR, 8.40+0.07kpc for the conformal interac-
tion 8.39 4+ 0.07 kpc.
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TABLE L

The final results for the mass of the SgrA*, the distance towards the black hole d and the final values of the conformal # and

disformal A~ intestines. To complete our analysis we calculate the BE to compare the models.

Parameter GR S2 Con S2 Con + Dis S2 GR S2 S38 Con S2 S38 Con + Dis S2 S38
M(10° M) 4.18 +0.23 4.19 £0.16 425 +0.26 4.13 £ 0.08 4.17 £0.10 4.18 £ 0.1
d(kpc) 8.38 £0.12 8.40+0.13 8.37 £0.06 8.42 +£0.07 8.40 £+ 0.07 8.39 £0.07
A(1073) 495 +2.90 4.017 £2.74 5.97 £2.78 54+£3.0
A4(1072 AU/M,,) .. 5.32+2.86 5.21 +2.90
AB; -3.90 1.70 —-2.41 —1.60

Figure 7 and Table I show the posterior distribution for
the interacting parameters. The constraint on the conformal
interaction parameter > is around 1073: 4.95 +2.90 x
1073 for the S2 star and 4.017 +2.74 x 1073 for the
combined with S38 star. Including the disformal interaction
yields 5.97 4 2.78 x 1073 for the S2 star and 5.4 + 3.0 x
1073 for the combined stars. The case of 5> goes to zero is
the GR case, however this value is outside of the 16 mean
value. This gives potential support for that this additional

Start with the initial loca-
tions velocities, and SGA mass.

Initial
State

Evaluating the state
in the orbital frame.

Transformation into the observed
frame: rotating and scaling.

Find the best fit
with minimizing x2.

FIG. 2. Points of the method procedure in our analysis starting
from the initial conditions evaluation up to minimizing the
corresponding y? that fits with the location and the velocities
data of S2 and S38.
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FIG. 3.

interaction to exist. The constraint on the disformal
interaction parameter A™* is around <107%: 5.32 4
2.86 y=2 for the S2 star and 5.2142.90 y=2 for S2
combined with S38 star. The case of A goes to infinity
is the GR case.

Finally, we can further quantify the relative ability of the
conformal and the disformal interactions model to describe
the various datasets with respect to the GR cosmology
using the Bayes ratio. Given a dataset D, the probability of
a certain model M; to be the best one among a given set of
models {M} reads

P(D)
where P(M;) is the prior probability of the model M; and
P(D) the probability of having the dataset D, with
the normalization condition } _ ;c()y P(M;) = 1. The quan-
tity £(D|M;) is the so-called marginal likelihood or

evidence. If the model M; has n parameters pnMi , the
evidence reads

P(M,|D) =

E(DIM,) = / (DM, M)x(F)dr p™,  (14)

with £(D|pMi, M;) being the likelihood and z(p™:) the
prior of the parameters entering the model M;. If we
compare the models by assuming equal prior probability
for both of them, then we find that the ratio of their
associated probabilities is directly given by the ratio of their
corresponding evidences, i.e.,

0.175 1

0.150 7

0.125 1

0.100 1

0.075 1

Dec [AU]

0.050

0.025 4

0.000 +

—0.025
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Date (Decimal)

The best fit of the S2 motion with the conformal and the disformal interactions.
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FIG. 4. The best fit of the S38 motion with the conformal and the disformal interactions.

E(D|con +dis)
“ewlor) -

This is known as Bayes ratio and is the quantity we are
interested in [114]. In order to complete the analysis we
compare the Bayesian evidence (BE) of the models we use
the values from the Polychord. The BE values are sum-
marized in Fig. 1. In the first case we take only the S2
measurements. The difference between the BE of the GR
case and the conformal model is —3.90 and the difference

0.175 A

0.150 A

0.125 A

0.100 A
--- Con
——- Con + Dis

ADec

0.075 A

0.050 A

0.025 A

0.000 A

—0.025 &
—-0.08

—0.04 —-0.02 0.00 0.02 0.04
ARA

—0.06

0.05 A

0.00 A

ADec

—0.05 A

—0.10 A1

-0.10 —-0.05 0.00
ARA

-0.25 -0.20 -0.15

FIG. 5. The best fit of the S2 (upper) and the S38 (lower)
motions with the conformal and the disformal interactions. The
evolution of the numerical simulation is for 60 years.

between the BE of the GR case and the conformal and the
disformal model is 1.70. Therefore the is a slight preference
for GR vs the conformal coupling, and an indistinguishable
preference for conformal with the disformal coupling vs
GR. In the second case that we test S2 with the S38 stars
The difference between the BE of the GR case and the
conformal model is —2.41, and the difference between the
BE of the GR case and the conformal and the disformal
model is —1.60. Combining the observations of the S38 star
yields a slight preference for GR.

