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Ultralight bosonic dark matter is expected to be able to form a cloud surrounding the supermassive black
hole (SMBH) in the Galactic center. With increasing precision of the observations of the stellar kinematics
around the SMBH, tiny effects from such a dark matter cloud, including its gravitational perturbation and
the direct coupling with the ordinary matter may be detectable. In this work, we search for possible
evidence of the scalar cloud using accurate orbital measurements of the S2 star around Sgr A*. We solve the
first order post-Newtonian equation, considering simultaneously the extended mass distribution of the
scalar cloud and the frequency shift induced by the additional coupling via Higgs portal or photon portal
interaction. Furthermore, we also investigate the impact of an astrophysical power-law component from the
gas and stellar remnants. We find that the astrometric and spectroscopic data of the S2 star are well
consistent with the scenario of a pointlike mass of Sgr A*. We thus derive upper limits of the coupling of the
new interaction and the extended mass, with and without the contribution from the astrophysical
component. The limits of the Higgs/photon coupling and the extended mass of the scalar cloud are the most

stringent ones for the scalar mass window between 3.2 x 1071? eV and 1.6 x 107'8 eV.
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I. INTRODUCTION

One of the most attractive physics beyond the standard
model (SM) is the nature of dark matter (DM), which is also
one of the most puzzling topics in cosmology and astro-
physics [1-4]. Besides the gravitational DM evidence, we
are still unclear about the particle nature of DM after
decades of efforts in DM direct detection [5-7], indirect
detection [8—11], and collider experiments [12—14]. The
dynamics of the stars around the supermassive black hole
(SMBH) can provide an interesting but independent way to
probe the DM. Several well-motivated DM candidates
could be observable near the SMBH, such as the weakly
interacting massive particles [15-18], and ultralight DM
coherent or bound by strong gravitation [19-24].

In the last decades, with the development of interfero-
metric imaging and high-precision narrow-angle astrometry
in the infrared bands, the experimental uncertainties of the
stellar kinematics in the Galactic center are significantly
improved [25-29]. Moreover, SMBHs, one kind of astro-
physical extreme compact object, is found in most galaxies,
and we understand their properties better and better recently,
thanks to rapidly improving observations. Two of the most
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well-known experiments are performed by the Keck
Observatory [29-32] and the Very Large Telescope
(VLT)/GRAVITY [33-37]. They have been observing the
motion of short-period stars orbiting around the Galactic
center, Sagittarius A* (Sgr A*), for over 20 years. The
observations of such extreme environments with strong
gravity are good probes of the properties of the SMBH
[38—42], the star and galaxy formation [43—47], the tests of
general relativity or other gravity theories [48-50], the
nature of DM [51-57], and so on.

Among various candidates, ultralight bosonic DM, likely
to form a Bose-Einstein condensation, is an attractive cold
DM candidate [58—65]. Within this framework, the possible
interaction between the SM particles and bosonic DM will
result in a frequency shift via either Higgs or photon portal
interaction [61,60,67]. The electron mass or fine structure
constant can hence receive an additional correction. Thus,
we propose to search for such ultralight bosonic DM, by
including both the perturbations on the stellar orbits from
the extended DM mass and the velocities from the direct
DM-SM couplings for the first time. In addition, an
astrophysical power-law component from gas and stellar
remnants is also considered as the other case. In this paper,
we only use the publicly available position and velocity
data of the S2 star observed by the Keck Observatory [31].
For the density profile of such a scalar field in the Galactic
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center, we adopt the model developed for the black hole-
scalar field system [54,56], which predicts the formation of
a scalar cloud. We perform the Bayesian analysis using the
Markov Chain Monte Carlo method (MCMC) to scan the
DM and stellar orbital parameters. Finally, stringent upper
limits for the Higgs/photon portal coupling and DM
extended mass are calculated.

