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Science potential for stellar-mass black holes as neighbors of Sgr A*
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It has been suggested that there is possibly a class of stellar-mass black holes (BHs) residing near
(distance < 103 M) the galactic center massive black hole, Sgr A*. Possible formation scenarios include the
mass segregation of massive stellar-mass black holes and/or the disk migration if there was an active
accretion flow near Sgr A* within O(10) Myr. In this work, we explore the application of this type of
objects as sources of space-borne gravitational wave detectors, such as Laser Interferometer Space Antenna
(LISA). We find it is possible to probe the spin of Sgr A* based on the precession of the orbital planes of
these stellar-mass black holes moving around Sgr A*. We also show that the dynamical friction produced
by accumulated cold dark matter near Sgr A* generally produces small measurable phase shift in the
gravitational waveform. In the case that there is an axion cloud near Sgr A*, the dynamical friction induced
modification to gravitational waveform is measurable only if the mass of the axion field is in a narrow range
of the mass spectrum. Gravitational interaction between the axion cloud and the stellar-mass black holes
may introduce additional precession around the spin of Sgr A*. This additional precession rate is generally
weaker than the spin-induced Lense-Thirring precession rate, but nevertheless may contaminate the spin
measurement in a certain parameter regime. At last, we point out that the multibody gravitational
interaction between these stellar-mass black holes generally causes negligible phase shift during the

LISA lifetime.
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I. INTRODUCTION

In the past years there were exciting revolutions in
probing astrophysical black holes in the strong-gravity
regime, thanks to the observations by the LIGO and the
Virgo collaboration (the LVC) [1-4] and EHT (Event
Horizon Telescope) [5,6]. In the next decades, space-based
gravitational wave (GW) detectors, such as LISA [7] and
Tiangin [8,9], will enable unprecedented measurements on
the mass, spin, spacetime, orbital, and environmental
properties of massive black holes at cosmological distances
[10,11]. For example, one particularly interesting type of
source is EMRI (extreme mass ratio inspirals), which often
comprises a stellar-mass black hole orbiting around a
massive black hole. As this kind of system usually stays
within the LISA band for 10*-10° cycles during the
observation period, small additional effects (e.g., extra
channel of dissipation) may accumulate over many orbital
cycles to generate measurable phase shifts. As a result,
EMRIs may serve as an ideal probe for deviations
from general relativity [10-14] and astrophysical environ-
mental effects [15-18]. In addition, the formation of
EMRIs may be greatly accelerated by accretion flows,
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which provides promising opportunities for multimessen-
ger observations [19,20].

There is one special massive black hole (MBH), Sgr A*,
which resides at the center of our own galaxy, with distance
of orders of magnitude closer than any other massive black
holes. The chance of forming an ordinary EMRI around
Sgr A* during the LISA observation period is negligible
(<107° from the loss-cone formation channel with EMRI
rate ~10> Gyr~! per MBH [21-24]). However, because of
the small distance between Sgr A* and Earth, it is still
possible to probe stellar-mass black holes at the lower end
of the LISA frequency band (> 10~ Hz), corresponding to
orbital radius < 10°M [25], where M is the gravitational
radius of the MBH. On the other hand, there are in fact
multiple ways to produce such low-frequency EMRIs
(referred as “Sgr A* EMRI” hereafter). For example, it
has been suggested that if there is a massive subclass of
stellar-mass black holes in the galactic nuclear cluster, the
mass segregation effect will lead to condensation of these
black holes at galactic centers, with distances O(10%)M
away from Sgr A* [26,27]. In addition, if there is a previous
active accretion phase in Sgr A*, as supported by the
presence of stellar disk near Sgr A* [28], the disk-assisted
migration tend to lead to a set of stellar-mass black holes
accumulating at distances between ~80M—-200M depend-
ing on the disk models and parameters [29-31], as required
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by equating the disk migration timescale with the gravi-
tational wave radiation timescale. Frequencies of GWs
from such Sgr A* EMRIs are within the range of
[.5-2] x 107 Hz, considering circular orbits. If the time
that the latest accretion episode ended is not earlier than
O(107) years, we still expect some black holes have not
merged with Sgr A* after the gravitational wave radiation-
induced inspiral, as another way of forming Sgr A* EMRIs
at present. Notice that gravitational wave measurement will
likely be the only way to probe Sgr A* EMRISs if they
do exist.

Assuming the presence of Sgr A* EMRISs, it is natural to
ask what is the detectability of these systems using LISA,
and what we can learn by observing them. The first
question is partially answered by previous works in [32]
by computing the event SNR (signal-to-noise ratio) as a
function of orbital radius. For the sake of completeness, we
present a distribution of SNR with system parameters
drawn from Monte-Carlo samplings, assuming the detec-
tion by LISA. There is one subtle point worth noticing here:
the detection threshold of SNR for such systems should be
much smaller than ~16, which is commonly used as a
benchmark value for EMRIs. For Sgr A* EMRIs the
template bank contains much less parameters as the sky
location and distance of the source is known. Smaller
parameter space in the waveform results in smaller penalty
in the false-alarm probability, which leads to smaller
detection threshold SNR ~ 10.

Our work is primarily focusing on the second question,
i.e., the applications of Sgr A* EMRIs. We consider three
possible sources that may produce observable effect in the
gravitational waveform. The first source is the spin-orbit
coupling between Sgr A* and the stellar-mass black hole,
which induces Lense-Thirring precession on the orbit. We
construct the waveform model to include precession effect
and perform the Fisher analysis to address the accuracy of
the inferred spin. The result is rather promising: for Sgr A*
EMRIs with orbital separation a < 90M, we generally have
AS/S ~0.5%-24%, with median value at ~2% level.
Notice that while we have measurement on the mass of
Sgr A* based on the motion of S stars, the spin is
completely unknown. In the future we may obtain con-
straints on the spin using EHT, but based on the experience
from the measurement on M87 [33,34], the spin constraint
is unlikely to be very stringent. Measuring gravitational
waves from Sgr A* EMRIs may be the most accurate way
to probe the spin of Sgr A*.

