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In this communication, we demonstrate that short-period stars orbiting around the supermassive
black hole in our Galactic Center can successfully be used to probe the gravitational theory in a
strong regime. We use 19 years of observations of the two best measured short-period stars orbiting
our Galactic Center to constrain a hypothetical fifth force that arises in various scenarios motivated
by the development of a unification theory or in some models of dark matter and dark energy. No
deviation from General Relativity is reported and the fifth force strength is restricted to a upper
95% confidence limit of |α| < 0.016 at a length scale of λ = 150 astronomical units. We also derive
a 95% confidence upper limit on a linear drift of the argument of periastron of the short-period
star S0-2 of |ω̇S0-2| < 1.6× 10−3 rad/year, which can be used to constrain various gravitational and
astrophysical theories. This analysis provides the first fully self-consistent test of the gravitational
theory using orbital dynamic in a strong gravitational regime, that of a supermassive black hole. A
sensitivity analysis for future measurements is also presented.

The development of a quantum theory of gravitation
or of a unification theory generically predicts deviations
from General Relativity (GR). In addition, observations
requiring the introduction of dark matter and dark en-
ergy also challenge GR and the standard model of particle
physics [1] and are sometimes interpreted as a modifica-
tion of gravitational theory (see e.g., [2, 3]). It is thus
important to test the gravitational interaction with dif-
ferent types of observations [4]. While GR is thoroughly
tested in the Solar System (see e.g., [5–8]) and with bi-
nary pulsars (see e.g., [9]), observations of short-period
stars orbiting the supermassive black hole (SMBH) at
the center of our Galaxy allow one to probe gravity in a
strong field regime unexplored so far, as shown in Fig. 1
(see also [10, 11]). In this paper, we report two results:
(i) a search for a fifth force around our Galactic Center
and (ii) a constraint on the advance of the periastron
of the short-period star S0-2 that can be used to con-
strain various gravitational and astrophysical theories in
our Galactic Center. This analysis provides the first fully
self-consistent test of the gravitational theory using or-
bital dynamic in a strong gravitational regime, around a
SMBH. The constraints presented in this letter, result-
ing from 20 years of observations, are therefore highly
complementary to Solar System or binary pulsar tests of
gravitation and opens a new window to study gravitation.

One phenomenological framework widely used to
search for deviations from GR is the fifth force formalism
[13–18], which considers deviations from Newtonian grav-
ity in which the gravitational potential takes the form of
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FIG. 1. The gravitational potential probed by different tests
of gravitation against the mass of the central body that gen-
erates gravity in these tests. Short-period stars, such as S0-2,
around our Galactic Center explore a new region in this pa-
rameter space. Figure inspired by [12].

a Yukawa potential

U =
GM

r

[
1 + αe−r/λ

]
, (1)

with G the Newton’s constant, M the mass of the cen-
tral body and r the distance to the central mass. This
potential is characterized by two parameters: a length
λ and a strength α of interaction. A Yukawa potential
appears in several theoretical scenarios such as: unifica-
tion theories that predict new fundamental interactions
with a massive gauge boson[19] (λ is then related to the
mass of the gauge boson through mg = ~/cλ with c the
speed of light in a vacuum and ~ the reduced Planck
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constant) [15], higher dimensional theories (e.g., [20] and
references therein), in braneworld scenarios [21], in the-
ories in which supersymmetry breaking originates at low
energy (e.g., [22]), in some models of Dark Matter (e.g.,
[23]), in massive Brans-Dicke theories (e.g., [24]), in some
scalar-tensor-vector models of gravity [25], in f(R) grav-
ity [26], etc. Moreover, a massive graviton would also
lead to a specific case of Yukawa potential characterized
by α = 1 [27, 28].

The fifth force phenomenology has motivated many ex-
perimental searches at a wide variety of scales: in the lab
[20, 29] (see [18, 30] for extended reviews), around Earth
[16, 31, 32], with lunar laser ranging (LLR) [16, 31, 33]
and with planetary motion [14, 16, 34, 35]. All the cur-
rent constraints on a fifth force have been obtained with
experiments performed in the gravitational field gener-
ated by a weakly gravitationally interacting body (a test
mass in the lab, the Earth or the Sun) and in a weak
gravitational potential (see Fig. 1).

Constraints on the fifth force in a much stronger and
unexplored gravitational regime can be derived using
short period stars around the 4 × 106M� SMBH at the
Galactic Center [36] as depicted on Fig. 1. The motion of
short-period stars orbiting around our Galactic Center,
Sagittarius A* (Sgr A*), has been monitored for more
than 20 years by two experiments, one carried out at the
Keck Observatory [37–44] and the other with the New
Technology Telescope (NTT) and with the Very Large
Telescope (VLT) [45–53]. These observations have been
the source of many discoveries, starting with that of a su-
permassive black hole at the center of our Galaxy [37, 45].
They also have been extremely powerful for improving
our understanding of stellar evolution in a galactic nu-
clear cluster (see [54] for a review) and have been used
to determine our distance to the Galactic Center with 2
% relative accuracy [44, 53]. In addition, many theorists
have anticipated the possibility of measuring relativistic
effects and probing the gravitational theory in an unex-
plored regime [55] (see also the reviews [10, 11, 54]).