This paper is outlined as follows. In Sec. II, we revisit the
black hole-scalar field system, and calculate the density
profile of the scalar field. In Sec. III, we discuss the Higgs
portal or photon portal interaction between the scalar field
and SM, which results in a frequency shift of hydrogen
emission lines. In Sec. IV, we provide the methodology of
data analysis in orbital fitting, including the orbital model
and statistical analysis framework. Then, we present our
constraints on the Higgs coupling 3, the photon coupling g,
and the extended mass M, in Sec. V, and summarize this
work in Sec. VL

II. THE BLACK HOLE-SCALAR FIELD SYSTEM

The massive scalar field ®, described by the Klein-
Gordon equation, can develop a condensed structure
around the black hole through the super-radiance mecha-
nism [68-79]. In this section, we discuss the solution of the
Klein-Gordon equation in a Kerr metric, whose action is
written as

S—/d4 N i—lg“ﬂCI)* 0y —”—%qxb* (1)
) VT G629 TN T ’

where R is the Ricci scalar, g, and g are the metric tensor
and its determinant, ®(z, r, 0, @) is a complex scalar field
with @ , = 0®/0x,, and y is the mass of ®@. The scalar
field around SMBH follows the Klein-Gordon equation

V, Ve = 2o (2)
and the Einstein equation
G = 8xT*, (3)

where G% = R — 1 Rg”” is the Einstein tensor, 7% is the
energy-momentum tensor of scalar field.

Usually, the influence of the scalar field on the metric is
not that large comparing to the SMBH, so we can adopt a
fixed background metric for a stationary spin black hole,
which is written in the standard Boyer-Lindquist coordinate

2M., 4aM.r . z
ds2_—(1— Zr>dt2— az rs1n29dtdgo+xdr2+2d92

2M.a?
+ <r2 +a? +#sin29) sin’fdg?, 4)

with

> = 2 + a?sin%6,

A=r-2Mor+a*=(r—r,)(r—r_), (5)

in which r, = M, + \/M? — a*> with the dimensionless
angular momentum J = aM. and the spin parameter a. The
quantity M. is the black hole mass. Under the Kerr metric,
the solution of the scalar field can be described as

Dy (1.7.0,9) = 0S4, (O)Rp (1), (6)

where ¢, m correspond to the angular modes and w is the
frequency of the scalar field, including the real component
wpg and the imaginary component w;.

In addition, to describe the mass coupling of the
black hole-scalar field system in the exponential term in
Eq. (6), we define a dimensionless quantity with physical
clarity ¢ [77],

£ =10 =y M. ~O(107), (7)
Ac

where r, = M. in Planck units is the gravitational radius of
the black hole, and A- = ;! in Planck units is the
Compton wavelength of the particle with mass ;.

We would like to note that the mass coupling { < 1 in
our case, because A is much larger than the gravitational
radius of the black hole. We can obtain the time dependence
of the quasi-bound-state frequencies w = wg + iw;, whose
real and imaginary components are both positive and very
small [77]:

{ WR ~ My — m(ﬁ)z’

4044 (8)
W~ ﬂs(aﬁwf - 2/"SF+) Co'{, ’

where spin parameter a only appears in w;, and o, depends
on the system [75]. The positive w; indicates that the scalar
field profile will develop exponentially with time, charac-
terized by time scale w; = 1/7;. Taking the fastest growing
mode of Sgr Ax (n = 0,/ = m = 1) as an example, its time
scale is given by 7; ~ ™. On the other hand, wg = 1/74
describes the oscillation of the scalar field. With the
limit { <« 1, the oscillation time is much smaller than
the growth time scale, namely 7z ~ (! < ;. Thus, we can
safely ignore the growth effect of the scalar field, instead
of focusing on the oscillation effect at the level of
observations.

We now turn our attention to the spheroidal harmonic
function S,,,(0) and the radial function R,,,(r) in Eq. (6),
which can be written as [68]

1 d (. dS, m?
E (sing®20m ) — | 2gPcos?0 S
sin 6 d6 <Sm do ) [a TS O G > m

= Azf’mem? (9)
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and
d [ dR, K2
= <A drm> + {A — a®w? + 2maw — u2r* | Ry,
= ApmBRems (10>

where we define g=+/u?—w? and K = (r* + a®)w — am,
and A, is the eigenvalue corresponding to the radial and
angular parts of the Klein-Gordon equation. Again, as the
scalar mass u, we detected is very small and the growth of
dynamics of the scalar field is too small, the scalar field is
effectively stationary over the time of observations. As seen
in Eq. (8), the Kerr spin parameter a only appears in w; and
does not affect the scalar field oscillation; we can ignore the
terms involving a in the wave equation. Therefore, we can
simply obtain the solution of Eq. (9) and Eq. (10) as in
Refs. [68,75,77]:

{Sfm(e) = PJ(cos0), ()

Ren(r) = Appv"e™ 2Ly (v),

in which n is an integer number for identifying the
solution, Az, is a normalization constant, P and L2*!
are Legendre polynomials and generalized Laguerre poly-
nomials, respectively. We define

2rM 2
. o B 12
H (12)

and r in Planck units is the distance to the center of black
hole in the radial coordinate.

