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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 an upper 95% confidence limit of jαj < 0.016 at a length scale of λ ¼ 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 j _ωS0-2j < 1.6 × 10−3 rad=yr, 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.
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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 energy also
challenge GR and the standard model of particle physics
[1] and are sometimes interpreted as a modification of
gravitational theory (see, e.g., Refs. [2,3]). It is thus
important to test the gravitational interaction with different
types of observations [4]. While GR is thoroughly tested in
the Solar System (see, e.g., Refs. [5–8]) and with binary
pulsars (see, e.g., Ref. [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
Refs. [10,11]). In this Letter, 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 constrain various
gravitational and astrophysical theories in our Galactic
center. This analysis provides the first fully self-consistent
test of the gravitational theory using an orbital dynamic in a
strong gravitational regime around a SMBH. The con-
straints presented in this Letter, resulting from 20 yr of
observations, are therefore highly complementary with
Solar System or binary pulsar tests of gravitation and open
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 gravity in

which the gravitational potential takes the form of a
Yukawa potential

U ¼ GM
r

½1þ αe−r=λ�; ð1Þ

with G the Newton’s constant, M the mass of the central
body, and r the distance to the central mass. This potential
is characterized by two parameters: a length λ and a
strength of interaction α. A Yukawa potential appears in
several theoretical scenarios, such as unification theories
that predict new fundamental interactions with a massive

FIG. 1. The gravitational potential probed by different tests of
gravitation against the mass of the central body that generates
gravity in these tests. Short-period stars, such as S0-2, around our
Galactic center explore a new region in this parameter space. The
figure is inspired by Ref. [12].
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gauge boson [19] (λ is then related to the mass of the gauge
boson through mg ¼ ℏ=cλ, with c being the speed of light
in a vacuum and ℏ the reduced Planck constant) [15],
higher dimensional theories (e.g., Ref. [20] and the
references therein), in braneworld scenarios [21], theories
in which supersymmetry breaking originates at low energy
(e.g., Ref. [22]), certain models of dark matter (e.g.,
Ref. [23]), massive Brans-Dicke theories (e.g., Ref. [24]),
certain scalar-tensor-vector models of gravity [25], fðRÞ
gravity [26], etc. Moreover, a massive graviton would also
lead to a specific case of Yukawa potential characterized by
α ¼ 1 [27,28].
The fifth force phenomenology has motivated many

experimental searches at a wide variety of scales: in the lab
[20,29] (see Refs. [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 of the current
constraints on a fifth force have been obtained with
experiments performed in the gravitational field generated
by a weakly gravitationally interacting body (a test mass in
the lab, around Earth, or around 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 × 106 M⊙ 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 yr by
two experiments, one carried out at the Keck Observatory
[37–44] and the other with the New Technology Telescope
and with the Very Large Telescope (VLT) [45–53]. These
observations have been the source of many discoveries,
starting with that of a supermassive black hole at the center
of our Galaxy [37,45]. They also have been extremely
powerful for improving our understanding of stellar evo-
lution in a galactic nuclear cluster (see Ref. [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 gravita-
tional theory in an unexplored regime [55] (see also the
reviews [10,11,54]).
In this Letter, we search for a fifth force using 19 yr

of Keck observations of two short-period stars that
have been observed throughout their entire orbit: S0-2
(period P ¼ 15.92 yr and eccentricity e ¼ 0.89) and S0-38
(P ¼ 19.2 yr and e ¼ 0.81) [44]. We use only the two
short-period stars that have a full orbital phase coverage
since stars with low phase coverage produce biases in
orbital fits [56]. The data set used is identical to that which
is fully described in Ref. [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 of 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 data set used for this study provides astro-

metric diffraction-limited measurements (λ0 ¼ 2.21 μm,
Δλ ¼ 0.43 μm) of the central 500 × 500 of the Galactic center
for 27 epochs between 1995 and 2005 and is presented in
detail in Refs. [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 on the order of 1.4 milliarcsecond (mas) for
S0-2 and 12 mas for S0-38.
The AO data set provides high-resolution images