In this work, we search for a fifth force using 19 years
of Keck observations of two short-period stars that have
been observed throughout their entire orbit: S0-2 (pe-
riod P = 15.92 yrs and eccentricity e = 0.89) and S0-38
(P = 19.2 yrs and e = 0.81) [44]. We only use the two
short-period stars that have a full orbital phase cover-
age since stars with low phase coverage produce biases
in orbital fits [56]. The dataset used is identical to that
which is fully described in [44]. It includes three types
of observations that will be briefly summarized here: (i)
speckle imaging data, (ii) adaptive optics (AO) imaging
data and (iii) spectroscopic data. All the imaging data
used come only from the Keck Observatory since there
is insufficient information in the public domain to treat
other astrometric data in a consistent way.

The speckle dataset used for this study provides astro-
metric diffraction-limited measurements (λ0 = 2.21µm,

∆λ = 0.43µm) of the central 5” × 5” of the Galactic Cen-
ter for 27 epochs between 1995 and 2005 and is presented
in detail in [37, 38, 40, 57]. For each epoch of observa-
tion, a large number of frames was obtained using short
exposure times and was combined using a reconstruction
technique called speckle holography [58]. The positions
and fluxes of stars are determined by fitting the point-
spread function using the program StarFinder [59]. The
typical uncertainty of the astrometric positions with the
speckle data is of the order of 1.4 milliarcsecond (mas)
for S0-2 and 12 mas for S0-38.

The AO dataset provides high-resolution images (λ0 =
2.12µm, ∆λ = 0.35µm) of the central 10” × 10” of our
galaxy for 23 epochs of observation between 2005 and
2013 [41, 42, 44, 60–62]. The laser guide-star adaptive
optics [63, 64] corrects instantaneously for most atmo-
spheric aberrations. AO allows for much more efficient
observations at the diffraction limit, resulting in measure-
ments with a signal to noise ratio one order of magnitude
better than with the speckle observations. With AO ob-
servations, the typical uncertainty of the astrometric po-
sition is of the order of 0.16 mas for S0-2 and 2 mas for
S0-38.

In addition to the central 10” field, we also use 6 epochs
of observations between 2006 and 2013 designed to mea-
sure the position of a set of seven SiO maser stars within
a 25” field mosaic frame. We tie the infrared measure-
ments of these maser stars to radio astrometric observa-
tions [65] to construct an absolute reference frame with
Sgr A* at rest [61, 62]. This is used in order to com-
bine all the speckle holography and AO observations to
a common absolute reference frame [44].

The third set of data consists of 47 epochs of spectro-
scopic observations between 2000 and 2013 [39, 42, 44].
The procedure used to extract spectra is fully described
in [42, 66, 67]. The radial velocity (RV) of the stars
is measured using a Gaussian fit to the Br-gamma hy-
drogen line at 2.1661 microns from the hot atmosphere
of S0-2 [42, 67] while a cross-correlation method is used
for late type stars like S0-38 [44]. These RVs are then
transformed to the local standard of rest using the rvcor-
rect task from the Image Reduction and Analysis Facility
(IRAF). In this analysis, we also use RVs measured at
the VLT [51] similarly. The typical RV uncertainty is 30
km/s for S0-2 and 50 km/s for S0-38.

In total, we use 38 astrometric observations and 47
spectroscopic measurements of S0-2 and 33 astrometric
observations and 2 spectroscopic measurements of S0-38
[44]. Our orbital fits are performed using Bayesian in-
ference with a MultiNest sampler [68] using a code that
was originally developed in [38] and has been modified
to become more flexible over time [39, 40, 42, 43]. We
extended this code to include the fifth force. The model
used for our orbital fits includes the fifth force interac-
tion due to the central SMBH, the Rømer time delay, the
relativistic redshift and the perturbation due to an ex-
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tended mass. The extended mass density profile is given
by a power-law [69] such that the extended mass enclosed
within the radius r is given by

Mext(< r) = Mext(< r0)

(
r

r0

)3−γ

. (2)