As long as a very small u, is applied, one can safely
disregard the w; of the exponential term in Eq. (6) and the
contribution from a in the wave equation. Here, we just
consider the specific mode (n =0, [ =m = 1), as this
field mode grows more efficiently due to the super-
radiance mechanism. These simplifications are also used
in Refs. [68,77]. Finally, the scalar field profile in this black
hole-scalar field system can be written as

® = Coe (=072 7 2 sin 6, (13)

where the time-independent constant C is related to the
total mass of the scalar cloud.

It is worth mentioning that we have used the normalized
coordinates in units of M;!,

_ ¢ 2
WR“€_§<£+n+1> ’
ot
d and = .
M, M,

(14)

]_":

In the limit of { <« 1, the energy-momentum tensor of
the scalar field is dominant by the low energy limit.
Hence, the scalar field density distribution is well described
by [77]

1 1 s
p=5 W2 = Eﬂg(cgg‘*e—ézr# sin?@).  (15)

If the scalar fields are mainly described by the fastest
growing mode, we obtain the total mass of the scalar cloud
M 4ouq by integrating full space. To describe the scalar
cloud, we introduce dimensionless parameter x to replace
the constant Cj),

Mo [ pr*sin6drdode

M. M. (16)

The density distribution is varied with y, , and r, and the
total mass of the scalar cloud depends on u, and «.

Assuming the mass of the scalar cloud is 4 x 10° M,
[36], we display the DM density distribution of Sgr A* with
different lines in Fig. 1. In addition, the innermost stable
circular orbit of Sgr A* is presented by the black dotted line
and the radius covered by the S2 orbit is also shown with
the shaded region. We can see that the density of the scalar
field in the mass window (3.2 —16) x 107! eV peaks
between the pericenter and the apocenter of S2.

1018 - : — Us=32x10"1%V
: —— Us=5.0x 10"V
1015 - : —— Us=1.0x 1078V
q — us=1.6x10"8eV
n? 1012 _: — s =3.2x10"8eV
5 0
>' 109 i
() 1
9 I
Q108 4 |
103 {i
1
1
100 1Risco
107 1073 107!
radius [pc]
FIG. 1. The density distribution of scalar cloud around Sgr A*.

Gray region is the distance covered by the S2 orbit, and the scalar
field mass u, =3.2x1071%,5.0x 10712, 1.0 x 10~'%, 1.6 x 10718,
3.2 x 107'® eV are also shown with blue, red, purple black, and
green lines, respectively. The vertical black dotted line shows
corresponds to the innermost stable circular orbit of Sgr A*. We
fix the mass of the scalar cloud as 4 x 103 My (corresponding
to k ~0.001).
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III. INTERACTING WITH SM
AND FREQUENCY SHIFT

The data used to measure the radial velocities of S2 are
the K-Band (2.0 to 2.5 um) spectra. The Brackett-y (Bry)
line, the dominant absorption feature, is among the strong-
est lines in the K-band, which is produced by the hydrogen
transition [80]. The energy levels of the hydrogen atom
follow:

4 2

[’}

ue 1 _mecta
E = — —, 17
" 2(4mey) i n 15T (17)
where we use the definition of the fine structure o = ﬁ
0)hc
and approximate the reduced electron mass with

mem,

H= +m ~ m,. Thus the energy of the Bry line is
me* (1 1Y,
Vin =En —E, =— 62 <W_F>a’ (18)

in which m, n are the different transition levels.

A. Higgs portal model

Considering the ultralight bosonic DM interacting with
SM particles via the Higgs portal [57,81-87], the additional
Lagrangian to the SM can be written as

Lon = pIOP|H, (19)

where f is the dimensionless coupling between Higgs and
bosonic DM. This interaction generates a shift of the Higgs
vacuum expectation value (VEV) [61,67]

_gﬂ(_r) UW<1 _ifL?), (20)

2u? m%, 2u?

where v,,, is the SM Higgs vacuum expectation value for
=0, my is the Higgs mass, and p(r) is the expectation
value of the scalar cloud. Therefore, the presence of the
bosonic DM induces an effective change in the mass
of SM particles. Taking the electron mass as an example,
we have

m, =~ mbe (1 —%g?), (21)
My 24

where mP© is the unperturbed electron mass.
Consequently, the frequency shift §f induced by DM
can be written as

of Vi

= (22)

Finally, based on Egs. (18), (22), and (21), we can rewrite
the scalar cloud induced frequency shift for the Higgs
portal DM model as

of OV i B plr)
L= |70 ~Tenllh,
f Vi oH Mo mH 2p;
where 6f is a function of a position within the scalar cloud.

