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Abstract A significant fraction of cosmological dark mat-
ter can be formed by very dense macroscopic objects, for
example primordial black holes. Gravitational waves offer
a promising way to probe these kinds of dark-matter candi-
dates, in a parameter space region that is relatively untested
by electromagnetic observations. In this work we consider
an ensemble of macroscopic dark matter with masses in
the range 10~'3~1 My, orbiting a super-massive black hole.
While the strain produced by an individual dark-matter parti-
cle will be very small, gravitational waves emitted by a large
number of such objects will add incoherently and produce
a stochastic gravitational-wave background. We show that
LISA can be a formidable machine for detecting the stochas-
tic background of such objects orbiting the black hole in the
centre of the Milky Way, Sgr A*, if a dark-matter spike of the
type originally predicted by Gondolo and Silk forms near the
central black hole.

According to the current standard cosmological model,
approximately 25% of the energy density of the Universe
is in the form of so-called cold dark matter—non-relativistic
objects which collectively act as a perfect fluid of negligible
pressure. The leading candidates have long been axions [1-
3] as well as weakly-interactive massive particles (WIMPs)
heavy (2 1 GeV) particles outside the Standard Model
of particle physics, possessing very small scattering cross-
sections on each other and on Standard-Model particles. For
a review of particle dark matter, please see [4,5].

With the continued non-detection of WIMP dark matter,
and the failure of long-predicted Beyond the Standard-Model
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physics to materialize at the Large Hadron Collider, the case
for alternative, and especially Standard Model, candidates
has grown stronger, and attracted increasing attention. It has
also long-been recognized that there are viable dark-matter
candidates of much greater mass, notably primordial black
holes (PBH) [6,7] (see also Refs. [8-29], and in particular
Ref. [30] in which it is shown that the thermal history of the
Universe naturally explains the entirety of the dark matter
as well as several other cosmic conundra such as the ori-
gin of the seeds of supermassive black holes) and objects of
nuclear density (e.g. Refs. [31-35]), either of which could
potentially be the result of Standard-Model physics in the
early Universe. For the purposes of this paper, we will refer
to all such macroscopic dark-matter candidates, including
PBHs, generically as macros.

There are well-known limits on macros from microlensing
of Milky Way and Magellanic Cloud stars [36-39] limiting
the abundance of macros above approximately 4 x 10%* g.
However, between about 2 x 1017 g and 10?? g there is an
unconstrained window for anything of approximately ordi-
nary matter density or greater [40].! Candidates of approxi-
mately nuclear or greater density (> 2.3 x 10'7 kgm™3) are
also unconstrained from 55 g to 2 x 10!7 g [40], although if,
as expected, primordial black holes emit Hawking radiation,
then they would have evaporated before now if their masses
were below approximately 10'° g.

With the dawn of gravitational-wave astronomy, it is inter-
esting to use gravitational-wave observations to probe the
nature of dark matter. The Advanced Laser Interferometer
Gravitational-wave Observatory (LIGO) [43] and Advanced
Virgo [44] detectors, operating in approximately the 10-103

! Note that recently several constraints have been revised, such as those
from femtolensing [41] and well as from microlensing of stars in M31
[42], leading to significant relaxation of those constraints.
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Hz band, are now regularly detecting the merger of compact
binaries whose total masses are of order a few to tens of
solar masses [45-51]. There has been significant attention
to the possibility that multi-solar-mass black holes, such as
those detected by Advanced LIGO, could be the dark matter
[19,52-55]. The Laser Interferometer Space Antenna (LISA)
[56], is a space-based gravitational-wave detector which will
operate in the 107*~10~! Hz band. The detectability of indi-
vidual macros/objects orbiting Sgr A* with LISA has been
discussed in Ref. [57]. Sesana [58] and Clesse et al. [59]
have suggested that if the dark matter is composed of multi-
solar-mass black holes that LISA could detect their merger.
Recently, Bartolo et al. [60,61] have argued that LISA will
be able to detect the two- and three-point correlator of grav-
itational waves originating from the initial gravitational col-
lapse to PBHs of mass around 10722 g,

In this work, we explore whether LISA can explore macros
in the whole mass range 107 13-1 My, (2x 1020 g-2x 103 g).
Because of its relative proximity, a promising target is Sagit-
tarius A* (Sgr A*), a super-massive black hole (SMBH) with
amass of 4 x 10% M, at the centre of our Galaxy [62]. Even
though the strain associated with the gravitational waves from
an individual macro orbiting Sgr A* is below the sensitivity
threshold of any near-term gravitational-wave detectors such
as LISA, the collective signal from a large number of such
macros might be detectable as a stochastic gravitational-wave
background.

