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Searching for space-time variations of the constants of Nature is a promising way to search for new
physics beyond general relativity and the standard model motivated by unification theories and models of
dark matter and dark energy. We propose a new way to search for a variation of the fine-structure constant
using measurements of late-type evolved giant stars from the S star cluster orbiting the supermassive black
hole in our Galactic Center. A measurement of the difference between distinct absorption lines (with
different sensitivity to the fine structure constant) from a star leads to a direct estimate of a variation of the
fine structure constant between the star’s location and Earth. Using spectroscopic measurements of five

stars, we obtain a constraint on the relative variation of the fine structure constant below 107>. This is the
first time a varying constant of nature is searched for around a black hole and in a high gravitational
potential. This analysis shows new ways the monitoring of stars in the Galactic Center can be used to probe

fundamental physics.
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The current understanding of our Universe is based on
the theory of general relativity (GR) and on the standard
model (SM) of particle physics. While both theories have
been extremely successful, they are expected to break down
at a certain point. In particular, a breaking of the Einstein
equivalence principle is expected in various unification
scenarios [1,2], in higher dimensional theories [3], and by
some models of dark matter [4,5] and dark energy [6,7]. On
a more philosophical note, the “principle of absence of
absolute structure” led to many developments of extensions
of physics where the constants of physics become dynami-
cal entities, explicitly breaking the equivalence principle
(see the discussion in section 2 of [8]).

One way to test the equivalence principle is to search
for space-time variations of the constants of nature such as
the fine structure constant ¢, the mass of fermions and the
quantum chromodynamics energy scale (see [9] for a
review of the tests of GR and [10] for a review of the
search for varying constants). Various experiments using
atomic clocks have provided stringent constraints on
linear drifts of the constants of nature at the level of
1071% yr~! [11-18], on a dependency of the constants
of nature to the Sun gravitational potential at the level
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of 1077 [14-16,19,20] or on harmonic variations of the
constants of nature [21]. A time variation of « has also been
searched for using measurements of quasar absorption
spectra [22] providing constraint on Aa/a at the level of
107 for a cosmological redshift up to z ~ 3. A variation of
a has also been constrained at the level of 1073 for z ~ 10°
using cosmic microwave background measurements [23]
and at a similar level for z ~ 10'° by a big bang nucleo-
synthesis analysis [24]. Finally, a dependency of a on the
gravitational potential has also been searched for using
absorption lines from a white dwarf [25]. Although many
searches for a variation of @ have been performed, the
question of its constancy around a black hole and around a
supermassive body remains totally open.

The motion of the short-period stars (S stars) orbiting
around the 4 x 10° M o supermassive black hole (SMBH)
at the center of our Galaxy has been monitored for 25 years
by two experiments: one carried out at the Keck
Observatory [26-28] and the other with the New
Technology Telescope (NTT) and with the Very Large
Telescope (VLT) [29-31]. Recently, these measurements
have opened a new window to probe fundamental physics
around a SMBH. Measurements of the short-period star

© 2020 American Physical Society
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S0-2/S2 have been used to search for a fifth interaction
[27,32], to measure the relativistic redshift during its 2018
closest approach [28,30] and to perform a null-redshift
test [31].

In this Letter, we present a novel search for variations of
the fine structure constant around a SMBH using spectro-
scopic measurements from late-type evolved giant stars
orbiting Sagittarius A* (Sgr A*). This is the first search for a
varying a around a compact object (the compactness of a
celestial body can be characterized by E = GM/c?R with
R as the body’s radius) and very massive object, exploring a
new region in the parameter space (Fig. 1). Probing the
gravitational interaction in such a region is important to test
for theories which exhibit screening mechanism in the solar
system (see, e.g., [6,32-34]) or for theories that exhibit a
scalarization mechanism around a black hole [35].

Using spectroscopy, we can very precisely measure the
wavelengths of atomic lines, which can be used to measure
potential variations in the fine structure constant. The
spectroscopic observable is given by

AL, Ai(z,a)—21;(z=0, A
Ay _4z@) A aO):Z—ka.j(1+Z) =

W
where 1;(z,a) is the measured central wavelength of an
absorption line j at the GC for a value of a potentially
different from the one on Earth ay while 4;(0,q) is the
wavelength for the same line measured in the lab. In this
expression, z is the traditional Doppler shift (which
includes the Newtonian velocity along the line of sight
and the relativistic corrections on the redshift) and the
last term encodes the impact due to a variation of @ on
the measurements. This term depends directly on k, ;, the
sensitivity of the transition j to a and defined by

dlnv; =k, jdIna, (2)

a,j
where v; = ¢/4; is the frequency of the absorption line ;.
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FIG. 1. Left: the gravitational potential probed by several
searches for varying a against the mass of the central body that
generates gravity in these tests. Right: the compactness 2 =
GM/c*R of the central body probed by several searches for
varying a against the gravitational potential. Searches for varying
a with S stars explore a new region in this parameter space.