Here, we adopt the natural units for the conventions,
namely p in units of [GeV*].

(23)

B. Photon portal model

Ultralight bosonic DM may also interact with the SM
sector via photon, called photon portal model [66]. The
relevant interaction can be written as

g
Lo, =5 10] P, (24)

where ¢ is the dimensionless coupling between photon and
bosonic DM, which can be either positive or negative.
Therefore, the fine structure constant « has been altered to

1 P
(x:a()(l_gvé)za()(l—kgz—ﬂ%). (25)

Using Eqgs. (18), (22), and (25), we can write the frequency
shift for the photon portal DM model

5f [V _28a_ p(r)
T[],y e

C. Frequency shift

When the S2 star travels around Sgr A*, its gravitational
potential varies dramatically. As a result, one can search for
the ultralight bosonic DM evidence from the potential
change, which is the strategy we utilized in Sec. IV. The
redshift from the hydrogen and helium absorption lines in
the stellar spectrum can be observed as the S2 approaches
the black hole. The Doppler effect of these lines can also be
written as [32,35,88-90]

— Uy

Af=f-rfo=

fo=""r 1)

and Avw is the velocity difference. Thus, the velocity shifted
by photon portal and Higgs portal can be described by [67]

0
AUr,higgs = 7f r) I’I/lﬂ%_]pzlit?) (28)
A, phoon = ‘Sf (r) ~2920) (29)
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Again, we apply the natural units for the conventions. S2
feels the variation of the scalar field density at different
positions of the orbit, due to the changing of the gravitational
potential. Thus, we can determine the size of the frequency
shift by measuring the S2 positions and velocities.

IV. METHODOLOGY

A. Orbital model and initial conditions

The stellar orbit in the cloud of extended bosonic DM
around the SMBH can be described with the following
model parameters:

(i) The mass of Sgr A* (M.), which is the only physical

parameter of the black hole.

(i1) Six additional parameters about SMBH, including
the distance R, between the Earth and Sgr A*, the
astronomical coordinates coinciding with the SMBH
(Right Ascension agy, Declination dgy), the velo-
cities to the coordinate origin (v,, v5), and the line-
of-sight velocity of SMBH relative to the Sun v..
The current level of precision in radial velocity is
~10 km/s, so that acceleration terms are ignored
[31,34,91].

(iii) Six parameters describe the stellar orbit in the
coordinate system centering at the SMBH
(rpsv,.t,,1,Q, ). The radial distance and the
tangential velocity are ry, v, at the epoch of the
closest approach 7,. The angle of inclination,
the position angle of the ascending node, and the
argument of pericenter is denoted by /, Q, and o,
respectively, as presented in Fig. 2. These parame-
ters serve as the initial condition for stellar motion in
the gravitational potential essentially.

(iv) Two parameters about the bosonic DM: the mass
ratio of the extended scalar cloud to the Sgr A* mass
k, defined in Eq. (16), and the dimensionless
coupling to the Higgs or photon (f or g), also
defined in Egs. (28) and (29).

We have 1+ 6+ 6+ 2 = 15 free parameters in total. In
this work, we do not consider the spin and quadrupole of
Sgr A*, because these parameters only arise at the 1.5 and
second order post-Newtonian (1.5PN and 2PN) approxi-
mation (proportional to ¢=* and ¢~*), respectively [92], and
they are below the precision of current observation sensi-
tivities. Hence, we only turn to the first order post-
Newtonian (1PN) approximation.

The stellar orbit can be obtained by solving the following
1PN equation of motion [31]:

d? GM GM ([4GM 4GM
r__ "7 < —1)2>r+ (rv)y,  (30)

- = — r - -
dr? r A\ 2
where M =M(r) is the enclosed mass, r(t)=

(X(2), Y(2),Z(1)) and (1) =i (t) = (Vx (1), Vy (1), V(1))

