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The oscillating pressure of ultralight scalar dark matter (DM) can induce the oscillation of the local
gravitational potential. Similarly to the time-dependent frequency shift for the pulse signals of pulsars, the
oscillation of the local gravitational potential can induce a time-dependent frequency shift (or frequency
modulation) for quasimonochromatic gravitational wave (GW) signals from Galactic white dwarf (WD)
binaries. To make this effect detectable, we suppose that some Galactic WD binaries are located in DM
clumps/subhalos where the energy density of DM is about 8 orders of magnitude higher than at the position
of the Earth. Turning to the Fisher information matrix, we find that an amplified GW frequency modulation
induced by ultralight scalar DM with a mass of m = 1.67 x 10723—4.31 x 10723 eV/c? can be detected

by LISA.
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I. INTRODUCTION

The rotational properties of galaxies [1], the evolution of
large-scale structure [2], and gravitational lensing obser-
vations [3] are considered to be direct empirical proofs of
the existence of dark matter (DM). Based on the standard
Lambda—cold DM (ACDM) cosmological model, the latest
cosmic microwave background (CMB) observations [4]
further suggest that about 26% of the energy density in the
Universe comes from CDM today. However, one of the
most promising candidates for CDM—weak interacting
massive particles (WIMPs) grounded on supersymmetric
theories of particle physics—still has not been detected
[5-8]. Moreover, primordial black holes which can also
serve as CDM [9] still have not been identified. These null
results, accompanied by CDM’s failure on subgalactic
scales [10], imply that the standard CDM model may
not be the final answer.

The de Broglie wavelength of the ultralight noninteract-
ing particles with mass ~1072%> eV/c? is comparable to
astrophysical scales of ~60 pc. As a result, ultralight
particles can smooth out the inhomogeneities on small
scales and prevent subgalactic structures from forming.
According to this effect, an alternative candidate for DM
is proposed. This ultralight DM (ULDM) not only can
behave as CDM on large scales but also can avoid the CDM
small-scale crises [11]. Also, due to its wave nature, the
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pressure of ULDM is coherently oscillating. And the
oscillation of the pressure can induce the oscillation of
the metric in the DM halo. Similarly to gravitational waves
(GW5s), the time-dependent perturbations of the background
metric induced by ULDM can also change the pulse arrival
time of the pulsar and be detected by pulsar timing arrays
(PTAs). The simplest cases, and the first to be investigated,
are that ULDM consists of ultralight axion-like scalar
particles [12—14]. After that, the pulsar timing residual
induced by ultralight vector particles was investigated
[15]. Recently, the pulsar timing residual induced by ultra-
light tensor particles has also been investigated [16].

Besides detecting ULDM with PTAs, many other detec-
tion methods of ULDM have been proposed. Similarly to
GW detection, for example, the direct detection of ULDM
wind by space-based laser interferometers such as the Laser
Interferometer Space Antenna (LISA) [17] has been esti-
mated [18]. ULDM can also affect the orbital motions of
astrophysical objects in a galaxy and be detected indirectly
[19,20]. Moreover, the black hole superradiant instability
from ULDM can also constrain its mass [21].

In this paper, we propose a novel detection method of
ULDM. Similarly to the time-dependent frequency shift for
the pulse signals of pulsars, the oscillation of the local
gravitational potential can induce a time-dependent fre-
quency shift (or frequency modulation) for quasimono-
chromatic GW signals from Galactic white dwarf (WD)
binaries. Although there are about 107 WD binaries in the
Milky Way [22], the number of WD binaries with a chirp
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mass measured by LISA is only about 1000 [23]. Here, we
assume that some of the WD binaries with chirp mass
measured by LISA are located in the DM clumps/
subhalos." The DM clumps/subhalos with mass m ~
10’M , and size r* ~ 10 pc? can serve as massive perturb-
ers to explain many of the observed stream features in the
GD-1 stellar stream, such as the spurs and the gaps [24,26].
As a result, the GW frequency modulation induced by the
ultralight scalar DM will be amplified by about 8 orders of
magnitude compared to the same effect taking place at the
position of the Earth. Taking this mechanism into consid-
eration and turning to the Fisher information matrix, we can
estimate the detection of ultralight scalar DM by LISA [17].
This paper is organized as follows: In Sec. II, we
estimate the detection of GW frequency modulation by
LISA in a model-independent fashion. In Sec. III, we
forecast the constraints on ultralight scalar DM imposed by
the detection of GW frequency modulation. Finally, a brief
summary and discussions are included in Sec. IV.