Late-type evolved stars are particularly useful for such an
analysis because their cool atmospheres result in spectra
that contain many strong atomic absorption lines which
helps to maximize the number of different lines available
for this analysis. Also importantly, their spectra contain
lines that are related to atomic transitions with different
sensitivity to a (the difference between the k, coefficients
are of the order of 1). In comparison, the more well studied
young early-type S stars such as SO-2 have atmospheres
that are very hot, so their near-infrared (NIR) spectra
contain only a few H and He absorption. Unfortunately,
H and He lines have nearly the same sensitivity to a (the
difference between the k, coefficients are of the order
of 107) making these lines insensitive to the effect of
variations in a.

In this Letter, we focus on 5 late-type giants in orbit
around the supermassive black hole: S0-6, SO-12, SO-13,
S1-5, and S1-23, see Fig. 2 and [36]. These are among the
closest late-type stars to the black hole (0.4 to 1.5 arc-
seconds in projection) with NIR spectroscopic measure-
ments. Observations of these stars include imaging data
from Keck Observatory and spectroscopic data from
Gemini North, Keck Observatory, and Subaru telescope.
The imaging data include both speckle imaging from the
Near-Infrared Camera (NIRC) instrument (1995-2005) and
adaptive optics data from the Near-Infrared Camera 2
(NIRC2) instrument (2005-2018). Details of the data
reduction are given in [28]. NIR spectra were obtained
with the Near-Infrared Integral Field Spectrometer (NIFS)
instrument on Gemini North for the stars S0-6, S0-12,
S0-13, and S1-5 using the K-band filter (0.95 to 2.40 um)
at a spectral resolution R = A/AA = 5000. We use spectra
of these stars taken on May 13 and May 22, 2018.
Additional spectroscopy of the star SO-6 was obtained
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FIG. 2. Representation of the motion of the five stars consid-
ered in our analysis between 1995 and 2018. The large stars
represent the positions of the stars in 2018. All these stars have a
magnitude brighter than M = 15. S0-6, S0-12, SO-13, S1-5 have
been measured spectroscopically with the NIFS instrument with
Gemini in 2018, S0-6 was also measured with the IRCS instru-
ment from Subaru in 2018 and S1-23 with the NIRSPEC
instrument at Keck in 2016.
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Example spectra of the stars used in this work. Left: Spectrum of the star SO-6 observed using the NIFS spectrograph with a

spectral resolution R = 5000. We have identified three lines that are suitable for the fine structure constant analysis. Center and right:
Spectra of the star S1-23 observed with the NIRSPEC instrument with R = 20 000. This higher spectral resolution allows us to identify

ten atomic lines for use in this experiment.

using the Infrared Camera and Spectrograph (IRCS) instru-
ment from Subaru. We use the order 26 spectrum (2.16 to
2.22 pm) at a resolution of R = 20000 (down-sampled to
R = 15000) for this work. Details of the data reduction
for IRCS is given in [37] and [38]. Spectroscopy of the star
S1-23 was obtained using the NIRSPEC instrument with
laser-guide-star adaptive optics at Keck Observatory at a
spectral resolution R = 20000. NIRSPEC was used in
echelle mode with the K filter. We use Orders 34 (2.24 to
2.27 pym) and 35 (2.18 to 2.21 um) for this work. Details of
the data reduction for the NIFS data and NIRSPEC data are
given in [28] and [39], respectively. All the NIFS, IRCS,
and NIRSPEC spectra have signal-to-noise ratios (SNR)
greater than 20 in order to measure individual lines.

We identified a number of strong and sufficiently
isolated absorption lines for this experiment (Fig. 3). In
total, we measure three atomic lines from stars with NIFS
spectra, six atomic lines with IRCS spectra, and ten atomic
lines from the NIRSPEC spectra (Table I). The higher
spectral resolution from NIRSPEC compared to NIFS
allows us to use more lines. We use a Gaussian fit to
determine the central wavelength of each atomic transition
and a Monte Carlo simulation to estimate the uncertainty.
The fitted lines and uncertainties are reported in Sec. II
from the Supplemental Material [40].