Z A

<v

Ascending node

X

FIG. 2. Definition of the coordinate systems, whose axes
originate from Sgr A*, and projection of S2 orbit onto the plane
of the sky. The picture shows an illustration of the S2 star orbital
parameters: € is the azimuth angle of the spherical system of
coordinates associated with the x, y, and z Cartesian coordinates.
For an elliptic motion in the x—y plane, the two coordinates (red
and blue) associated with each other via three Euler rotations: / is
the angle of inclination between the S2 orbit and the observation
plane, Q is the angle of the ascending node, and w is the argument
of pericenter. It is worth mentioning that the Z-axis of the
coordinate system is defined by the vector pointing from the
Galactic center to the solar system.

are the position and velocity of S2 with the origin located
at the BH. As defined in Fig. 2, the coordinate system is
centered on the Sgr A* and S2 orbit is projected onto the
plane of the sky. The direction of the Z-axis is points from
the Galactic Center to the Solar System, and the X-Y plane
is parallel to the plane of the sky for the X-axis pointing
West and the Y-axis pointing North.

We consider two cases for the mass model in Eq. (30).
In the first case (Case I), we assume that there are only two
mass components within the S2’s orbit, i.e. the SMBH and
the scalar cloud:

M(r) = M. +2ﬂ/r 2dr [T sing'dd'p(r'.0').  (31)
risco

where rigcq is the radius of the innermost stable circular
orbit, p is the density of extended mass in Eq. (15) which is
parametrized with the mass ratio x. We also consider
the other case (Case II) that an additional mass component
from unresolved stars and gas exists in the very inner vicin-
ity of the SMBH [36,37,93]. Then the mass model is

103024-5
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M(r) = M.+ Ar'S 4 2z / " dr / "sin@'do'p(r.0),
"sco 0

(32)

where a power-law stellar component Ar'® with A ~
2.516 x 10° M as obtained by extrapolating the fitting
results from large radii is added.

The stellar orbit in Eq. (30) is a time-dependent second-
order differential equation. It can be solved with the
DOP853 method [94] implemented in SciPy [95] given
the initial condition of the star. The initial state is defined at
the pericenter epoch 7, and the six phase-space coordinates
can be transformed from the parameters (r,,, vy, 1, Q )
with the Euler rotations:

= —r,sinwcosIsinQ + r, cos w cos Q,
= r,sinwcos [ cosQ + r, cos sin ,
= —r,sinwsin/,

()
()
()
Vx(t,) = —v,coswcosIsinQ — v, sinwcos Q,
(t))
Vy(t,) = —v,coswsin[. (33)

The Romer time delay is a time modulation of a signal
caused by the propagation of light through the S2 orbit in
the Z-direction. This effect is important for S2 in the Keck
data (—0.5 days at pericenter and 7.5 days at apocenter)
[31]. Therefore, we account for the Romer time delay in our
analysis. The time delay between the emission point and
the observer on the Earth can be described by

Z(tobs
Tem = fobs T % . (34)

Please note that we have a different sign from that of [31],
since the Z axis here is pointing from the Galaxy center to
the Sun. The Romer delay in Eq. (34) can be solved in an
iterative way [96]. In our computation, we only perform
one iteration, because the time correction obtained in the
second iteration is already very small (<20 minutes). On
the other hand, the Shapiro time delay and gravitational
light deflection of the SMBH are ignored in our work,
because they can only yield less than ~5 minutes and
smaller than recent observational uncertainty, see Ref. [31]
in more detail.

Once we set up Eq. (30) with the initial conditions, the
phase-space coordinate of S2 at any time ¢ can be predicted.
To compare with the observations, we convert the coor-
dinate to the right ascension (R.A.) a, declination (Dec.) §
and radial velocity (RV) v, with

Y(tem)

a*<t0bs) = Rzm + aBH + Vg * (tem - tJZOOO)v
X(tom)

8. (tops) = R(:) + 8 + s (fem — ty2000)>

Viltew) , GM
AV,,
2c +cr(tem) +av,

Ur<t0bs) = VZ(tem) +v,0+

(35)

where 159 18 a reference epoch J2000.0, the four param-
eters apy, Oph» Ve, and v are the offset and linear drift
relative to the reference frame center, and v, is a constant
velocity offset in the measurement of radial velocities. The
third term of radial velocity is the correction of relativity
(the transverse Doppler shift and the gravitational redshift),
which has been detected in [31,34,36]. The last term AV, is
the effect of frequency shift induced by the scalar cloud
which is the main difference from the usual DM halo. This
frequency shift can be observed through the radial velo-
cities. It is related to the coupling constant (# for Higgs
portal, g for photon portal) and the scalar field density,
which has been discussed in Egs. (28) and (29).