II. DETECTION OF GW FREQUENCY
MODULATION BY LISA
A. GW signals and detector

Galactic WD binaries are supposed to be quasimono-
chromatic GW sources. Therefore, the GW signal from
them in their own frame is defined as

ho(t) = (A+8A)(1 + cos?1) cos(¢(1)), (1)
hy(t) = =2(A+ 8A) cossin(¢p(1)), (2)
where the involved derived parameters—including the

dimensionless amplitude A, the phase ¢, the chirping
frequency fo, and the chirp mass M—are defined as

~ 2(GM) B (rfy)*
N ctd ’

P(t) = 2xfot + nfo(1 + 6) 1 + ¢, (4)

A (3)

'On the one hand, the de Broglie wavelength of free ULDM
with mass ~1072%2 eV/c? is much larger than the size of DM
clumps/subhalos r ~ 2 pc. On the other hand, the observations of
the GD-1 stellar stream do favor such DM clumps/subhalos. We
solve this tension by assuming that there is an additional local
potential well V(r) ~imwjr* + - - - at the location of the DM
clump/subhalo. Then, the size of the DM clump/subhalo will be

r = /s And r ~ 2 pe just needs a very flat potential well with

@y ~ 10710 Hz, where the behavior of ULDM will be very similar
to that outside the DM clump/subhalo. Since such potential wells
are formed coincidentally and the number of them is small (~100
[24]) in the Milky Way, their existence will not affect the
statistical fact that ULDM suppresses the mass power spectrum
on small scales [25].

TABLE 1. Parameters of one specific WD binary and LISA
constellation. The parameters in the first row are necessary to
obtain the GW signal in the source frame. The parameters in the
second row are necessary to obtain the GW response of the
TDI observables. The parameters in the third row are newly
introduced or derived parameters.

my Mgl my[Mg] dlkpe]l  fo [Hz] ¢ [rad] ¢ [rad]

1 1 1 1x1073 I 0

w [rad] p[rad] A [rad] L; [km] T [yr] e
I -4 I 2.5 x 10° 4 0.00964838
A of A fo [HZ?] M[My]  SNR
0 0 4.7 x 10722 4.6 x 10718 0.87 122
. 96 GM\5/3
fo :?”8/3 (T) f(l)l/3» (5)
(m,m2)3/5

M=——— 6
(my +my)'/3 (6)

The above derived parameters are further dependent on the
primary and secondary WD masses m; and m,, the lumi-
nosity distance to the binary d, the frequency of GW f, the
orbital inclination 7, and the initial GW phase ¢,. Besides
these common parameters, we introduce two deviation
parameters 8.4 and 6 to characterize the amplitude modu-
lation and the frequency modulation during GW propaga-
tion. In the following discussion, we will consider a specific
Galactic WD binary, whose parameters are listed in Table 1.

Given that the three arm lengths of the LISA constellation
[17] are L, = L, = Ly = 2.5 x 10° km, the mission life-
time of the LISA is 7 = 4 yr, and the eccentricity of the
LISA spacecraft orbits in the Solar System barycentric
ecliptic coordinate system is e = 0.00964838, we can
calculate the GW response h(r) of the second-generation
time-delay interferometry (TDI) observables (e.g., X, Y, Z)
for a GW source with polarization angle y at ecliptic latitude
p and ecliptic longitude 1. Meanwhile, we can calculate the
response of the second-generation TDI observables (e.g.,
X, Y, Z) to the combination of fundamental LISA noises
including laser-frequency noise, proof-mass noise, and
optical-path noise n(r) or its power spectral density (PSD)
S, (f). Inthis paper, we use Synthetic LISA [27] (C++/Python2.x) tO
simulate the response of the second-generation TDI observ-
ables (e.g., X, Y, Z) to GW signals and noises, as shown in
Figs. 1 and 2, respectively. One can also use other simulators
such as LISACode [28] or the analytical formulations [29-34]
to obtain the GW and noise responses. Finally, the output of
LISA is

s(t) = h(t) + n(r). (7)
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FIG. 1.
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The GW response of the second-generation TDI observables: X, Y, Z. The GW signal in the source frame is given by the

parameters in the first row of Table I, and the detector’s (LISA’s) response is determined by the parameters in the second row of Table L.
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FIG. 2. The noise PSD derived from the response of the second-generation TDI observables X, Y, and Z to the combination of
fundamental LISA noises: laser-frequency noise, proof-mass noise and optical-path noise, where S,(fy) = 2.12 x 107 Hz™!,
S,(fo) =2.07 x 10* Hz™!, and S,(fy) = 2.01 x 10~* Hz"! for the X, Y, and Z channels, respectively.