To determine the sensitivity coefficients k, for each
absorption line used in this study, we perform ab initio
calculation of the spectrum for each element by solving the
Dirac Hamiltonian in flat spacetime (curvature corrections
are subdominant) and then compute k, by a finite differ-
ence. The spectra are computed using a combination of the
configuration interaction (CI) method with many-body
perturbation theory (MBPT) [41-44] using the AMBIT
software [45]. The full details of the calculations are
presented in Sec. I from the Supplemental Material [40];
here we just outline briefly the main aspects of the method.
The effective wave functions for a M-valence atom are

expanded as a series of M-body Slater determinants, where
the expansion coefficients are found variationally by
minimizing the energy (CI method). To greatly improve
the accuracy, the effects of core-valence electron correla-
tions are also included into the valence wave functions.
This is done by modifying the effective Hamiltonian for the
valence states using MBPT before the CI procedure is
performed. Finally, to calculate the k, coefficients, we
explicitly make small variations into value of the fine
structure constant (¢ — o & éa) in the code before the
equations are solved.

Bayesian inference is used to estimate Aa/a from the
measurements and Eq. (1). The measurement errors for
each line are assumed to be independent and to be normally
distributed such that the full likelihood is the product of the
individual likelihoods

Al

1 Aa)\?
EjO(GXp |:—2—0§</1—)—Z+ka,(1+Z)7> :|7 (3)

where the subscript j refers to a particular line. Uniform
priors for Aa/a and for z are used and Gaussian priors are
used for the sensitivity coefficients k, ; with a mean value
and an uncertainty quoted in Table I. We use the MultiNest
sampler [70] to sample the posterior probability distribution
function. All the epochs are fitted simultaneously but
offsets between the different instruments or filters are taken
into account (this results in different fitted velocities for
each instrument or filter).

No significant deviation of the fine structure constant is
detected for any of the stars considered in this analysis.
The posterior probability distributions for each star can be
found in Sec. IV from the Supplemental Material [40]
and the 68% confidence intervals are reported in Table IL
The constraints derived from the NIRSPEC measurements
are one order of magnitude better than from the NIFS
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TABLE

I.  Atomic properties of the absorption lines used in this analysis. The wavelengths 1 are experimental
values reported in [46]. The sensitivity to the fine structure constant k,, is computed from ab initio calculation using
the AMBIT software [45], see the discussion in Sec. I from the Supplemental Material [40]. The last column indicates
which instrument has been used to measured each line with the following: (a) NIFS spectrograph, (b) IRCS
spectrograph, (c) NIRSPEC order34, (d) NIRSPEC order35.

Lower Upper 2 [A] k, instrument
1451 3523pdp 'D, 3s23p5s po 21360.027 0.013(9) a
11 NaNa 4s 28, 2 4p 2p¢ 12 22 089.728 0.004(2) a,b
»Ti 3d34s P, 3d%4s4p D 222380911 —0.34(10) a
2 Ti 3d34s P, 3d%4s4p DY 22 450.025 —-0.37(10) c
oY 4d*5s 4F7/2 4d5s5p “F;’/2 22 549.938 —0.83(6) c
»Ca 4s54d 3D, 4s54f 3F¢ 22614.115 —0.03(1) c
215¢ 3d*4s 4F3/2 3d4s4p 2D§/2 21848.743 —0.23(3) b.d
ke 3d%4s? 3D 3d%4s4p 3Py 21857.345 0.56(28) d
2 Ti 3d34s P, 3d%4s4p D 21903.353 —0.30(10) b,d
2 Ti 3d34s P, 3d%4s4p D 22010.501 -0.31(9) b,d
215¢ 3d%4s 4F5/2 3d4s4p 2D‘3’/2 22030.179 —0.25(4) b,d
215¢ 3d%4s 4F9/2 3d4s4p 4D;’/2 22 058.003 -0.29(4) d
11 Na 4s 251/2 4p PS,, 22 062.485 0.007(2) b.d

instrument due to the better spectral resolution and more
atomic lines observed with NIRSPEC.

A fit combining all the stars using a global likelihood
(see Sec. IV from the Supplemental Material [40] for more
details) provides a constraint of

A
7“: (1.0 £ 5.8) x 105, (4)

between the GC and Earth. This constraint is at the same
level of magnitude as the ones obtained from quasar

TABLE 1II. 68% confidence interval for Aa/a and for z
estimated from different stars. An estimation of the gravitational
potential U at the location of the star is also provided (see
Sec. III from the Supplemental Material [40]). For SO-12, SO-13,
and S1-5, two NIFS measurement epochs are combined with
three absorption lines per epoch. SO-6 has been observed with
NIFS and IRCS (each instrument has a different wavelength
solution which reflects in an offset in their estimated z value)
providing nine lines. S1-23 has been observed with two
different filters (each filter has a different wavelength solution
which reflects in an offset in their estimated z value) providing
ten absorption lines.