We set the outer radius cutoff r0 to 0.011 parsec such
that it encloses S0-2 and S0-38 at apoapse. In total, our
model includes 21 parameters consisting of the six orbital
parameters for each of the two stars: P , e, the time of
closest approach T0, the argument of periastron ω, the
inclination and the longitude of the ascending node and
nine global parameters: the SMBH gravitational param-
eter GM , the strength of the fifth force α, the amount of
extended mass, Mext(< r0), the distance to our Galactic
Center, R0, and the positions (x0 and y0) and veloci-
ties (vx0 , vy0 , vz0) of the SMBH. The SMBH positions
and velocities are important in order to take into ac-
count imperfections in the construction of the reference
frame. The observations are assumed to be independent
and normally distributed and we use a Gaussian likeli-
hood analytically marginalized with respect to the SMBH
positions and velocities. We use flat priors for all the pa-
rameters except for the extended mass Mext(< r0). The
limits for our flat priors have been chosen wide enough to
not impact our result (see also [44]). Regarding the ex-
tended mass, we use an exponential prior characterized
by a standard deviation of σMext(<r0) = 100M�. This
prior is motivated by observations of the stellar cusp [70–
73]. The extended mass power-law slope γ is fixed to 0.5.
We have checked that our results are not sensitive to the
actual value of σMext(<r0) and γ. In particular, σMext(<r0)

can be increased by two orders of magnitude without im-
pacting our results.

From the sampling of the posterior probability distri-
bution function of α, we determine a statistical 95% con-
fidence upper limit on the absolute value of α. It has
been shown in [44] that our orbital fits suffer from sys-
tematic effects related to the construction of the absolute
reference frame. In order to assess these systematics, we
used a Jackknife resampling method [74]. We used the
seven different reference frames created in [44] in which
each one has one SiO maser excluded. The results of the
orbital fits performed using these seven subset reference
frames are then used in order to infer a systematic un-
certainty (see Appendix C of [44] for more details about
this procedure). This inferred systematic uncertainty is
then added in quadrature to the statistical uncertainty
derived from the orbital fit. The values of our analysis
before and after the Jackknife procedure can be found in
Tab. 1 from the Supplemental material.

Our results show that the value α = 0 is always within
the 68% confidence interval meaning that no significant
deviation from Newtonian gravity is found. The red
curve from Fig. 2 shows our 95% confidence upper limit
on |α|. Our best constraint is at the level of λ ∼ 150

AU which corresponds roughly to the S0-2 distance at
periapse. For this value of λ, our dataset gives a 95%
confidence upper limit of |α| < 0.016. For higher values
of λ, the upper limit on |α| evolves proportionally to λ2

(similarly to the curves obtained by LLR and planetary
ephemerides, see Fig. 2) up to when it reaches |α| ∼ 1
where it diverges at λ ∼ 6000 AU. We note that the limit
on α is primarily driven by S0-2 in the median range of
λ and S0-38 helps for small and large λ.

As shown in Fig. 1, the constraints obtained in this
work probe a new part of the parameter space and are
complementary to Solar System measurements. In par-
ticular, short-period stars are probing space-time in a
higher potential and around a central body much more
massive than in the other experiments. This is high-
lighted on the right panel of Fig. 2 where λ is expressed in
term of the gravitational radius of the central body. Fur-
thermore, short-period stars probe the space-time around
a SMBH, which is conceptually different from Solar Sys-
tem tests where the space-time curvature is generated
by weakly gravitating bodies. In particular, some non-
perturbative effects may arise around strongly gravitat-
ing bodies (see e.g., [75]). In addition, in models of grav-
ity exhibiting screening mechanisms, deviations from GR
may be screened in the Solar System (see e.g., [76]). In
this context, searches for alternative theories of gravita-
tion in other environments are important.

A specific theoretical model covered by the fifth force
framework is a massive graviton. In that context, we
found a 90% confidence limit λ > 5000 AU for α = 1,
which can be interpreted as a lower limit on the gravi-
ton’s Compton wavelength λg > 7.5× 1011 km or equiv-
alently as an upper bound on the graviton’s mass mg <
1.6 × 10−21 eV/c2 (see also [36]). This constraint is one
order of magnitude less stringent than the recent bound
obtained by LIGO [77], which nevertheless does not ap-
ply for all models predicting a fifth force.

From an empirical perspective, one of the effects pro-
duced by a fifth force is a secular drift of the argument of
periastron ω [31, 78]. Several theoretical scenarios pre-
dict such an effect, which can be constrained by observa-
tions. We produced a new orbital fit using a model that
includes seven global parameters (the SMBH GM , R0

and the positions and velocities of the SMBH) and seven
orbital parameters for each star, the additional parame-
ter being a linear drift of the argument of the periastron
ω̇. As a result of our fit including the Jackknife analysis,
we obtained an upper confidence limit on a linear drift
of the argument of periastron for S0-2 given by

|ω̇S0-2| < 1.7× 10−3 rad/yr at 95 % C.L. . (3)