In this work, we aim for a conservative estimate on the
gravitational-wave detection prospects of a possible macro
dark-matter distribution in our Galaxy. We assume that we
can treat the objects non-relativistically, so we use the Peters—
Mathews formula [63] for the time-averaged power emitted
by one macro of mass p orbiting Sgr A* (with mass M) at a
distance a

» 32 G* M2 (M +p) 32 * G*MP .

BT I T S r M
where g = /M is the mass ratio. For simplicity, we assume
that all macros have the same eccentricity; specifically, we
assume circular orbits.

At sufficiently large macro mass, macros near the black
hole will lose energy due to gravitational wave emission and
plunge into the central black hole. To account for this, we only
include orbits where the timescale for the orbital frequency
to change, T = v/, is larger than a cutoff tp;, (note that to
within a factor of O(1), the time change of orbital frequency
is equal to the time to coalescence.). Here and throughout the
text, v refers to the emitted gravitational-wave frequency. We
estimate the inspiral time using [64]
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Imposing the condition T > Ty, leads to a w-dependent
maximum frequency at which gravitational-waves are emit-
ted. We consider two cases for tyi,. First, we consider a
highly conservative option tmin = H, ~!. which guarantees
that the dark-matter profile is stable and the macros do not
fall into the black hole due to gravitational wave emission
within the age of the universe. Second, we optimistically
assume that the dark matter in orbits close to the black hole
is refilled efficiently, and take i, equal to the observational
time of the LISA mission, which we take to be 5 years. In
either case, the macros we consider follow very stable orbits
and each macro emits gravitational waves at approximately
a single frequency.

The stochastic gravitational-wave signal seen by LISA is
dominated by orbits which pass very close to the central black
hole. We consider several scenarios for the dark-matter dis-
tribution. First, we consider a Navarro—Frenk—White (NFW)
profile [65], which is given by

I's
2’
r(l—i—r%)

with the scale radius ry = 24.42 kpc and density ps =
0.184 GeV cm ™3 (see Ref. [66]). Second, we consider that
a dark-matter spike can form by adiabatic collapse, follow-
ing the model of Gondolo and Silk [67], including relativistic
corrections by Sadeghian et. al. [68] (see also [69,70] for the
original descriptions of adiabatic collapse). In this scenario,
the dark-matter density near the Galactic Centre is enhanced
relative to an NFW profile due to adiabatic accretion of dark
matter by Sgr A*. Sadeghian et. al. suggest the following sim-
ple analytic approximation for the dark-matter spike density

2Rs\® [ Ryp \*
psp(r) = (1 —€) pr (1 - T) (—) , “)

r

3

ONFW (1) = 0s

where € = 0.15, and where 2Rs < r < Ryp. Here, Rs =
2G Mgy, aJcr =3 (Msgr ax/ M) km is the Schwarzschild
radius of SgrA*, and Ry = o, ro [Msgr a+ /(00 rg)]l/@_y),
where the normalization «,, is numerically derived for each
power-law index y. We define pg = po (Rsp/r0) "7, where
Yop = (9 —2y)/(4 — y) (see Refs. [67,71] for details).
Figure 1 depicts the radial behaviour of the halo profile (4).
We note that this formula assumes that Sgr A* has negligible
spin. We expect this to be a conservative assumption, as the
signal-to-noise ratio is dominated by the smallest orbits, and
the innermost stable circular orbit for prograde orbits around
a spinning black hole is smaller than for a non-spinning black
hole. However, we leave a detailed consideration of the effect
of black hole spin for future work. We note that two-body
relaxation might diminish the spike. An estimate based on
not-yet-published work [72] suggests that in the upper por-
tion of the dark-matter-mass range considered here, this may
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Fig. 1 Dark-matter density profile as a function of radius. Depicted
are a pure NFW profile as well as the onset of the spike density profiles
Eq. (4) with y = 0.1, 1, 2 (bottom to top) for M = Msg*

reduce concentration of the central spike. Initial estimates of
the effect do not change the primary conclusions of the paper
regarding detectability of a signal.