Second, we have investigated possible influence of dark
matter in the vicinity of Sgr A*. Assuming cold dark matter
description with plausible density prescription at galactic
center, we find that Sgr A* EMRIs are less capable of
probing the effect due to dynamical friction than normal
EMRIs, assuming comparable event SNR. On the other
hand, if an axion dark matter cloud is excited by black hole
superradiance around Sgr A*, considering a typical system

configuration, we find the dynamical friction effect is above
the measurement noise only if the mass of the axion field is
between 3.1 x 10713 eV t0 3.3 x 107'8 eV. The chance that
the axion mass lies in such narrow range is small. Moreover,
in this case the gravitational coupling between the axion
cloud and the stellar-mass BH may be strong enough to
induce additional precession of the orbit plane which is larger
than the measurement uncertainty. This additional precession
is generally weaker than the Lense-Thirring precession, but
they are degenerate with each other.

Third, we also considered the influence of gravitational
interaction between the stellar-mass black holes. As a
model problem, we compute the Kozai-Lidov timescale
assuming the presence of a nearby third body (stellar-mass
black hole), and find it to be much smaller than the
observation period of LISA. As a result, we conclude that
multibody effect is not important for Sgr A* EMRIs.

The rest of this article is organized as follows. In Sec. II
study the effect of spin induced orbital precession to
gravitational waveforms in case of Sgr A* EMRIs and
determine the prospect of measuring the spin of Sgr A* witha
10 years observation period of LISA. In Sec. III we explore
the prospect of detecting the signature of dark matter cloud
from similar observations, focusing on cold dark matter in
Sec. [II A and axion dark matter in III B. Finally, we discuss
the Kozai-Lidov effect in the presence of a third object and
present our concluding remarks in Sec. I'V. Throughout this
paper, we use units in whicha=c =G = 1.

II. SPIN INDUCED ORBITAL PRECESSION

We begin by assessing the spin induced orbital preces-
sion of an Sgr A* EMRI. We will first discuss the
gravitational waveform generated by such a binary and
the modification to its phase due to orbital precession in
Secs. IT A and II B respectively. Next, we present the data
analysis formalism (Fisher analysis) that we implement for
the estimation of measurement uncertainties and summa-
rize the results in Sec. IT C. The main results of this section
include the threshold SNR for detecting a signal from Sgr
A* EMRI with LISA and constraints on various waveform
parameters, including the spin of Sgr A*.

A. Waveform

We implement the time domain waveform for LISA
presented in Ref. [35]. Following Ref. [35], we make use of
two sets of Cartesian coordinates—one associated with the
detector denoted by (x,y, z) and the other (%, y,7) tied to
the ecliptic in a heliocentric frame (see Fig. 1). The
corresponding spherical polar coordinates are (6, ¢) and
(0, ¢) respectively. The detector arms lie in the x—y plane
and the plane corotates with the detector.

The detector strain for LISA in time domain can be
expressed as [35]
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FIG. 1. An illustration of the coordinate systems we use in
Sec. II. The set of barred Cartesian coordinates (X, 3, 7) is tied to
the ecliptic with the origin at the sun. On the other hand, the
unbarred coordinates (x, y, z) are tied to the detector LISA, with
the detector’s arms lying in the x—y plane. Angle ¢(¢) describes
the location of the detector with respect to the barred coordinates
in X-y plane. (6,,¢,) are the spherical polar angles associated
with location of the source in barred coordinates.

10) = L2 A1 cos 2 fr+ a7+ a0 +00(0) +0, 1)

(2.1)

Here A(7) is the amplitude, @, () is the polarization phase
and ¢p (1) is the Doppler phase that takes into account the
motion of the detector with respect to the sun. We also
include the effect of a small constant frequency evolution f,
which may come from various dissipation mechanisms of
the binary. For the spin induced orbital precession, we set
f = 0, however this term will be considered in a later part
of the paper. The unconventional factor of +/3/2 is
attributed to the 60° angle between the detector arms.
@,(t) is the modulation to GW phase due to the orbital
precession. A(#) and @, () are given by

A = AR+ RF ) (22)
¢, (1) = tan™! (%) (2.3)
where F, and F, are the antenna pattern functions:
F.(t)= % (1 + cos?,) cos 2¢, cos 2y,
— cos 8, sin 2¢), sin 2y, (2.4a)
F (1) = % (1 + cos?dy) cos 2¢, sin 2y
+ cos 8, sin 2¢), cos 2. (2.4Db)

Here (6,,¢,) are polar spherical coordinates associated
with 77 where we use the convention that GWs from the

source propagate along —i. Note that (6, ¢,) are time-
dependent and we need to express them in terms of fixed
coordinates (6, ¢,) following Egs. (3.16) and (3.17) of
Ref. [35]. The polarization angle y, is given by

(L-E—(i-ﬁ)(%-ﬁ))
Y, = arctan — .
i (Lx2z)

A

(2.5)

Here L is the unit vector along the orbital angular
momentum of the binary and Z is the unit vector along
the z-axis of the detector. A, and A, are the amplitudes of
plus and cross polarization respectively,

2M\M R
A, = #[1 + (L -2)%, (2.6a)
AMM, .
S ety 2.
« D i, (2.6b)

with D denoting the distance to the Sgr A* EMRI and a is
the orbital separation. Various quantities in Egs. (2.5)—(2.6)
can be expressed in terms of barred coordinates with the
help of Egs. (3.20)-(3.22) of Ref. [35].