B. Statistical analysis

In this work, we include 45 astrometric measurements
(1995-2018) and 115 radial velocity measurements (2000—
2018) from the Keck observations, which are publicly
available in [31]. The total likelihood can therefore be
separated into two parts

‘Ctot = Eastro X Lry. (36)

For the astrometric part, the correlations between nearby
astrometric positions are considered with the following
likelihood [31]:

‘Castro & (|Ea||25|>_%

1
xexp |—= (Aa"Z;'Aa + ASTZTAS) |, 37
p 2 ( o )

where Aa = {a; —p,(t;)} and A6 = {5, —us(t;)} are
the vector of the differences between the observed and
predicted R.A. and Dec., respectively. The covariance
matrices for two positions are [X,]; =o0,0,p; and
[Eé]ij = 05,05Pij> where o, and o5 are the uncertainties
of R.A. and Dec., respectively. The correlation matrix is
given by [p];; = (1 — p)é;; + pexp[—=d;;/A], where d;; is
the angular distance between the point i and j. The
correlation length scale A and the mixing parameter p
will be fitted simultaneously with the model parameters.

For the radial velocities, the likelihood is simply
obtained as

103024-6
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j Ou,.j

- N 2

—21In Lry = ygy = Z <U”—m(lj)) . (38)

where v, ; and u, (t;) are observed and predicted radial
velocity observed at ¢;, and o, is its uncertainty.

A Bayesian analysis is performed with the Markov
Chain Monte Carlo (MCMC) sampling tool EMCEE [97].
Priors of the model parameters are given in Table I. We
adopt Gaussian priors for the SMBH mass M. and the
Galactocentric distance of the Sun R. The former is from
the shadow of the SMBH imaged by the Event Horizon
Telescope (EHT) [98], and the latter is from the very long
baseline interferometry (VLBI) parallaxes and proper
motion of molecular masers in the spiral arms [99] which
was also used in determining the EHT measurement of M..
Log-uniform priors are assumed for the coupling constants
(# and g) and mass ratio k when scanning several orders of
magnitude range, and uniform priors are assumed for the
rest parameters.

In Fig. 3, we present the orbit prediction based on the
best-fitting Higgs portal model obtained from the MCMC
scan. The fitting parameters are shown in Table I, for a fixed
scalar mass of u, = 1078 eV. The upper left panel is

TABLE L

astrometric measurement of the S2 star’s orbit around Sgr
A* (black star). The best-fitting orbit in the plane of the sky
is presented as the dashed line. S2 moves counterclockwise
in this projection. The origin of the coordinate system
coincides with the location of Sgr A*, as described in Fig. 2.
The upper right panel shows the best-fitting RV model,
compared with the RV measurements from 2000 to 2018.
The offsets of R.A. and Dec. in lower panels are relative to
the position of Sgr A*. The bottom subpanels show the
residuals between data and the model.

V. CONSTRAINTS ON HIGGS AND PHOTON
PORTAL MODELS

When the S2 star travels to different places in orbit, it
will experience different scalar field density p and the orbit
can be altered by the extended mass and the frequency shift.
During S2 orbital fitting, we not only consider the extended
mass induced by the scalar field, but also the interaction
between the ultralight bosonic DM and the SM via Higgs or
photon portal, then setting strong limits to the extended
mass (M,,,) and coupling constants (# and g).

We are interested in the frequency shifts of atoms due to
a bosonic DM surrounding the SMBH. For each DM mass

Priors and fitting results of all parameters in our work when fixing y, = 10~'® V. Gaussian priors are

assumed for the SMBH mass M. and the Galactocentric distance of the Sun R, log-uniform priors are assumed for
coupling constants (f and g) and mass ratio k, and uniform priors are assumed for the rest parameters. For Case II, a
power-law stellar component is added compared with Case I [36,37]. It should be emphasized that the mass of the
SMBH is estimated from the shadow imaged by the EHT [we replace 4.07)} x 106 My with (4.0 £ 1.1) x 10° M,
for simplicity and being conservative] [98], and the distance is measured by the VLBI parallaxes and proper motions
of molecular masers in the spiral arms [99].