The stochastic background is characterized in terms of the
energy density per unit logarithmic frequency interval,

v dpcw
pe dv

Qew(v) = ) (%)
where pgw is the energy density in gravitational waves, and
pe =3 HO2 /(8mG) is the critical energy density needed
to have a spatially flat universe. We take the value Hy =
67.4km s~ Mpc~! for the present-day value of the Hubble
parameter as measured by Planck [73]. We will in turn focus
on continuous emission of a number of N macros, all with
the same mass pt. The generalisation to an extended mass dis-
tribution is straight forward and shall not be given here. For
simplicity, since we are only interested in an order of mag-
nitude estimate for the strain power needed for detection, we
assume that the macros are isotropically distributed on the
sky at the distance of Sgr A*, and an isotropic distribution of
orbital planes. For circular orbits, which emit gravitational
waves at a single frequency v, Qgw is given by incoherently
summing the power emitted by each macro

P
Qaw (V) = Z 4””7 8(v = 1) 0 (Vinax — )

5127r u? (GM)%/2
45H02c8 M? r2ql/2

V Pmacro (@) @ (Vmax — V),

(6)

where in the first line the index k labels the macros, the power
Py is given by Eq. (1), and to obtain the second line we have
replaced a sum over individual macros with an integral over
the macro density and have done the integral. The frequency
cutoff vmax is defined as vmax = min(Vplunge, vp), Where
Vplunge 18 found by inverting Eq. 2 with T = tiin, and v, is the
gravitational wave frequency emitted by an orbit with radius

2 Rs, the minimum radius of the dark-matter spike in Eq 4.
The theta function 6 (vmax — v) thus imposes the constraints
that the orbits contributing to Qgw should be included in the
density distribution, Eq. (4), and also should not plunge into
the black hole due to GW emission on a timescale shorter
than ty,. The orbital radius a is related to the emitted grav-
itational wave frequency v by a = (GM Y3/ (wv)?/3, and r
is the distance from Earth to the galactic centre. The quantity
Pmacro (@) 18 the macro mass density, which will be assumed
to follow the dark-matter distribution, pmacro = fmacro Psp»
where fmacro 18 the fraction of dark matter residing in macros.

We have performed some basic self-consistency checks on
the model. First, we have estimated the total mass accreted by
Sgr A* over the course of a Hubble time. We conservatively
assume that after time ¢, all macros with v/v < t fall into the
black hole. With this assumption, we find that the accreted
mass is less than 10% of the total mass of Sgr A* over the
whole range of parameter space considered here. Second,
to ensure that the cloud produces a stochastic gravitational-
wave background (as opposed to a collection of resolvable
sources), we require that the number of sources in the fre-
quency band containing 90% of the detectable signal-to-
noise ratio, which we denote A fooq, is equal to the number
of frequency bins in that band, Npjns = Tobs A foos- There is
a possibility of detecting individually resolvable macros for
smaller spike parameters and larger macro masses when this
condition is not met; we leave this for future work. In Figs.
2 and 3, we show the constraints that can be acheived using
a stochastic search in the region. In dotted lines we show the
region where the stochastic signal-to-noise ratio is consis-
tent, even though the signal is not expected to be stochastic.
Since typically a stochastic search is less sensitive than a
modelled search, in the parameter space enclosed by the dot-
ted lines, it may be possible to detect the resolvable signal
from individual macros.

Bayesian data analysis methods have been developed to
study the stochastic background of LISA [74], including sub-
traction of the white-dwarf foreground [75]. In the context of
constraining phase-transition models of the early Universe,
Ref. [76] estimated that an SNR of 10 corresponded to a
detection assuming a detector with six one-directional laser
links between the spacecraft. We use this same detection
threshold here. The signal-to-noise ratio (SNR) of the tra-
ditional stochastic (cross-correlation) search can be written
as [77]

R0 SH0)
SNR = \/ / et %)

where R(v) is the overlap reduction function for LISA (see
Ref. [74]), Sk (v) is the strain power spectrum of the signal,
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which is related to Qgw (v) by (see Ref. [77]) 10 SR .
3HF Q6w () ;
Sp(v) = —9 N7 3 10
h(v) 272 3 ®
. 10! -
and P (v) is the detector-power spectral density (PSD). We % |
use the parameterization given in [56] 10-1 -7 :?
— =
| | ’ v =01
P = —|Ss S , 9 1073 — 4 =0.01
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where the arm length is L = 2.5 x 10° km, and where the Y
acceleration noise S, and position noise Sy spectra are given M
by
10°
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The collectlv.e signal-to-noise mtegr.al, Eq. (7), can be com 10555 e T e e oo
puted numerically. As above, we will use M = Mggr o+ ~ /M,

4 x 10% My, and the LISA PSD above. We will use v, =
10~% Hz as the lower cutoff of the LISA band, although low-
ering this by an order of magnitude does not affect the results.
These are depicted in Fig. 2. One interesting feature is that the
signal is dominated by orbits close to the central black hole.
This opens the possibility of directly probing the dark-matter
distribution very close to the galactic centre.

