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Galactic double white dwarf (DWD) binaries are among the guaranteed sources for the Laser
Interferometer Space Antenna (LISA), an upcoming space-based gravitational wave (GW) detector.
Most DWDs in the LISA band are far from merging and emit quasimonochromatic GWs. As these sources
are distributed throughout the Milky Way, they experience different accelerations in the Galactic
gravitational potential, and therefore each DWD exhibits an apparent GW frequency chirp due to
differential acceleration between the source and LISA. We examine how Galactic acceleration influences
parameter estimation for these sources; and investigate how LISA observations could provide insight into
the distribution of matter in the Galaxy.
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I. INTRODUCTION

The Laser Interferometer Space Antenna (LISA) [1,2] is
expected to detect the gravitational-wave (GW) signals of
∼104 detached double white dwarfs (DWD) that reside
primarily in the Milky Way galaxy [3–5] and its satellites
[6–10]. Several tens of these DWDs have been identified
through electromagnetic (EM) observations and are targets
of particular significance for LISA, usually referred to as
“verification binaries” [4,11,12].
One distinct advantage of GW observations is that they

are unaffected by dust and stellar crowding, enabling
probes of parts of the Galaxy that are challenging to access
electromagnetically, such as those near or behind the
Galactic Center [13–16]. For this reason, several studies
consider GWs from both the resolvable [17,18] and
unresolvable [19,20] populations of DWDs as probes of
Milky Way structures, complementary to EM observations.
These studies propose using spectral and spatial features of

the ensemble of Galactic GW signals from DWDs to infer
the present spatial distributions of Galactic DWDs, which
are assumed to trace the underlying Milky Way structures
(subject to inevitable biases from star formation rates,
binary evolution, and observational selection). After the
biases are modeled and removed, one can extract informa-
tion about Milky Way structures, such as stellar mass,
relative normalization, and morphology.
In addition to locating DWDs [21], GW measurements

can also be used to determine the relative motion of
resolved DWDs. While the motion of a DWDwith constant
velocity along the line of sight is completely degenerate
with its intrinsic GW frequency, an apparent acceleration
along the line of sight can lead to a time-dependent Doppler
shift (i.e., a frequency “chirp”) in the emitted GWs that is,
at least in principle, detectable [15,22–30]. We stress that,
here and throughout the paper, what we refer to as the
“apparent acceleration” along the line of sight n̂ of a DWD
at a distance D from the Sun is the sum of the its line-of-
sight acceleration a · n̂ and the perspective acceleration
μ2D due to its proper motion μ on the sky (also known as
the “Shklovskii effect” [31]).
Provided that one can measure both the location and the

apparent acceleration of a DWD, there is the tantalizing
prospect of effectively using a population of DWDs as
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“test mass” accelerometers to probe Galactic structures.
The motions of DWDs inferred from GW measurements
encode different and, in principle, more direct information
about the underlying Galactic gravitational potential com-
pared to what can be inferred from their spatial distribution
alone. There is, however, an important challenge to the
practical application of this technique: GW phase changes
due to the apparent acceleration of a DWD can be confused
with its intrinsic frequency chirp due to GWemission. That
said, additional information from EM observations of the
same sources (before, during, and after GWmeasurements)
may be used to break this degeneracy.
Motivated by the prospect of Galactic accelerometry

via LISA measurements of GWs from DWDs–and by the
anticipation of finding the EM counterparts to LISA
sources—in this paper we address the following questions:
(1) Under what circumstances, and to what degree, can

we recover the apparent acceleration of individual
DWDs from their gravitational waveforms, as ob-
served by LISA?

(2) Howwell can we characterize large-scaleMilkyWay
mass profiles (distributions) by including in the
analysis the apparent acceleration of the large
number of DWDs that LISA will resolve?