Case I Case II
Parameter Prior Best fit Posterior mean +1o Best fit Posterior mean +1o
M. (10° M) 4.0+ 1.1 391 3.92 +0.05 3.90 3.92 +£0.05
Ry (kpc) 8.15+0.15 7.90 7.90 +0.05 7.89 7.91 +0.05
agy (mas) (=10, 10) -1.38 12708 -1.28 -1.22+0.33
Opy (mas) (=10, 10) -0.75 0,79j8-§§ —-0.87 —0.75 £ 0.37
v, (masyr™') (=500, 500) 94 87115 86 85+ 18
vs (masyr~') (=500, 500) 220 221 £20 231 218 £ 19
v,o (kms™!) (—100, 100) —-6.3 -83+£2.7 -8.1 —-8.7+28
rp(IO‘3 pc) 0.01, 1) 0.554 0.554 +£0.004 0.552 0.554 +£0.003
v, (kms) (~10°,10) 7559 7571428 7559 757315
t, (yr) (2010, 2030) 2018.3818 2018.3818 £ 0.0004 2018.3819 2018.3818 £ 0.0004
I (0, 360) 133.80 133.78 +0.20 133.70 133.80 +0.18
w (°) (0, 360) 66.70 66.66 + 0.12 66.65 66.66 £ 0.12
Q () (0, 360) 227.83 227.77 +0.16 227.73 227.79 £ 0.17
offset (kms™!) (=300, 300) 77 8373 81 8330
p (0.01, 0.99) 0.70 0.54 +0.13 0.62 0,54f8:11§‘
A (mas) (1, 100) 13 32f12$ 16 3]j11?
logyo & (-6.-1) —4.45 —4.791058 -5.51 —4.821098
logyo f (=30, -20) —24.89 —27.042] —24.88 -26.81121!
s (V) e 10-18 e 10-18 .
—21In L —14.77 —-14.21
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The theoretical and observed orbit of S2 star around Sgr A*. The theoretical fitting models are calculated by solving the

equation of motion Eq. (30). The upper left panel presents the 45 astrometric measurements of the S2 star orbit around Sgr A*, overlaid
with our best-fitting projected orbit in the plane of the sky. The black star is the place of Sgr A*, and the axes of R.A. and Dec.
correspond to offset in right ascension and declination, respectively. The upper right panel shows RV measurements and the best-fitting
RV model using 115 RV measurements from 2000-2018. Residuals from the best-fitting RV model and error bars indicate lo
uncertainties. The two panels at the bottom show the R.A. and Dec. as a function of time and their respective residuals. Here, we use the
observational data reported by Keck Observatory in [31], and the best-fit parameters of the Higgs portal given in the third column of

Table I. The corner of parameters has also presented in Fig. 6 in the Appendix.

u, between 1071 eV and 1077 eV, we scan over the total
15 model parameters as described in Sec. [V A. We vary the
Higgs coupling constant with a range of 10730 < g < 10720
for the Higgs portal DM, but the photon coupling constant
is varied with 107 GeV? < g < 1072 GeV? for the
photon portal DM. With these priors, the extended mass
and couplings (# and g) can simply escape from the current
upper limits [66,100].

Using S2 data observed by Keck Observatory, we
forecast the 95% upper limits of Higgs portal and photon
portal coupling in Fig. 4. The left and right y-axes represent
the f# and g scales, respectively. The ATLAS excludes the
blue regions of Higgs coupling [100], while the supernova
energy loss arguments exclude the green regions of photon
coupling [66]. By assuming thermal equilibrium, the

current photon coupling restrictions from Big Bang
Nucleosynthesis are more stringent than the limits derived
in this work [66].

The bosonic DM density in the mass window of (3.2 —
16.0) x 107! eV is sensitive to the S2 orbit as seen in Fig. 1.
If p is too large, the radius of the scalar cloud is too short.
The extended mass of DM can degenerate with SMBH mass
M. (gray region) because the uncertainties of radial velocity
can overwhelm the smallish changes caused by the fre-
quency shift. If DM is too light, the radius of the scalar cloud
is too long. The extended mass is small so that the predicted
frequency shift is negligible too. Thus, when the peak
value of the scalar cloud is placed outside the S2 orbit,
the constraints obtained in this work become weaker, see the
behavior of the upper limit at u;, < 4 x 10'° eV region.
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FIG. 4. The 95% credible exclusion upper limits of the Higgs
portal and photon portal coupling constants, without (solid) and
with (dashed) the additional power-law astrophysical component.
The left and right y-axis are for the photon portal coupling g and
the Higgs portal coupling f for different scalar field mass y,. The
green and blue lines present the constraints from the supernova
energy loss [66] for the photon portal coupling and the ATLAS
for the Higgs portal coupling [100], respectively.