V. COMBINED CONSTRAINTS

In order to complete our discussion on the interactions in
two body motion, we add the solar system constraint [115].
Reference [43] gives the precession term for the conformal
and the disformal contribution as

27TGNM
ac*(1 —ée?)

5°Mc?
<3_2ﬂ2+2ﬂ/\453(lc—e2)3>' (16)

Correspondingly, the y? from some object reads

UL -

o]

Al =

We include the precession data of the solar system from
[116]. The combined constraint is approached by using the
combined likelihood:

X =x5 + X5 +X§,Sol$ys’ (18)

where y3, and y3; include the measurements from the
galactic star center and Z?),SolSys includes the precession
measurements from the solar system.

The last bound that we take into account is the Cassini
bound [32]. Cassini gives a bound of > < 4 x 107 for the
f parameter without any special bound on A. In order to
include the Cassini bound, we use a smaller prior on f.

Figure 7 shows the combined analysis for the conformal
and the disformal couplings for different cases. The table
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N Con+DisS2 WM ConS2 WM GRS2

I Con + Dis S2 S38

BN ConS2S38 WM GRS2S38

8.6
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8.4

d(kpc)
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4.2+

105 M,

4.0

8.2 8.3 8.4 8.5 8.6
d(kpc)

2.0 22 4.4
10° M,

FIG. 6. The posterior distribution for the S2 and the combined S2 and S38 motion for GR (blue), the conformal (red), and the
disformal interactions (gray), with 1o and 2¢. Lower: the same combination for S2 and S38 combined analysis.

below summarizes the final values. We see that adding the
solar system constraints, without Cassini, gives very little
change to the modified gravity parameters. However,
adding the Cassini bound reduces the final value of f?
into ~107> and the value of A= into ~5 x 1072 AU/ M,
which is A ~ 0.08 MeV.

VI. DISCUSSION

We have investigated modified gravity theories in the
strong gravity regime near the galactic center SgrA* using the
observations of the S2 and S38 stars. To our knowledge this is
the first time such theories have been investigated in the
strong gravity regime. The modified gravity scalar field is
both conformally and disformally coupled to matter, and the
observations allow both types of interaction to be con-
strained. Our formalism is very general using a PN expan-
sion. As noted previously, the disformal coupling has an

effect only when it combines with a conformal interaction. In
this case, the disformal coupling leads to a change in the
advance of perihelion for a light body and modifies the
effective metric that governs the evolution of two interacting
bodies. The orbital measurements around the galactic star
center SgrA*, in particular the locations and the velocities of
the S2 and the S38 stars, is used in our constraints. Using a
MCMC simulation yields a bound on the parameters f and A
of the modified gravity theory. In our analysis we note that the
BE gives a slight preference for GR.

The bound on the conformal and disformal couplings
from different systems is widely constrained. Such a range
for A is constrained from the Eotwash experiment with the
lower bound of A > 0.07 MeV and 8> < 4 x 107 from the
Cassini experiment [32]. The posterior distribution for 2 is
about 107> and the bound of A yields a range of
~0.08 MeV. The bounds we have obtained from the
galactic star center with the Cassini experiments gives a
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BN S2
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0.10

0.05

0.00

0.02

0.01

.32
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FIG. 7. The contour plot for the conformal and the disformal couplings for the S2, S38 stars, the solar system, and the Cassini bound.
The point (0,0) corresponds to GR with no additional interaction. The combined dataset gives stronger constraint on the values of the

extended parameters.

strong statement on the interactions of DE in the strong
gravity regime of the galactic center.

In future it would be interesting to add other cosmo-
logical measurements such from those arising from the
expansion history of the Universe and structure formation
data. The cosmological data require a more specific form of
potentials and conformal and disformal couplings in order
to make a complete combined analysis. Such analysis is left
for future work.
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