(λ0 ¼ 2.12 μm, Δλ ¼ 0.35 μm) of the central 1000 × 1000
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 atmos-
pheric 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 obser-
vations, the typical uncertainty of the astrometric position is
on the order of 0.16 mas for S0-2 and 2 mas for S0-38.
In addition to the central 1000 field, we also use six epochs

of observations between 2006 and 2013 designed to
measure the position of a set of seven SiO maser stars
within a 2500 field mosaic frame. We tie the infrared
measurements of these maser stars to radio astrometric
observations [65] to construct an absolute reference frame
with Sgr A* at rest [61,62]. This is used in order to combine
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
Refs. [42,66,67]. The radial velocity (RV) of the stars is
measured using a Gaussian fit to the Br-gamma hydrogen
line at 2.1661 μm 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 “rvcorrect" task from the
Image Reduction and Analysis Facility. 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 two spectroscopic measurements of S0-38
[44]. Our orbital fits are performed using Bayesian infer-
ence with a MultiNest sampler [68] using a code that was
originally developed in Ref. [38] and which has been
modified to become more flexible over time [39,40,42,43].
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We extended this code to include the fifth force. The model
used for our orbital fits includes the fifth force interaction
due to the central SMBH, the Rø mer time delay, the
relativistic redshift, and the perturbation due to an extended
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

Mextð< rÞ ¼ Mextð< r0Þ
�
r
r0

�
3−γ

: ð2Þ

We set the outer radius cutoff r0 to 0.011 pc such that it
encloses S0-2 and S0-38 at apoapsis. In total, our model
includes 21 parameters consisting of the six orbital param-
eters 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 parameter GM, the
strength of the fifth force α, the amount of extended mass,
Mextð< r0Þ, the distance to our Galactic center, R0, and the
positions (x0 and y0) and velocities (vx0 , vy0 , vz0) of the
SMBH. The SMBH positions and velocities are important
in order to take into account imperfections in the con-
struction of the reference frame. The observations are
assumed to be independent and normally distributed and
we use a Gaussian likelihood analytically marginalized
with respect to the SMBH positions and velocities. We use
flat priors for all of the parameters except for the extended
mass Mextð< r0Þ. The limits for our flat priors have been
chosen wide enough to not impact our result (see also
Ref. [44]). Regarding the extended mass, we use an
exponential prior characterized by a standard deviation
of σMextð<r0Þ ¼ 100 M⊙. This prior is motivated by obser-
vations of the stellar cusp [70–73]. The extended mass
power-law slope γ is fixed to 0.5. We have checked to see
that our results are not sensitive to the actual value of

σMextð<r0Þ and γ. For example, σMextð<r0Þ can be increased by
2 orders of magnitude without impacting our results.
From the sampling of the posterior probability distribu-

tion function of α, we determine a statistical 95% con-
fidence upper limit on the absolute value of α. It was shown
in Ref. [44] that our orbital fits suffer from systematic
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 Ref. [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
uncertainty (see Appendix C of Ref. [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
Table 1 in the Supplemental Material [75].
Our results show that the value α ¼ 0 is always within

the 68% confidence interval, meaning that no significant
deviation from Newtonian gravity is found. The red curve
in Fig. 2 shows our 95% confidence upper limit on jαj. Our
best constraint is at the level of λ ∼ 150 A:U:, which
corresponds roughly to the S0-2 distance at periapsis.
For this value of λ, our data set gives a 95% confidence
upper limit of jαj < 0.016. For higher values of λ, the upper
limit on jαj evolves proportionally to λ2 (similarly to the
curves obtained by LLR and planetary ephemerides; see
Fig. 2) up to when it reaches jαj ∼ 1, where it diverges at
λ ∼ 6000 A:U: 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’s.
As shown in Fig. 1, the constraints obtained in this work

probe a new part of the parameter space and complement
Solar System measurements. Specifically, short-period