In the process, we also shed light on how the inclusion
of apparent acceleration in the GW template affects the
inferred DWD binary parameters.
The rest of the paper is organized as follows. In Sec. II

we provide a model map of the Galactic acceleration and
describe the synthetic DWD population used for subsequent
estimates. In Sec. III we discuss the measurability of the
center-of-mass acceleration of a DWD by carrying out a
Fisher matrix analysis with GWobservations alone. Then we
consider the case in which some parameters of the source are
assumed to be known from EM observations. In Sec. IV we
consider the prospect of using LISA for detection of Galactic
acceleration, and of leveraging the large number of observ-
able DWDs to improve measurement uncertainties. In
Sec. VI we present our conclusions. To improve readability,
some technical material is relegated to the Appendices. In
Appendix A we briefly review the notion of perspective
acceleration due to the proper motion of a source on the sky
(the “Shklovskii effect”). In Appendix B we perform a
comparison of frequency domain (FD) and time domain
(TD) results, showing that they are in good agreement.
Table I provides a list of frequently used symbols used in

this paper and of their definitions. In what follows we use
geometrical units G ¼ c ¼ 1, where G is the gravitational
constant and c is the speed of light.

II. GALACTIC ACCELERATION
AND THE DWD POPULATION

In this section we present a simplified model of the
Milky Way gravitational potential, from which we produce
a model map of the Galactic acceleration contributing to

the frequency chirp of GW sources. We also describe a
synthetic population of Galactic DWDs that is used for
Fisher calculations presented in subsequent sections.

A. Galactic acceleration

We assume a model for the coarse-grained gravitational
potential of the Milky Way, Φmodel, which comprises a
stellar disk, a bulge, and a dark matter (DM) halo

Φmodel ¼ Φdisk þΦbulge þΦDM; ð1Þ

where the three components Φdisk, Φbulge, and ΦDM

are respectively modeled as a Miyamoto–Nagai stellar
disk [32], a Hernquist sphere bulge [33], and a Navarro–
Frenk–White DM halo [34]

Φdisk ¼ −
Mdiskffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

r2 þ ðc1 þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
z2 þ c22

p
Þ2

q ; ð2aÞ

Φbulge ¼ −
Mbulge

rþ c3
; ð2bÞ

ΦDM ¼ −
4πρ0r3s

r
ln

�
1þ r

rs

�
: ð2cÞ

TABLE I. List of frequently used symbols. Variations thereof
and symbols used in passing are defined in the text.

Quantity Symbol Definition

Galactocentric radius r
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2 þ z2

p
Galactocentric radius projected
onto the Galactic plane

R
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2

p
Source distance from Sun D
Galactic gravitational potential Φ
Galactic potential normalization N Φ ¼ NΦmodel
Line-of-sight unit vector n̂
Total source velocity v
Source velocity in the sky plane v⊥
Local acceleration a⊙
Galactic line-of-sight acceleration ak ð−∇Φ − a⊙Þ · n̂
Perspective acceleration � � � v2⊥=D
Apparent acceleration a ak þ v2⊥=D
Observer frame time t
Source frame time τ
Coalescence time τc
Observer frequency f
Source frequency fs
GW phase ψ
Coalescence phase ψc
DWD chirp mass M
Time domain waveform hðtÞ
Frequency domain waveform hF
Fourier frequency F
LISA observation time Tobs
Error of θi in parameter inference σθi
Fractional error εθi σθi =θi
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Here ðx; y; zÞ are the galactocentric coordinates, and
r ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2 þ z2

p
. The free parameters are assumed to

be Mdisk ¼ 7 × 1010M⊙, c1 ¼ 3 kpc, c2 ¼ 0.28 kpc,
Mbulge ¼ 5 × 109M⊙, c3¼0.6 kpc, ρ0¼9×10−3M⊙ pc−3,
and rs ¼ 16 kpc [35,36].
Given this model of the Milky Way gravitational

potential, the galactocentric acceleration of a source is
simply −∇Φmodel. In the observer frame, a time-dependent
Doppler modulation of the GW phase results from the
line-of-sight component of the apparent acceleration of the
source. We assume for simplicity that the motion of
the observer follows that of the Sun, with position,
velocity, and acceleration relative to the Galactic center
given by R⊙ ¼ 8.12 kpc x̂ [37], v⊙ ¼ 223 km=sŷ, and
a⊙ ¼ ∇ΦjR⊙