The Doppler phase ¢p in Eq. (2.1) denotes the phase
difference of the wavefronts at the detector and at the sun,
which is given by

@p(t) = 27fR sinOg cos (¢(t) — ¢s). (2.7)
In above expression, R is the distance between sun and the

earth, and ¢(¢) is associated with location of center-of-mass
of the detector:

&(t) = o + 2nt/T. (2.8)
Here T is period of LISA’s orbit around sun which is one
year, and ¢, is a constant denoting the position of the
detector at + = 0 which we will set to zero. Note that the
Doppler phase in Eq. (2.7) is the leading order correction
due to the orbital motion of the detector around the sun.
Second order Doppler shift to the GW phase is of the order
v|@pl|, which is a small correction [35] as v is the orbital
speed of the detector. Due to the time delay R sin 6 between
a signal at the barycenter and the detector, there is addi-
tional correction to the phase [35]. This is however
negligible as it depends on the frequency evolution which
is either zero or very small in our analyses. An additional
Doppler phase occurs from the rotation of the detector
about its axis which is of the order f times the arm length of
LISA in geometrized units and such correction is two
orders of magnitude smaller than the leading order Doppler
correction above. Hence, ¢, in Eq. (2.7) should suffice for
our purposes. Finally, we write down the modulation of
GW phase due to orbital precession following [36]:
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t L . fl ~ X
) =2 ——— |(Lxn)-Ldt, (2.9
oot =2 [ (o) xi) - Lan @9)
where f, is the derivative of L in time.

B. GW phase modulation due to orbital precession
of Sgr A* EMRI

We now apply Eq. (2.9) for the case of an Sgr A* EMRI.
The mass of Sgr A* is M; = (4.297 £0.012) x 10° M,
[37-39] and we consider a stellar mass compact object with
mass M, = 20 M. We further assume that the spin of Sgr
A* (S§)) is much greater than the spin of the stellar mass
object (S,), which is reasonable because the mass ratio is
already over 10°. Consequently, we work in the limit of

M, < M, and S, ~ 0. For such assumptions, L due to spin
precession is given by [36]

A

L~Q,8xL, (2.10)

where the precession frequency €2, takes the form:

p 2—5;1 . (2.11)
a
Hereafter we will assume an orbital separation of
a ~90M,, in which case the GW radiation-induced phase
shift is negligible during the observation period of LISA.
One can also find the dependence of signal-to-noise ratio
on the orbital separation in [32]. In the well-motivated
model where the stellar-mass black holes migrated to the
vicinity of the MBH assisted by the MBH accretion disk,
the orbital eccentricity damping timescale is much shorter
than its migration timescale [31]. Therefore we assume that
the stellar-mass black hole moves along a circular orbit,
although it is straightforward to allow nonzero eccentricity
in the Fisher analysis. The precession angle will be given by

a, = a,,+ Qpt. (2.12)

Here a), o denotes the value of a at time 7 = 0. We adopt the
convention that @, = 0 when L - % is maximum (which also

means f,, 7z, and S will be on the same plane), for which L
can be written as [36]

7 = Scosi +(§—3’cos9w -
= Scos = sin A, cosa
P sin 6, P P
Sxz . .
+ wng.n Apsina,,. (2.13)

Here 1, is the angle between L and S, while (0, - éﬁsp) are
spherical polar angles of the vector S. The angle @, (¢) now

can be evaluated by plugging Egs. (2.13) and (2.10)
in Eq. (2.9).

C. Analysis and results

We now proceed to the discussion of data analysis
technique and results pertaining the spin induced orbital
precession in the Sgr A* EMRI. We assume a maximum
observation period of T, = 10 years with LISA [7] to
explore the science potential of these systems.

1. Data analysis formalism

We implement the Fisher analysis formalism to estimate
the statistical error on various parameters in the waveform.
Such analysis assumes the noise of the detector to be
Gaussian and stationary, which works better in the limit of
high SNR. Let us denote the detector’s noise as n(t); then
the detector output can be expressed in terms of noise and
signal as

s(1) = n(r) + (). (2.14)

We define the inner product between two quantities A and
B in the following manner:

=A*(f)B(f)

b (2.15)

(A|B) = 4%t /
0

A(f) is the Fourier transform corresponding to A, and the
asterisk superscript denotes complex conjugate. P,(f) is
the one-side detector noise spectral density for which we
consider the LISA detector noise given in Ref. [40]
(we ignore the galactic confusion noise as it is small
compared to the instrumental for the frequency range we
are working in).
The SNR of an event is

p =/ (hlh), (2.16)
while a Fisher matrix element is defined as

In the above equation, we denote a derivative with respect
to a binary parameter ' as 0;. For a Sgr A* EMRI, the
orbital frequency can be considered as almost constant
during the observation period, so that it is more convenient
to use the time-domain waveform which is real-valued.
Hence, the Fisher matrix can be simplified in the following
way:
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= 9, ()9, (/)
s

P,

2 0
EPAﬁ;;A 0,h(1)0;h(1)dr,

4
P,(f)

where we have considered the contribution from two LISA
channels {7, I1}, and approximated the Sgr A* EMRI as a
monochromatic source with constant frequency f. In
practice, the upper limit of above integral is taken to be
the observation period which is 10 years in our case. Let us
denote the 1-¢ error bar on Fisher parameter 0’ as A9’ =
0 — 0" with 6! denoting the true value of &. If we do not
impose any prior information, the root-mean-square of A&’
can be obtained as the square root of diagonal elements of
the inverse Fisher matrix:

(0:h|0;h) = 4> %

LI

~

/°° 0;h(1)d;h(t)dt, (2.18)
0

(T-Heb = (AG'AG). (2.19)
The waveform of a precessing Sgr A* EMRI contains
nine parameters as follows:

(ln A’ ém &sa ésp? @sp?ap,o’ﬂp’gwf)?

where A = (M M,)/(Da). Strictly speaking we know the
distance D and the sky locations of Sgr A* (0, ¢,) from
electromagnetic observations, but here we still include
(6, @) as Fisher variables to address the angular resolution
of LISA for such systems. As the measurement error varies
for different system configurations, we use the Monte-
Carlo method to sample 100 different sets of underlying
parameters of Sgr A* EMRI, assuming uniform sky
distribution for the angles and uniform distribution for
the spin of Sgr A*. The underlying parameters for
(0,,¢5), D, M, are set to be their known values, and M,
is assumed with the same value in the fiducial model
(M, =20 M). For each set of the underlying parameters
we perform the Fisher analysis to compute the measure-
ment uncertainties for various parameters. The histograms
summarizing these Fisher analysis results are presented
in Sec. I C 3.