Star Aa/a U/c?

S0-6 (1.04+1.2) x 107 71.04+ 104 2.4 %1070
-3.6+53

SO-12 (=034 1.4)x107*  -573+4.6 1.6 x 107°

SO-13  (0.03+35)x10™*  —61.6+£181 9.4 x1077

S1-5 (=0.74+2.4)x 107 -3.74+194 6.5 x 1077

S1-23 (0.9 £5.8) x 107° =3114+£1.1  46x1077
288.1 £0.7

observations and is the first constraint on a possible
variation of a around a BH.

In several alternative theories of gravitation, the fine
structure constant becomes dependent on the gravitational
potential (see, e.g., [71]) and it is useful to consider the
following parametrization

Aa AU
_— = —, 5
2 = h 5)

where U is the Newtonian potential, ¢ the speed of light
in a vacuum, and where /3, depends on the fundamental
parameters of the theory. An estimate of the gravitational
potential probed by the five stars considered in this analysis
is required in order to constrain the f, parameter. We infer
the radial acceleration experienced by the stars using
25 years of astrometric measurements of the GC.
Between 1995 and 2005, speckle imaging data provides
astrometric diffraction-limited measurements of the central
5" x 5" of the GC [26,28,47]. Between 2005 and 2018,
adaptive optics (AO) imaging provides high-resolution
images of the central 10” x 10” of the GC [26,28]. AO
allows for more efficient observations at the diffraction
limit, resulting in measurements typically one order of
magnitude better than speckle observations. These astro-
metric measurements are aligned [48] in a common
reference frame defined by tying infrared observations of
seven SiO masers [49,72] to their radio counterpart [S0].
The resulting 2D position measurements of the five stars
considered in our analysis are provided in the Sec. III
from the Supplemental Material [40]. A polynomial fit of
these measurements give an estimate of the 3D radial
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acceleration of these stars which is transformed into an
estimate of the gravitational potential using the SMBH
mass M = 3.975 x 10° M reported in [28]. The estimate
of the gravitational potential experienced by each star is
reported in Table II. A fit combining the measurements
from the five stars and using the estimate from the
gravitational potential from Table II leads to

B, = 3.6+ 120, (6)

at 68% confidence level. No deviation from GR is reported.
This result is 8 orders of magnitude less constraining than
a similar constraint obtained with atomic clocks around
the Sun [20] and one order of magnitude less constraining
than a similar result obtained around a white dwarf [25].
Nevertheless, this is the first time such a measurement is
performed around a BH and around such a massive object
(see Fig. 1). Such a measurement is particularly appropriate
to constrain the presence of a scalar field around a BH,
which can naturally be enhanced in theories exhibiting BH
scalarization mechanism, see, e.g., [35,73].

In conclusion, we propose a new method to search for a
variation of the fine structure constant around a SMBH.
Using existing measurements from NIFS spectrograph at
GEMINI, from IRCS spectrograph from Subaru and from
the NIRSPEC spectrograph at the Keck Observatory, we
report a constraint on Aa/a below 107> and a dependency
of Aa/a on the gravitational potential at the level of 10.
This is the first time such a search has been performed
around a compact object, around a BH or around such a
massive object (~4 x 10° M), see Fig. 1. The results
reported in this Letter could be improved by dedicated
measurement sessions using high resolution spectrograph
to measure spectrum of late-type stars closer to the GC.
For example, a dedicated measurement of S0-6’s spectrum
using NIRSPEC could improve the limit on /3, by one order
of magnitude. Furthermore, it is expected that future
spectrographs with advanced AO systems such as KAPA
at Keck [74] would be able to measure spectrum of fainter
late-type stars that are orbiting close to the GC (like, e.g.,
S0-38/S38 [26]), allowing us to improve significantly the
current constraints (by up to 4 orders of magnitude) and
allowing one to probe the fine structure constant in a higher
gravitational potential. Finally, after the search for a fifth
force [27,32], the relativistic redshift measurement of the
star S0-2/S2 [28,30] and a null test of the local position
invariance using S0-2/S2 measurements [31], this analysis
gives a new example of implications of GC measurements
in term of fundamental physics.
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