This limit is currently one order of magnitude larger
than the relativistic advance of the periastron ω̇GR =
6πGM/(Pc2a(1−e2)) = 1.6×10−4 rad/yr for S0-2 (with
a the semi-major axis). Nevertheless, the limit from Eq.
(3) can be used to derive a preliminary constraint on
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FIG. 2. 95% confidence upper limits on |α| as a function of λ. The shaded regions are excluded by various experiments. Our
analysis is represented by the red shaded area (GC) while the other curves are from Fig. 31 of [34]. The dashed curve is a
reasonable extrapolation based on Solar System results from [34]. Left panel: the horizontal axis is the fifth force length scale
λ in meters or in AU. Right panel: the horizontal axis is the length scale λ expressed in term of the gravitational radius of the
central mass that generates gravitation in the different experiments.

various theoretical scenarios (astrophysical or modified
gravity) that predict an advance of the periastron for
short-period stars in the Galactic Center, like for exam-
ple [79]

Future monitoring of short-period stars will improve
the results presented in Fig. 2. In particular, after the
S0-2 closest approach in 2018, our current constraints
on α are expected to be improved by a factor of 2 as
shown in Fig. 3. On a longer term, the next generation
of telescopes like the Thirty Meter Telescope (TMT) will
significantly improve the current results. Fig. 3 shows a
sensitivity analysis based on a Fisher matrix approach
performed to assess the improvement expected by obser-
vations with a TMT-like telescope. We have simulated
16 additional years of data for two scenarios: (i) a sce-
nario where Keck observations are used with astrometric
uncertainty of 0.16 mas, comparable to today’s perfor-
mance and (ii) a scenario with an improved astrometric
uncertainty of 0.015 mas which corresponds to a TMT-
like scenario. Extending the time baseline by one S0-2
period improves the result by a factor 13 while an im-
proved accuracy brings an additional improvement of a
factor 5. In addition, the discovery of new stars orbiting
closer to the SMBH and unbiased measurements of the
known faint short-period star S0-102 (P = 11.5 yrs) [43]
would improve this analysis.

In conclusion, we have used 19 years of observations
of S0-2 and S0-38 reported in [44] to constrain a hypo-
thetical fifth interaction around the SMBH in our Galac-
tic Center. The constraints obtained in our analysis are
summarized in Fig. 2. Our results are complementary
to the ones obtained in the Solar System since they are
obtained in a completely different and unexplored strong
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FIG. 3. Statistical uncertainty on the fifth force strength σα

expected for various observational scenarios: the dashed green
(light) line corresponds to the data used in this analysis, the
continuous orange (light) line corresponds to data that will
be available by the end of 2018. The two red (dark) lines
include 16 additional years of observations with 2 astrometric
observations and 1 spectroscopic observation per year with
the following astrometric/spectroscopic accuracy for an S0-
2-like star: current Keck accuracy: 0.5 mas and 30 km/s ;
TMT-like improved accuracy : 15 µas and 5 km/s.

field regime. We have shown that future observations
and especially the next generation of telescopes will im-
prove our results substantially. In addition, we have de-
rived a limit on an hypothetical advance of periastron
of the short-period star S0-2, a constraint that can be
used to constrain various astrophysical and fundamental
physics scenarios in the Galactic Center. This analysis
shows that we are currently entering an era where as-
trometric and spectroscopic observations of short-period
stars around Sgr A* can be used to probe fundamental



5

physics. This will be reinforced with the detection of
the relativistic redshift after the S0-2 closest approach in
2018 as anticipated in [55]. In the longer term, tests of
GR using short-period stars are expected to be comple-
mentary to other types of observations that will probe
the space-time around the SMBH at the center of our
Galaxy, as for example with the Event Horizon Telescope
[80, 81].
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[39] A. M. Ghez, G. Duchêne, K. Matthews, S. D. Hornstein,
A. Tanner, J. Larkin, M. Morris, E. E. Becklin, S. Salim,
T. Kremenek, D. Thompson, B. T. Soifer, G. Neuge-
bauer, and I. McLean, ApJ 586, L127 (2003), astro-
ph/0302299.

[40] A. M. Ghez, S. Salim, S. D. Hornstein, A. Tanner, J. R.
Lu, M. Morris, E. E. Becklin, and G. Duchêne, ApJ 620,
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[47] R. Schödel, T. Ott, R. Genzel, R. Hofmann, M. Lehn-

ert, A. Eckart, N. Mouawad, T. Alexander, M. J.
Reid, R. Lenzen, M. Hartung, F. Lacombe, D. Rouan,
E. Gendron, G. Rousset, A.-M. Lagrange, W. Brandner,
N. Ageorges, C. Lidman, A. F. M. Moorwood, J. Spy-
romilio, N. Hubin, and K. M. Menten, Nature 419, 694
(2002), astro-ph/0210426.

[48] A. Eckart, R. Genzel, T. Ott, and R. Schödel, MNRAS
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