(2.20)

2. Threshold SNR

In order to address the detectability of Sgr A* EMRISs,
we need both the expected SNR of these systems and the
SNR detection threshold. The first quantity is partially
discussed in [32] and in Sec. II C 3, and in this section we
compute the threshold SNR, following similar strategy
described in Ref. [41] developed for stellar-mass black hole
binaries. Generally speaking, the threshold SNR reflects
our tolerance on the false-alarm probability with suitable
detection probability. It depends on the number of

templates in the template bank against which the observed
signal needs to be matched. Let us denote the number of
waveforms in the bank by Np, and write the template
waveforms as h,(t) = ph,(r) such that (h|h) = 1, where
a=1,2,...,Np.

The statistics o, := (s|h,) between the data s and the
templates &, follows the following probability distribution:

o2 +p?

filonr) =exp |=(“57 ) outape). 221)

where [ is the modified Bessel function of the first kind
of order 0. If there is no signal in the data (s = n), the
probability distribution is simply

‘ﬂmeZW:”%ﬂpP<%>}

We can claim a detection if ¢, > oy, at least for one
template a, with oy, denoting a certain threshold deter-
mined by a conventional false alarm possibility Py

(2.22)

fl(aa’p = 0) daa!

Othr

Pr(on) = (2.23)
i.e., oy = v/—21n Pr. Following Ref. [41], we choose a
representative value of Pr = 1073/Ny, which is similar to

the threshold Py in [42]. The detection probability as a
function of SNR for a given oy, is given by

PD(p) = oofl(aaip)dga’

Othr

(2.24)

and the threshold SNR py,, is obtained for a given detection
probability of Pp(py,,) which is taken as 0.9 here.

We now implement Fisher analyses to estimate the
number of templates in the bank Np. In our case, the first
3 models parameters (the amplitude A and the source
location 6, ¢,) do not affect N, because the amplitude
which only shows up as a prefactor of each template,
therefore can be searched over each template at negligible
cost and the source location is well known. Let us define the
following Fisher matrix for the remaining 6 model param-

eters (éS[ﬂ (275[;, ap,Oa /1p’ Qp?f):

Let us also define a prior range on a Fisher parameter &' by
50", and a modified Fisher matrix T,

~ A 6”
Fij = max FU N T

(59’)2)

Then Ny can be approximated as the following integral
over the Fisher variables:

(2.26)
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0.00 0.01 0.02 0.03 0.04 0.05
NG

FIG. 2. Histogram distribution of 1-¢ errors on the polar angle
of location of Sgr A* EMRI (A#,) with respect to the heliocentric
coordinates, computed with Fisher analyses with Monte-Carlo
simulations. Vertical red line is the median of distribution which
is about 0.033 radians.

(2.27)

Np = / dP0\/ DetT,

Eq. (2.27) can be evaluated using the Monte-Carlo inte-
gration method where the input Fisher parameter ' is
distributed over the prior range 60’ [43]:

~ V -
/ AP0V DetT == " /Detl. (2.28)
N p

Here Det [y is the determinant of the of the matrix I for
sample 3, N is the number of samples, and V is the volume
of the search space.

10 !

2+ P L~ -

S0 m i

0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035
A,

FIG. 3. Histogram distribution of 1-¢ errors on the azimuthal
angle of location of Sgr A* EMRI (A¢,) in the heliocentric
coordinates, computed with Fisher analyses with Monte-Carlo
simulations. Vertical red line is the median of distribution which
is about 0.022 radians.

-———— 77— 77—
r | — Median 1
12 _ B
[ Pthr

It L0 o

1
8 10 12 14 16 18 20
SNR

FIG. 4. Histogram distribution of SNRs obtained from Fisher
analyses with Monte-Carlo simulations. The blue vertical line
shows the threshold SNR for detecting a signal: py,, ~9.8. The
red vertical line shows the median SNR which is 11.7. About
80% of the samples satisfy p > py.

3. Results

We first examine the threshold SNR for a detection of
GWs from the Sgr A* EMRI. As explained in Sec. I1 C 2,
for detection purpose, we only need to consider the
waveform containing seven free parameters. In addition,
as the cost of searching over amplitude is negligible,
we consider only the last six parameters in Eq. (2.20).
The volume of search space is then V =
80,665 ,6a,,062,6Q,6f. To evaluate Eq. (2.28), we apply
Monte-Carlo sampling by distributing the direction of spin
and angular momentum uniformly over the 2-sphere, a,, o
between 0 to 2z, and dimensionless spin parameter
between 0.01 to 1. The lower end of spin is set to be
nonzero as the Fisher matrix tends to me more singular for

FT T T T T T T T T T T T T ™]

30 — Median

25} .

20 ]

15F ] 3

10F ]

st - ]

ok ==01=0= NN == ===F
0.00 0.05 0.10 0.15 0.20 0.25

AQ,IQ,
FIG. 5. Histogram distribution of relative errors in measure-

ment of precession orbital frequency Q, obtained from Fisher
analyses with Monte-Carlo simulations. The vertical red line
denotes the median value of AQ,/Q, which is approximately
0.02.

123018-6



SCIENCE POTENTIAL FOR STELLAR-MASS BLACK HOLES AS ...

PHYS. REV. D 105, 123018 (2022)

—r 77—

15+ ] — Median

10 - E

Ok —— — P s D
0.00 0.02 0.04 0.06 0.08 0.10
Byl

FIG. 6. Histogram distribution of 1-¢ error bars on the polar
angle corresponding to the direction of spin (A6, »)» normalized
by 7. Vertical red line shows the median of the distribution which
is approximately 0.026.

small spins, which affects the accuracy in computing the
determinant of the Fisher matrix. We distribute the fre-
quency f uniformly between 1.7 x 107> Hzto 2 x 1075 Hz,
corresponding to a range of orbital separation a = 85M,
to a = 95M,. As a consistency check, We implement two
independent sets of 100 samples to perform the integration
in Eq. (2.28) and find a consistent threshold SNR
Pir = 9.8.