¼ −1.9 × 10−10 m=s2 x̂, respectively. (Small
corrections to account for the motion of LISA relative to the
Sun can be made in future work.) Here we assume that
the Sun follows a circular orbit, with velocity given by the
Galactic rotation curve

v2 ¼ v2circ ¼ R
∂Φ
∂R

; ð3Þ

with R ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2

p
being the galactocentric radius pro-

jected onto the Galactic plane.
The apparent acceleration of a Galactic source has

two contributions: the line-of-sight projection of the
Galactic acceleration with respect to the observer,
ð−∇Φmodel − a⊙Þ · n̂≡ ðv̇ − v̇⊙Þ · n̂, and the perspective
acceleration aSh ¼ μ2D due to the source’s proper motion
μ ¼ v⊥=D on the sky (otherwise known as the Shklovskii
effect [31]); here, n̂ is the unit vector along the line-of-sight,
D is the distance to the source, and v⊥ is the component
of the source’s velocity with respect to the observer
perpendicular to n̂. In order to estimate v⊥, and thus the
contribution of the perspective acceleration, we distribute
DWDs in the stellar disk and bulge following Refs. [4,5];
and assume that the DWDs follow near-circular orbits

in accordance with Eq. (3). Hence, the apparent acceler-
ation reads

a ¼ ð−∇Φmodel − a⊙Þ · n̂þ v2⊥
D

; ð4Þ

where v⊥ is the component of vcirc − v⊙ perpendicular to
n̂, and the vector vcirc is tangential to the orbit of the source.
Figure 1 shows maps of the line-of-sight acceleration

ak ¼ ð−∇Φmodel − a⊙Þ · n̂, perspective acceleration v2⊥=D,
and their sum a (the apparent acceleration) following from
the model of the Milky Way potential given by Eqs. (1)
and (2). The x ↔ −x asymmetry of the maps is due to the
off-center position of the Solar System, where the observer
(e.g., LISA) resides. The line-of-sight acceleration is
negative on the far side of the Galactic center (x < 0)
and can be either positive or negative on the observer’s side
(x > 0). The magnitude of the acceleration generally grows
toward the Galactic Center and decreases near the Sun.
The perspective acceleration is always positive: it is
strongest near the Galactic Center on the far side, where
the y-component of the circular velocity is opposite to that
of the Sun; and weakest in the Sun’s vicinity, where the
relative velocity with respect to the Sun almost vanishes.
Depending on location, the two contributions to the total
acceleration may amplify or cancel each other. Most
importantly, the typical apparent acceleration is of the
order of ∼10−10 m=s2.
In general, stellar populations also undergo random

peculiar motions vp relative to the local vcirc, with the
typical components of vp given by their respective velocity
dispersions. For instance, the Sun has an oblique peculiar
velocity of magnitude vp ¼ 10.5� 1.5 km=s relative to the
circular rotation velocity at the Sun vcirc;⊙¼238�15 km=s
(the local standard of rest) [38]. Stars in the disk are subject
to a multitude of scattering mechanisms that increase their
velocity dispersions over time [39], and consequently the
random stellar motions of the current stellar populations

FIG. 1. Model maps of Galactic acceleration. Left: Galactic line-of-sight acceleration contribution Δa · n̂. Center: Shklovskii
(perspective) contribution using only vcirc. Right: Sum of the two contributions. The contours of these quantities are shown as functions
of x and y, the galactocentric coordinates on the Galactic plane, aligned such that the location of the Sun (labeled by two concentric
circles) is along the x axis. Insets in each panel show acceleration maps centered on the Sun, with enhanced contrast.
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depend strongly on their age, metallicity, and locations of
the population in question [40]. Among the assortment
of stars, the kinematics of white dwarfs is relatively less
understood, since their characteristically strong surface
gravity and pressure lead to line broadening that makes
the extraction of their radial velocities challenging [41].
The reported values of the RMS sum of the velocity
dispersions in different directions of both isolated white
dwarfs and DWDs in the disk typically do not exceed
60 km=s [41–44], which amounts to ≲5% corrections to
the perspective acceleration when added in quadrature to
the ∼250 km=s circular rotation velocity at R≳ 5 kpc [38].
Since the peculiar motion of DWDs appears to have little
effect on their perspective accelerations, we neglect it in our
analysis. The peculiar motion of stars may also slightly
modify the mean azimuthal velocity of the population at a
given location—an effect known as asymmetric drift [38],
which we also neglect.
Also, while we adopt a simplified equilibrium and