To implement the parameter estimation, we should be able to
tell 4(¢) from n(¢). We can do that only for those sources
whose signal-to-noise ratios (SNRs) are high enough:

SNR? — Z4Re</0°° dfm%(jz;f))

X.Y.Z

For quasimonochromatic GW sources with the initial fre-
quency f, we can use Parseval’s theorem to rewrite SNR? in
the time domain:

SNR? — L) A " dth(1)h(2). 9)

);an(fO

In Table I, we also list the SNR for our example of a Galactic
WD binary.

B. Fisher information matrix

To forecast the constraints on parameters, in this paper,
we will turn to the Fisher information matrix:

T . .
B 2 / gt oh(t;0) oh(t;0)
0

Fij= ,
! X.Y.Z Sn (fO) 601' 60]

(10)

where @ is a vector consisting of seven free parameters:

0 = {6A.6f.1.do. . B. 2}.

The root mean square errors of these parameters are
given by

(11)

To numerically plug the GW responses of TDI observables
h(t;0) and the noise PSD S, (f) into Eq. (10), we rewrite
the Fisher information matrix calculation package for GW
detector networks, GWFISH [35] (Python3.x) in Python2.x, and
make it compatible with Synthetic LISA [27] (C++/Python2.x).
Finally, we use GWFISH to obtain the measurement uncer-
tainties, as listed in Table II. In this paper, we only care

TABLE II. Measurement uncertainties obtained with Synthetic
LISA plugged into GWFISH. The errors are at a 68% confidence
level.

5A 5f 1 [rad] ¢ [rad]
04 0.041 04 0.098 Z+0.049 Z40.14
y [rad] p [rad] A [rad]

1+ 0.070 —240.0053 4+ 0.0057
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about o7, which is the error of § . From the definition of
5f, we know that frequency modulations during GW
propagation larger than os;f = 4.5 x 107" Hz> will be
detected by LISA.

III. FORECASTING THE CONSTRAINTS
ON ULTRALIGHT SCALAR DM

If we confirm that GW signals are quasimonochromatic
in their source frame, they can be considered to be a unique
probe during GW propagation. For example, the amplitude
modulation taking place during GW propagation implies
that there may be an evolving gravitational lens [36]. In this
paper, we will investigate the frequency modulation
induced by ultralight scalar DM during GW propagation.

Since the pressure of ultralight scalar DM is coherently
oscillating in the Galactic, the surrounding metric has the
following form:

ds? = (1+4+20(x,1))2dP — (1 -2%(x,1))5;;dx dxl,  (12)

where the induced gravitational potentials W(x, 7) can be
decomposed into the time-independent part ¥.(x) and the
oscillating part ¥, (x) cos(wt + 2a(x)). Given the mass m,
the local energy density p(x), and the local velocity v(x) of
DM particles, the two parts of W(x, 7) can be obtained from
Einstein equations [12]:

ah*Gp(x)
R g =——"
o(X) m2cb
-23 2
— 648 x 1070 L)) (1077 VS
0.4 GeV/cm mc
(13)
4xh*Gp(x) 1076¢?
W (x) = o o 4 109 ——— |, (x), (14
0 =T a0 S e, ()
2mc? _ mc?

Therefore, a signal propagating in this metric will suffer a
frequency shift

Sfe— s :fs(lp(xe’te) _lP(Xs’ts))’ (16)

where the observables with the subscript e are the ones
detected at the Earth, and the observables with the sub-
script s are the ones detected at the source. That is to say,
this signal will suffer a frequency redshift f, < f, when
¥(x,,t,) < W(x,,1,). At the position of the Earth, the
velocity of DM is v(x,) ~ 107¢c, and the energy density
of DM is p(x,) = 0.4 GeV/cm® [37]. For a very
nearby signal source [d ~ 100 pc, ¥,(x,) ~ ¥,(x,) and

¥.(x,)~ P .(x,)], ultralight scalar DM with mass
m = 1072 eV/c? can induce a frequency shift f, — f, ~
107'°f_ in years. This tiny novel effect on the pulse
frequency of the pulsar can be accumulated, and it changes
the pulse arrival time of the pulsar [12], and then it can be
detected by the pulsar timing arrays [14].