In Fig. 5, we project the same upper limits in Fig. 4 to
(:um Mext) plane with

Moy =21 / "y / “sin@'do'p(r.0).  (39)
risco 0

where r is the apocenter of the S2 elliptical orbit, and « has
defined in Eq. (16). If the scalar cloud is within the range of
the S2 orbit, the value of k is the same as M/ M.. Otherwise,
the constraints on M.,/ M. are weaker than x, which can also
be checked in Fig. 1. Clearly, the upper limits from S2 with

10—2 ]
. Keck
<
% -3 S
s 10 N
352 orbit )
== Degenerate
with Sgr A*
104 { — Casel
=== Casell
10—19 10'—18 1017
Us [eV]
FIG. 5. The 95% credible upper limits of the extended mass

from the scalar DM enclosed within the S2’s orbit for different
scalar field mass p,, without (solid) and with (dashed) the
additional power-law astrophysical component. The Keck
[101] and GRAVITY [36] excluded regions on the extended
mass are larger than ~10* My and ~4000 M, within the radius
of S2 orbit, as shown by purple and orange shaded regions.

23 years of data are stronger than the result obtained by Keck
[101] and GRAVITY [36]. Comparing the constraints in
Case I and Case II, we can see that the astrophysical power-
law component (~1200 M. enclosed in S2’s orbit [36,93])
only has a relatively small impact on the parameters of the
DM model. As expected, the constraints on the ultralight
bosonic DM model parameters become more stringent when
adding the astrophysical component. It is worth mentioning
that our target DM component has induced a frequency shift
by coupling with the SM particles and is thus distinguishable
from the astrophysical component.

VI. CONCLUSION AND DISCUSSION

In this work, we propose a unique way to constrain the
ultralight bosonic DM mass and its interaction with the SM
via Higgs or photon portal. We consider a DM-induced
frequency shift surrounding the SMBH in the center of our
galaxy. Using the first order post-Newtonian approximation,
we construct the stellar orbit equation including the DM-
induced frequency shift, which also alters the radial velocity
of S2. With the Keck S2 orbital data from the year 1995 to
2018, we then perform a Bayesian MCMC scan to estimate
the 95% credible upper limits of DM-Higgs interaction and
DM-photon interaction. Similarly, upper limits of the
extended mass of scalar cloud to DM particle masses g
are also computed. Because of S2 orbital size, only DM mass
between 3.2 x 107" eV and 1.6 x 10~'% eV can be con-
strained by the Keck data. By marginalizing the nuisance
parameters, our work shows that the DM-Higgs coupling
95% upper limit (f < O(10724) at u, ~ 107!8 eV) is much
stronger than the ATLAS limit. For the photon portal DM,
the DM-photon coupling is also suppressed to be g <
O(10728) GeV~2 at p, ~ 107'% eV which is also several
orders better than the limit obtained by supernova energy
loss arguments. The Keck data can also set an upper limit of
the extended mass of scalar cloud, and it is about
3 x 107 M., which statistically agrees with the scenario
of pointlike mass of Sgr A*. With ultralight DM-induced
cloud involved in the fitting, we improve the extended mass
upper limit from the latest GRAVITY results.

It is promising that there are lots of stellar remnants and
gas around SMBH. By applying an extrapolation from
observations at larger radii, we add a power-law form of the
enclosed mass M (r) « r'¢ [36] in Case II. We find that
adding such an astrophysical component will make our
constraints on the DM parameters slightly more stringent,
but the impact of the astrophysical component is small, and
our conclusions remain the same.
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APPENDIX: THE CORNER OF PARAMETERS

In Table I, we report the average value and 1o credible
interval of the marginal posterior probability distribution for
each parameter obtained from the MCMC calculations as
well as their best-fit values in a Higgs portal model with
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U, = 10718 eV. Here, we provide the 2D projections of a
MCMC sample (corner plot) along with the 0.56/1.06/1.5¢
contours with the CORNER package [102]. We require all
parameters satisfying the Gelman-Rubin diagnostic of
R —1 < 0.3, therefore the MCMC samples are expected
to be well converged. It is worth mentioning that the mass
ratio of scalar cloud x and Higgs portal coupling S are
converging up, because when the parameters become
smaller, their contributions to S2 orbit are negligible.
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FIG. 6. The corner plot of 18 free parameters obtained from a MCMC sample. All parameters are well constrained, including mass ratio of
scalar cloud x and coupling . To ease comparisons, parameters measured in identical units are plotted with identical axes lengths.
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