In order to estimate the statistical distribution of meas-
urement errors, we perform a separate Monte-Carlo study
with the waveform containing all 9 parameters in
Eq. (2.20). We distribute 6, ¢,,, a,0, f» and 1, in a
similar manner as in the case of threshold SNR computa-
tion. However, we distribute the magnitude of dimension-
less spin parameter from O to 1 uniformly as the calculation

12+ | — Medianq

10k ]

SEHT L | o 1

o mulin g Em

0.00  0.01 002 003 004 005 006 007
Aspl27T

FIG. 7. Histogram distribution of 1-c error bars on the
azimuthal angle corresponding to the direction of spin (A¢, »)s
normalized by 2z. Vertical red line shows the median of the
distribution which is approximately 0.016.

—— 1
Tr — Mediang
6F ]
5F ]
4F ]
3fF ]
2F ]
1F a1
0 :1 n n n 1 n n n 1 n n n 1 n n n 1 n n L 1 L L L 1 A:

0.00 0.02 0.04 0.06 0.08 0.10 0.12
AAplTT
FIG. 8. Histogram distribution of 1-¢ errors in the measurement

of opening angle (A1,) normalized by = obtained from Fisher
analyses with Monte-Carlo simulations. The vertical red line
shows the median value of Al,/z which is approximately 0.03.

of determinant is not needed here. For each set of Monte-
Carlo samples we compute the Fisher matrix, and collect all
the data in histograms.

For the M, and range of a assumed in this fiducial
model, we find 80% of the samples produce SNR greater
than the threshold SNR py,., while the median SNR is about
12 (see Fig. 4). Note that the SNR linearly scales as M, if
it is different from 20 M, and its dependence on a is
discussed in [32]. We also present a histogram distribution
of the relative errors in measuring Q, in Fig. 5, which
shows that we can constrain €, (and hence the magnitude
of spin) with a median relative error of 2%. The direction of
spin can also be measured to percent level accuracy, as
shown in Fig. 6 and 7. This level of accuracy is more than
an order of magnitude better than the spin measurement

T T T T T T T T T T
r - — Medianq
151 b
10F— = B b
5k -
ok £ 088, |
0.00 0.02 0.04 0.06 0.08 0.10 0.12

Aa /27

FIG. 9. Histogram distribution of 1-¢ error bars in the meas-
urement of initial precession angle (Aa, () normalized by 27.
Vertical red line shows the median value of the distribution which
is approximately 0.03.
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accuracy of radio interferometry, which has to account for
all the modelling uncertainties of the accretion flow. In
addition, Figs. 2 and 3 show that the LISA resolution
uncertainties for the sky angles are on the level of
A6, ~0.033, Ag, ~0.022 radian, or AQ/4x ~6 x 1075
This means that the chance of having a double white dwarf
source having similar signal strength (less than parsec scale
distance) and sky locations is negligible. The expected
measurement error of the opening angle 4, and initial
precession angle a,, are shown in Figs. 8 and 9. On the
other hand, the frequency can be measured very precisely
with an error bar of the order 10~'° Hz.

III. PROBING DARK MATTER

Massive black holes like Sgr A* can harbor dark matter
clouds around them, and one way to probe the nature of
such clouds is through GW observations. When a compact
object travels through the cloud, a dark matter overdensity
may form and create a friction force. Such friction force
changes the frequency evolution of the binary. The cloud’s
gravitational potential also applies a torque on the compact
object, giving rise to an orbital precession. This section will
focus on detecting such effects with Sgr A* EMRI, with
both cold dark matter and axionic dark matter scenarios
considered.

A. Cold dark matter

Dark matter may accumulate around a massive black
hole like Sgr A*, forming overdensities or spikes [44,45].
The change to GW phase due to the dynamical friction may
be used to probe the dark matter profile around the central
massive object, which has been explored in the case of
intermediate-mass-ratio inspirals (IMRIs) [46—48]. In the
analysis below we comment on its application on EMRIs,
especially the Sgr A* EMRIs. .

Let us denote the frequency evolution as f, which is
small and can be treated perturbatively with respect to the
frequency of GWs at the beginning of observation period:

fo- Using the energy-balance law, f can be found as [46,47]

]'t _ 96”8/3f(1)1/3M1M2

12M,&(v)pg™M In(A)

YU M, (3.1)

The first term on the right side of above equation is the
frequency evolution due to the emission of GWs, while the
second term is the contribution coming from dynamical
friction. Here A is defined as \/M,/M, and &(v) is the
fraction of dark matter moving slower than the orbital speed
v. The dark matter density at the moving object’s location at
time ¢ = 0 is pP™:

aS Vsp
do

with a, denoting the orbital separation at ¢t = 0. The size of
the spike is ag, and py, is the density of dark matter at
distance r = ay,. The parameters (ay,, p;, ¥5,) depend on
the initial dark matter halo where the supermassive black
hole was formed. If we consider the initial profile to be an
NFW profile, y,, is usually taken as 7/3. Using Eq. (3.2)

to Eq. (3.1), we find that the contribution to f from the

dynamical friction scales as f (1)4/ ? As foforSgr A* EMRIs is
smaller than that of ordinary EMRIs detected by LISA by two
orders of magnitude, the dark matter induced modification to

f and GW phase (which scales as fT 2.\ is supposed to
be two orders of magnitude smaller as well. We expect such
dark matter induced corrections to be more significant for
ordinary EMRIs with smaller separation, higher orbital
frequency and thus better detection prospects.