In Fig. 3 we show the minimum value of fiyacro that LISA
can detect as a function of macro mass, using a signal-to-
noise threshold of 10. We also show a comparison of the
detection prospects with LISA, derived in this work, with
microlensing constraints in the same mass range. The blue
region corresponds to the recently reported positive detec-
tion of ultra-short time-scale events attributable to planetary-
mass objects between 10~¢ and 10~* M, [78]. These would
contribute about 1% of the dark matter, which is more
than expected for free-floating planets [79]. Carr et al. [30]
have recently shown that these observations could be nat-
urally explained by enhancements of the PBH production
through the thermal history of the Universe. Depending on
the concrete spike model, LISA may provide the best detec-
tion prospects of sub-solar macroscopic dark-matter particles
such as primordial black holes.

We therefore conclude that LISA has the potential to be a
robust detector of primordial-black hole dark-matter candi-
dates. The same holds true for other macroscopic dark-matter
candidates of approximately nuclear or higher density. The
precise utility depends sensitively on the rate at which the

@ Springer

Fig. 2 Signal-to-noise ratio (SNR) for circular orbits macros of mass
w around Sgr A*. The underlying dark-matter distribution is the same
as in Fig. 1. The upper panel shows results for tpi, = 5 years, while the
lower panel utilises Tmin = Hy, ' The gray band shows the region that
can be detected with SNR = 10. In this figure, we assume the dark-
matter fraction is fmacro = 2macro/ 2pM = 1. The solid lines represent
regions where the signal is expected to be stochastic, while dashed lines
represent an extrapolation of the stochastic sensitivity into a parameter
space where individual sources may be resolvable

orbits nearest to the black hole are replenished, and on the
details of the dark-matter spike (if any). In this work we
have aimed at a conservative estimate of the gravitational-
wave emission. There are several approximations we have
made which can be improved in future work. First, due to the
shape of the LISA power spectrum, the SNR is dominated by
frequencies near 1 mHz. In practice, this means that the sig-
nal is dominated by the orbits very close to the central black
hole, which are relativistic (v/c > 0.1). In future work it will
be interesting to explore the effect of relativistic corrections.
We have also ignored effects of inclination relative to the
observer, which we expect could introduce an O(1) factor
into the final result. Reference [80] has placed constraints on
the power law index for the dark-matter spike using obser-
vations of stellar orbits (see also Refs. [81,82]). However,
because these observations are sensitive to the behavior of
the spike at distances of order ten parsecs or greater from the
Galactic Centre, these observations do not rule out the possi-
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Fig. 3 Minimum value of dark-matter fraction fiacro that LISA can
detect as a function of macro mass w. The upwards-bending branch
of the y = 2 (red, solid) curve uses Tmin = H ! while the straight
lines take tymin = Syears. The dark-matter distribution is the same
as in Fig. 1. The solid lines and filled regions show the parameter
space where the signal is well-described as a gravitational-wave back-
ground. Dotted lines show an extrapolation of the stochastic sensitivity
in a regime where individual sources may be resolvable. In grey, we
show microlensing constraints from HSC/Subaru [42], EROS [37] and
OGLE [86,87]. The blue region displays the recently reported positive
detection of ultra-short time-scale events attributable to planetary-mass
objects between 10~%and 10~ M [78]. These would contribute about
1% of the dark matter, which is more than expected for free-floating
planets [79]

bility of a dark-matter spike that falls off faster than a simple
power law at these distance scales. Finally we have ignored
N-body interactions between the macros themselves, which
may cause some orbits to plunge into the black hole.
During the time between the arxiv and journal submission,
we have had very useful correspondence with anonymous
referees. We have extended and improved the manuscript in
several ways: we have performed a consistency check on
the lifetime of the cloud, improved the discussion on other
dark matter constraints, and estimated the parameter space
when the signal can be described as a stochastic background.
Additionally, we note that there have been several papers on
related topics that have appeared. We review the contribu-
tions of Refs. [83—-85]. Reference [83] considers the effect
of dynamical friction on the evolution of compact binaries,
and computes that the phasing of the binary. Reference [84]
computes the stochastic background from a primordial black
hole cloud surrounding Sagitarius A* and the isotropic com-
ponent from extragalactic sources. They find that including
the effects of GW dissipation leads to an enhancement in the
density of particles around the cloud. Reference [85] con-
siders the effect of energy dissipation via dynamical friction,
studying the effect on the dynamics of the cloud and comput-
ing the resulting dephasing in the gravitational waveform.
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