If one wants this simple frequency shift effect on the
quasimonochromatic GW signals from Galactic WD bina-
ries to be detected by LISA, the GW sources should be
located in some DM clumps/subhalos [24,26], where the

energy density of DM is allowed to be p(x;) ~ 1?701‘/}1)‘236 e

108p(x,). In this paper, we will consider ultralight scalar
DM with mass m = n x 1072 eV/c?, velocity v(x,) =
1 x 1073¢, and phase a(x,) = 0. Then, we have ¥, (x,) =
103, (x,) =238 x 1078, ¥ (x,) = 10%%,(x,) =23 x 107",
and @ = 3n x 1078 Hz. Then, a GW signal with f;, = f, =

1 x 10° Hz from such a DM clump suffers a frequency
redshift

fe - fO = _fO(ch(Xs) + lPo(Xs) cos(a)t)). (17)

The first part, —foW.(x,) = =232 x 10™* Hz, is a time-
independent frequency redshift. For n > 1, it is not only
negligible compared to f, = 1 x 10° Hz, but also degen-
erate with A, M, and d, as shown in Eq. (3). The second
part, —foW¥,(x,) cos(wt) = =% x 107! cos(wr) Hz, is a
time-dependent frequency modulation with f, = % X
10~8sin(wt) Hz2. On the one hand, the detection of at
least one oscillation of ultralight scalar DM during LISA’s
mission lifetime 7 = 4 yr requires that @ be larger than
5 x 1078 Hz and that n be larger than 1.67; on the other
hand, f, > Osf. fo requires that 1 be smaller than 4.31. That
is to say, LISA can detect ultralight scalar DM with mass
m = 1.67 x 1072-4.31 x 10723 eV/c? through the fre-
quency modulation of quasimonochromatic GW from
Galactic WD binaries located in DM clumps/subhalos.

In Fig. 3, the evolution of f, only due to the GW
radiation is the blue solid line, which just changes by
0.001% during LISA’s mission lifetime. The evolution of
f, due to the GW radiation and the frequency modulation
by ultralight scalar DM with mass m = 1.94 x 10723 eV /¢?
is the blue dotted curve, which is oscillating across the
measurement uncertainty of f, (blue dashed lines). These
oscillating features are very distinguishable from the other
simple chirping signals. For example, as GW radiation
drives the components of a Galactic WD binary closer
together, the effects of mass transfer and tidal forces will
dominate the evolution of a negative f, in 10° yr [38].
The peculiar acceleration caused by a variation of the
center-of-mass velocity of a Galactic WD binary will obtain
a Doppler-shifted f, [39].
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FIG. 3. The evolution of f, during LISA’s mission lifetime.
Without the frequency modulation by ultralight scalar DM, f,
just changes by 0.001% during LISA’s mission lifetime (blue
solid line), and the measurement uncertainty of f, is given by
fo(1+ 057) (blue dashed lines). Taking the frequency modula-
tion by ultralight scalar DM with mass m = 1.94 x 10723 eV/¢?
into consideration, the evolution of f, is oscillating during LISA’s
mission lifetime (blue dotted curve).

IV. SUMMARY AND DISCUSSION

In this paper, inspired by the time-dependent frequency
shift for the pulse signals of pulsars due to the oscillating
pressure of the ultralight scalar DM, we propose a novel
detection method of the ultralight scalar DM. Similarly to
the pulse signals of pulsars, the quasimonochromatic GW
signals from Galactic WD binaries can also be considered
as a probe to gather the oscillation information of the
ultralight scalar DM during GW propagation. For p(x;) ~
p(x,) = 0.4 GeV/cm? [37], the time-dependent frequency
shift for the pulse signals of pulsars can be accumulated in
the arrival time of pulses, but the time-dependent frequency
shift for the quasimonochromatic GW signals from
Galactic WD binaries is very tiny. If we suppose that some
WD binaries are located in the DM clumps/subhalos where

p(x,) ~ 1?70"{) ‘zfz ~ 108p(x,), the time-dependent frequency

shift for the quasimonochromatic GW signals from Galactic
WD binaries will be amplified accordingly. Compared to o5
estimated by the Fisher information matrix, the frequency
modulation of quasimonochromatic GW from Galactic WD
binaries located in DM clumps/subhalos induced by the
ultralight scalar DM with mass m = 1.67 x 1072—4.31 x
1072 eV/c? will be detected by LISA.

There are two caveats. The first one is that we have
supposed that some Galactic WD binaries with chirp mass
measured by LISA are located in the DM clumps/subhalos.
Given the number of such WD binaries (about 1000) and
the number of DM clumps/subhalos (about 100) in the
Milky Way, this assumption seem to be reasonable. But in
reality, we do not know the true distribution of WD
binaries in the Milky Way. We also do not know whether
or not the WD binaries are excluded from the DM clumps/
subhalos. The second one is the conflict between the
concept of ULDM and the concept of DM clumps/
subhalos. The former is introduced to suppress the sub-
galactic structures, but the latter is just the subgalactic
structure. We do not know how ULDM forms the DM
clumps/subhalos. Here, we just assume that there is an
additional local potential well at the location of DM
clumps/subhalos. All in all, the detection of GW frequency
modulation can also help us to investigate the DM clumps/
subhalos in the Milky Way.
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