For a quantitative assessment of the modification to GW
frequency evolution due to dynamical friction, let us first
derive the parameters (a,, p,,,) for the cloud profile around
Sgr A*. For the initial NFW profile, DM density p at a
distance r from Sgr A* is [49]

prew (1) = (r/a )(f:_ rja )’

(3.3)

where p, and a, are characteristic density and radius
respectively. a, is usually defined to be the radius within
which the average DM density becomes 200 times the
critical density of the universe p.. Then p; is related to p,
according to

Ps _ @@ (3.4)
Pec 3 Fl(cam)
where F(x) = In(1 + x) — x/(1 4+ x) [50]. ¢ = r/a, is the
concentration parameter, and DM mass within r = a; is
approximated by

Mgy = 4mpsaiF (cap)- (3.5)

We consider the low red shift approximation for parameter
C200 which is [50]

Magoh
10g10¢200 = 0.905 — 0.101log [ﬁ] . (3.6)
(O]

where / is the dimensionless Hubble constant and M, is
related to Sgr A* mass M, as [51]

M, [ My \'®
107 Mg, ~ \10"2 M,

Using Egs. (3.4)—(3.7),we achieve a; = 19.6 kpc and
ps =3 x 10738 g/cm?.

Next, following [52] we take the spike size a;, to be 0.2,
where ), is the gravitational influence radius of Sgr A* which

(3.7)
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is 1.67 pc. Then matching Eq. (3.3) to spike profile ppy =
psplas,/r)73 at r=a,, we obtain p,~262 Mg/pc’.
Finally, Let us define the second term in Eq. (3.1) as

. 12M,&(v)pPM In(A
for= 2 (A)/IO () (3.8)
1
Plugging p,, and a, in above equation, and considering

static dark matter case (£ = 1) for simplicity, we obtain

fpr =4x1072's72. This is more than two orders of
magnitude smaller compared to the frequency evolution
due to GW emission which we find as 1.3 x 10718572, We

present a comparison of f pr between the cold DM case and
axion DM case in the next subsection.

B. Axion dark matter

Axion or axionlike particles are well motivated from
string theory [53,54] and standard model extension
[55-58] as dark matter candidates [59-63]. Axion fields
close to spinning BH can extract angular momentum from
the BH, leading to superradiance. In this subsection, we
consider the effect of a bosonic cloud around Sgr A* on the
orbit of the stellar mass BH. Axion dark matter density
profile can achieve extremely high concentration near the
central SMBHB, as compared with the cold dark matter
scenario. Additional conservative dynamical effect may
become significant because of the high mass density. For
example, the Newtonian potential of the cloud can exert a
torque on the orbiting object and induce orbital precession.
We first study such precession effect in case of an Sgr A*
EMRYI, and then we analyze the change in GW frequency
evolution induced by the dynamical friction of axion dark
matter.

1. Newtonian potential of the cloud

To study the nonrelativistic description of the super-
radiant cloud, we will work in spherical coordinate systems
(r,0,¢) and Cartesian coordinate (x,y,z) with Sgr A*
located at the origin. We consider a free complex scalar
field, in which case the cloud is axisymmetric around the
direction of spin of Sgr A* [13,64]. In the nonrelativistic
limit, the axion field can be expressed as

W(r,t) = Be ™ R,,(r)Y (0, ). (3.9)

(n, [, m) label the stationary eigenmodes of the field and
is the eigenfrequency. The radial function R, takes the
form of that of hydrogen atom, which we can conveniently
write as

Rye(%) = {(@)3 (L—w] 2

n 2n(n +1)!

2%\ ¢ 2%
n n

Here we introduce the parameter ¥ = a’r/M, with a =

My and y is the mass of the scalar field. L2 }!, (2] is the
generalized Laguerre polynomial of degree (n—1—1).'
We choose the constant B in Eq. (3.9) such that the total

mass of the cloud M, is normalized to aM, namely,

(3.10)

/d3xp—MC~aM,, p=pu¥*Y. (3.11)

Such an approximation is reasonable when a < 1 and the
initial BH spin is close to the maximal spin [64]. Using
Eq. (3.11) we then find B = M.

In the next step we derive the gravitational potential
generated by the bosonic cloud. Since the potential satisfies
the Poisson equation, we decompose it in terms of spherical
harmonics in the following manner [65,66]:

etV nl0.6)| (3.12)

with
Gem(t, 1) = /Orsfpfm(s)szds, (3.13a)
pfm(t,r):/w”;”;’ff)szds. (3.13b)

We further define the harmonic components of the density
p as

pomltr) = / p(r.0.9)Y5,(0.4)dQ.  (3.14)

For simplicity we restrict ourselves to the fastest growing
mode, which corresponds to n =2,/ =2, and m = 1. For
this particular mode, using Eq. (3.9) and Eq. (3.11) to
Eq. (3.14), nonzero contributions to cloud density p come
from

M2R2e

B (3.15a)

Poo =

'We implement the convention where L%(x) satisfies the
differential equation xy” + (a + 1 —x)y’ + ny = 0.
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M3x2e %ot

48+/5x

Finally, using Egs. (3.15) and (3.13) to Eq. (3.12), we
obtain the gravitational potential of the cloud as

P20 = — (3.15b)

@, = P (X) + P,(X) cos 20, (3.16)
with
we % = Q=2 %~
P = s (48 — 48e* + 48% — 8% + 32¢'%
— 1633 — 63 — 1Y), (3.17)
and
e x N . -
Py = 25 (144 — 144" + 144% + 72%
32x
+245%3 + 634 + ¥°). (3.18)

2. Axion dark matter induced precession

It is convenient to express the components of the torque
applied on Sgr A* EMRI orbit using the Cartesian
coordinates (x,y, z). Implementing the Newtonian poten-
tial in Eq. (3.16), the torque on object M,, is

= —M,F x V(D
= —4M, P, (%){sin @ cos @sin ¢, — sin @ cos & cos ¢, 0}.
(3.19)

Such a torque will cause the orbit of M, to precess around
the direction of spin of Sgr A*. However, since the
precession frequency is expected to be much smaller than
the orbital frequency, we are interested in the torque
averaged over one period. In this case the point mass
can be replaced by a constant density ring of the same
radius to receive the gravitational torque. Let us choose the
z-axis to be along the direction of spin and the x-axis to be
along the ascending node of the binary. We also assume at
t = 0 object M, is located along x-axis. The position of M,
can be expressed as

x =acosQt,

y= acosﬂp sinQf, z=a smip sin Q7.