FIG. 2. 95% confidence upper limits on jαj 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 Ref. [34]. The dashed curve is a reasonable
extrapolation based on Solar System results from Ref. [34]. (Left panel) The horizontal axis is the fifth force length scale λ in meters or in
A.U. (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.
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stars are probing space-time in a higher potential and
around a central body much more massive than in the
other experiments. This is highlighted in the right panel of
Fig. 2, where λ is expressed in terms of the gravitational
radius of the central body. Furthermore, short-period stars
probe the space-time around a SMBH, which is concep-
tually different from Solar System tests where the space-
time curvature is generated by weakly gravitating bodies.
Specifically, some nonperturbative effects may arise around
strongly gravitating bodies (see, e.g., Ref. [76]). In addi-
tion, in models of gravity exhibiting screening mecha-
nisms, deviations from GR may be screened in the Solar
System (see, e.g., Ref. [77]). In this context, searches for
alternative theories of gravitation 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 A:U: for α ¼ 1, which
can be interpreted as a lower limit on the graviton’s
Compton wavelength λg > 7.5 × 1011 km or, equivalently,
as an upper bound on the graviton’s mass mg < 1.6 ×
10−21 eV=c2 (see also Ref. [36]). This constraint is one
order of magnitude less stringent than the recent bound
obtained by LIGO [78], which, nevertheless, does not apply
for all models predicting a fifth force.
From an empirical perspective, one of the effects

produced by a fifth force is a secular drift of the argument
of periastron ω [31,79]. Several theoretical scenarios
predict such an effect, which can be constrained by
observations. 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, with the additional param-
eter being a linear drift of the argument of the periastron _ω.
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

j _ωS0-2j < 1.7 × 10−3 rad=yr at 95%C:L: ð3Þ

This limit is currently one order of magnitude larger
than the relativistic advance of the periastron _ωGR ¼
6πGM=½Pc2að1 − e2Þ� ¼ 1.6 × 10−4 rad=yr for S0-2 (with
a being the semimajor axis). Nevertheless, the limit from
Eq. (3) can be used to derive a preliminary constraint on
various theoretical scenarios (astrophysical or modified
gravity) that predict an advance of the periastron for
short-period stars in the Galactic center, like, for example,
Ref. [80].
Future monitoring of short-period stars will improve the

results presented in Fig. 2. For example, 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. Figure 3 shows a sensitivity
analysis based on a Fisher matrix approach performed to
assess the improvement expected by observations with a
TMT-like telescope. We have simulated 16 additional years
of data for two scenarios: (i) a scenario where Keck
observations are used with an astrometric uncertainty of
0.16 mas, comparable to today’s performance, 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 of 13, while an improved accuracy brings an
additional improvement of a factor of 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 ¼ 11.5 yr) [43] would improve this analysis.
In conclusion, we have used 19 yr of observations of

S0-2 and S0-38 reported in Ref. [44] to constrain a
hypothetical fifth interaction around the SMBH in our
Galactic center. The constraints obtained in our analysis are
summarized in Fig. 2. Our results complement the ones
obtained in the Solar System since they are obtained in a
completely different and unexplored strong field regime.
We have shown that future observations—and especially
the next generation of telescopes—will improve our results
substantially. In addition, we have derived a limit on an
hypothetical advance of the 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 astrometric and spectroscopic obser-
vations of short-period stars around Sgr A* can be used to
probe fundamental physics. This will be reinforced with the
detection of the relativistic redshift after the S0-2 closest

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 two astrometric observa-
tions and one spectroscopic observation per year with the
following astrometric (spectroscopic) accuracy for an S0-2-like
star: current Keck accuracy, 0.5 mas (30 km=s); TMT-like
improved accuracy, 15 μas (5 km=s).

PRL 118, 211101 (2017) P HY S I CA L R EV I EW LE T T ER S
week ending
26 MAY 2017

211101-4



approach in 2018, as anticipated in Ref. [55]. In the longer
term, tests of GR using short-period stars are expected to
complement other types of observations that will probe the
space-time around the SMBH at the center of our Galaxy,
such as, for example, the Event Horizon Telescope [81,82].
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