(3.20)

Here Q is the orbital angular frequency and 4, is the angle
between z-axis and the orbital angular momentum.
Applying above equation to Eq. (3.19) and averaging over
one orbital period we obtain

(7) = {=Py(%(a))M,sin24,.0,0}.  (3.21)

Next, we can express the precession frequency as a small
change of precession angle A® over small time At as

A® tnA® _ AL |(D)]
T Ar~ At Lsinl,At Lsind,’

(3.22)

Using Eq. (3.21) to above equation leads to a precession
frequency of

4Q!3P, cos A
Q=" 2% (3.23)
M7

which depends on a through P,. We need to choose a
suitable range for «, which we discuss next.

To allow a detectable effect for Sgr A* EMRI, the growth
period of the superradiant cloud needs to be much smaller
than the Hubble time. In the limit of @ <« 1, the growth
period of the cloud is given by the Detweiler’s approxi-
mation [64,67]:

24(a/M)a= WM. (3.24)

Ty =

If we set 7, to be O(10%) years, above equation suggests
a ~0.04, which we will consider as a lower limit on a. On
the other hand, the cloud may deplete due to GW radiation
if the field is real-valued. Notice that in this case the
calculation for precession rate still applies, as the cloud
rotates faster than the precession rate, and a rotation-
averaged density profile for real-valued field is the same
as that for complex-valued field. Taking into account the
GW radiation, the lifetime of the cloud can be approxi-
mated by the following expression which is valid for
a < 0.1 [64]:

M AN
7, ~10° years | ——— 01
100 M) \ a

If we choose an a of 0.1, which is the limit of validity of above
expression, the cloud survives about 1 billion years for the
Sgr A* EMRI. Hence it is reasonable to assume 0.1 as the
upper bound on a. A range of a € [0.04, 0.1] corresponds to
the mass of the scalar field x4 € [13,32.6] x 107!? eV.

In Fig. 10 we present €2, as a function of a for 4, = /4,
and also compare it with spin induced precession with same
opening angle and a spin of § = 0.5M7. We find that the
dark matter induced precession frequency is overall smaller
than that of spin-induced precession, although they are
almost comparable near @ = 0.1. Nevertheless, since in
both cases the precession happens around the direction of
spin, the modification to GW phase is similar and in
principle it is not possible to distinguish the two effects.

(3.25)
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FIG. 10. Axion dark matter induced precession orbital fre-
quency Q, as a function of @ = My according to Eq. (3.23),
which is denoted by the blue curve. Here M, is the mass of Sgr
A* and p is the mass of the complex scalar field which describes
the axion dark matter. The angle between spin and orbital angular
momentum vector is taken to be z/4. The red horizontal dotted
line shows the orbital frequency of spin induced precession with
same opening angle and S = O.SM%.

3. Modification to frequency evolution
due to dynamical friction

In addition to the orbital precession caused by the
Newtonian potential of the axion cloud, a dynamical
friction force is also applied on object M,, which can be
expressed as [62,68]

1
S 4zM3pCy.

F= (3.26)

In case of Sgr A* EMRI where the orbit is circular, the
velocity v of M, relative to the wave function can be
approximated as the orbital velocity, and C, has a
simplified form [13]

2kr 1 sin 2kr
Ch(kr) ~ —(1 - d
Akr) A s< cos s)ds + r

-1, (3.27)
where k = uv with u representing the mass of the scalar
field. We again restrict ourselves to the n =2, [ = 1, and
m = 1 mode and use Eq. (3.27) and p = ¥*V¥ to Eq. (3.26)
to obtain the rate of change of energy loss due to dynamical
friction as Epp = Fo. Similar to Sec. III A, energy loss due
to dynamical friction and GW emission in this case can be
taken as small and constant, which enters the GW phase as

op = fmz. The waveform we consider in this case is

h(t) :?A(t) cos 2z fot + frt? +@, (1) +op(1)], (3.28)

107°E 3

E I | I | I | I | I | I E
0.04 0.05 0.06 0.07 0.08 0.09 0.1
o

FIG. 11. Dynamical friction induced frequency evolution (f DF)
as a function of @ (shown by blue solid line) for a Sgr A* EMRI in
equatorial plane § = /2. The horizontal dashed red line shows
the 1-6 upper bound on f pr achieved from Fisher analyses,
which roughly corresponds to Afpy = 3.47 x 10718 s=2. The
green dotted line indicates the frequency evolution due to
emission of GWs (1.3 x 1078 s72), while the magenta dash-
dotted line represents f pr in the case of a cold dark matter spike
around Sgr A* (4 x 107! s72) discussed in Sec. Il A.

where ¢, () is the polarization phase and ¢p(7) is the
Doppler phase as in Sec. Il A, and

. 96x8PFN M M, 3fYPMY3F g,

3.29
5M'/3 72PM M, (329)

Quantities with subscript “0” are evaluated for a circular
binary with a = 90M. The second term on the right side is
the contribution to frequency evolution from dynamical
friction: f DF- )

In Fig. 11 we present f as a function of a for a Sgr A*
EMRI in the equatorial plane 6 = z/2, as well as the 1-¢
upper bound on f pr obtained from Fisher analyses. The
Fisher analysis is performed with the parametersIn A, 8,, ¢,,
0,,¢., fo,and fDF. Here (0, , ¢, ) is the direction of orbital
angular momentum of Sgr A* EMRI, for which we consider
(n/4,37/4) as a fiducial value. The error of fpy is not
sensitive to the fiducial value of f pr- We find the 1-6 upper
bound on fp is approximately 3.47 x 10~'® s72, which
roughly corresponds to a = 0.095, which means an effect
to the waveform phase coming from a € [0.095,0.1] or
u € [3.1,3.3] x 10718 eV can exceed the statistical uncer-
tainty. The chance that axion mass lies within such narrow
range is small. Figure 11 also shows that the dynamical
friction due to cold DM spike around Sgr A* can produce
fpr which is comparable to the axion DM case only when
a < 0.054. Note that this is an overestimate, as we assumed
static cold dark (¢ = 1) while in reality £ is expected to be
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smaller [46,47]. On the other hand, f pr in axion DM case
can be greater than the GW radiation induced f if @ > 0.087.

IV. DISCUSSION

A. Multibody effect

We now explore the case where the Sgr A* EMRI
experiences the Kozai-Lidov effect due to the presence of a
tertiary stellar-mass object, and determine whether or not
such effects would be detectable. Let us denote the mass of
the third body by M5, which orbits around the center of
mass of the Sgr A* EMRI consisting of masses M; and M.
We assume a, > a;, where a;, and a,, are semimajor
axes of the inner and outer binary respectively. We also
assume the eccentricities of inner and outer binaries are e;,
and e, respectively. The outer perturber M5 induce time-
dependent evolution of the orbital elements of the inner
binary, such as the eccentricity, inclination, argument of
periapsis, and longitude of ascending nodes.

The orbital evolution of the Sgr A* EMRI in such a
hierarchical triple system happens in a typical rate t7k,
where ¢; x is Kozai-Lidov time scale [69,70]:

k= M1+M2( M )( Zin )3. 4.1)
ai3n Ml + M2 Aout 1- egut

In this case, M3/ (M, + M,) ~ O(1073), together with the
(M| + M,)/a} ~O(1073) Hz, suggests that

IZ}(~O(IO3) year, i.e., the Kozai-Lidov time scale is
much longer than our observation period. Therefore the
multibody effect is negligible for the Sgr A* EMRIs
considered here.

fact that

B. Conclusion

We have investigated several possible applications of
Sgr A* EMRIs if they exist within 10> M distance from
Sgr A*. The detection threshold for these systems is
significantly smaller than that of ordinary EMRIs, thanks
to the known location of the source and much smaller
waveform parameter space. The primary application of an
Sgr A* EMRI is to measure the spin of Sgr A*, which
likely has the best accuracy compared to alternative
observation methods, such as using EHT. We have inves-
tigated the case of a cold dark matter cloud around Sgr A*
and have found that EMRIs that have higher orbital
frequency would be more efficient to probe such a scenario.
On the other hand, the presence of an axion cloud, if the
axion mass falls into the range with a € (0.04-0.1), may
generate an additional precession effect for the EMRI orbit,
which is degenerate with the spin induced precession.
However, the degeneracy effect is only significant in a
narrow mass range of axion, so it will not likely pose serious
challenge for the Sgr A* spin measurement. Nevertheless,

we’d like to remove this “contamination” for the spin; on the
other hand, if the inferred dimensionless spin based on
precession rate is greater than one, it is a sign of the existence
of a dark matter cloud.

One may also imagine possible ways to break the
degeneracy. First, if there are multiple Sgr A* EMRIs
being detected at the same time, it is likely that they have
different orbital radii. Therefore the relative weight
expected from Lense-Thirring precession and cloud-
induced precession should be different, which may be
used to separately determine different components of
contributions. Second, if the relevant axion mass range
is ruled out by other measurements, e.g., using the spins of
other massive black holes inferred from x-ray reverberation
or iron line measurements [71,72], the possible degener-
ation can be obviously neglected. Third, as axion cloud
may have a mass of fraction of a of the Sgr A* mass, it may
influence the spacetime to the extent that EHT can probe
the difference. We don’t have a quantitative estimation for
this last point, but it may be worth further detailed study in
the future, along with the science goals of EHT in probing
dark matter.

There is also the possibility that we do not find the sign
of Sgr A* EMRI using LISA, which may be explained by
various reasons. In the disk migration channel, the accu-
mulation of stellar-mass black hole in the disk close to the
MBH is a result of that the migration timescale peaks where
the gravitational wave emission becomes dominant over the
effect of density waves, and the number of stellar-mass BH
accumulation mainly depends on the disk model and the
disk lifetime. As shown in [31], the peak of the migration
timescale in a f disk is rather mild and no more than two
black holes of 10 M, assemble in the range of r < 200M.
We therefore expect negligible amount of heavier BHs with
mass > 20 M, considering their even lower abundance.
In a o disk, a larger number (2-20) of 10 M, BHs are
expected to accumulate in the range of r < 200M depend-
ing on the disk lifetime (108-10°%) yr [31]. For heavier
> 20 Mg black holes, the number should be lower by a
factor of a few again due to the lower abundance. In this
case, the nondetection of Sgr A* EMRIs may indicate that
the latest accretion episode is more than 1 Myrs ago such
that all nearby stellar-mass black holes detectable by LISA
have merged with Sgr A* due to GW emission. It is also
possibly due to the fact that the accretion disk direction is
random in each episode, and the lifetime of each episode is
less than 103 yr [31], such that the stellar-mass black holes
captured by the disk had not had enough time to migrate to
the vicinity of the MBH, so the assumption of “in-disk
migration” made in Fig. 7 of [31] breaks down. For the
mass segregation scenario, it could come from the paucity
of massive stellar-mass black holes within the nuclear star
cluster, or other relevant assumption of the calculation that
affects the final distribution in [26,27]. Lastly, if there is a
set of stellar-mass black holes at ~10>M but with mass
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several times smaller than 20 M, we may still miss the
detection because of insufficient signal-to-noise ratio.

We have assumed circular obits in the analysis as disk-
driven migration efficiently damps out eccentricity, but
eccentric orbits are allowed in the mass segregation
scenario, or during the time that the disk has disappeared.
For eccentric orbits, higher harmonics of the orbital
frequency generically contribute to the waveform, which
may lead to high event SNR as the frequencies of higher
harmonics are closer to the sensitive band of LISA. The
waveform discussed in Sec. II A should include eccentricity
as another parameter, and Post-Newtonian effects such as
the periapsis shift should be consistently included. The
accuracy in constraining various system parameters may
also be improved thanks to the larger event SNR.
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