axisymmetric Galactic model in our analysis, it is known
that the Milky Way exhibits nonequilibrium and non-
axisymmetric properties, such as stellar streams, and bar
and spiral structures of the stellar disk [45]. For example,
in the N-body model GALAKOS of a Milky Way-like
galaxy [46], the contribution of a bar and spiral arms to the
number density is at most comparable with the axisym-
metric part (see Fig. 6 of Ref. [47]), and therefore it does
not affect the order of magnitude obtained assuming axial
symmetry. Once the main effect is detected (i.e., accel-
eration contribution to the frequency chirp of DWD GW
signals), these details can be taken into account in future
work through more realistic models of the Milky Way.

B. Synthetic DWD population

Simulations of the Galactic binary population in the
LISA band have improved in recent years [4,48–52]. These
simulations typically predict Oð104Þ resolvable DWDs,

making them the most abundant LISA sources.
Additionally, dozens of black hole and neutron star binary
systems are expected to be detected by LISA [52]. In this
work we consider a synthetic population of DWD GW
sources following Thiele et al. [48], where the authors use
simulations of Milky Way-like galaxies and stellar evo-
lution codes to generate a present-day Galactic binary
population. We adopt their model FZ [48], which relies
on a metallicity-dependent initial binary fraction, as
suggested by electromagnetic observations in the solar
neighborhood. Due to tidal effects and mass transfer at
play in the progenitor binaries, all DWDs in the pop-
ulation are circular. This gives a typical GW emission
timescale of ≳104 yr.
Figure 2 illustrates the characteristics of the synthetic

DWD population. We choose the resolvable sources
for a 10 yr LISA mission by requiring a position-,
orientation- and polarization-angle averaged SNR > 7,
which results in about 16,000 resolvable sources. The
subset of the DWD population usually referred to as
“verification binaries” consists of sources known from
prior EM observations, and guaranteed to generate
detectable GW signals in LISA. The current collection
of verification binaries includes ∼10 detached double
white dwarfs [11,53,54] expected to have SNR > 7, and
marked by red stars in Fig. 2.

III. FISHER ANALYSIS

The ubiquity of DWDs suggest they are well suited to
serving as Galactic accelerometers, enabling mapping
of the Galactic gravitational potential. However, as we
first motivate with a “back-of-the-envelope” argument
(Sec. III A), it is challenging to determine the center-of-
mass acceleration of a DWD via GW measurements. In
Sec. III B we confirm the back-of-the-envelope estimates
with a Fisher matrix analysis for a few representative cases.

FIG. 2. Synthetic population of Galactic DWDs observable in the 10 yr LISA mission. Left: Aitoff projection of the population in the
Galactic longitude and latitude map. Right: the population shown in the amplitude spectral density (ASD) vs frequency plane, together
with the LISA noise curve (in gray), which includes the DWD confusion noise. DWD sources are simulated following Ref. [48] (the
total number of sources is 16264); verification binaries (labeled with red stars) are from Ref. [11]. For both panels, DWD symbol color
indicates LISA SNR for the associated GW.
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A. DWDs as accelerometers

If a DWD is moving with an apparent acceleration
a≡ v̇jj, the time dependence of the GW frequency fðtÞ
registered by LISA (i.e., at the “observer”) will be different
from the intrinsic chirping fsðτÞ of the GW signal emitted
by the DWD (i.e., at the “source”). We will assume that the
observer’s clock and the clock at the source are synchron-
ized at the beginning of the observation—i.e., a GW signal
that the observer starts receiving at the initial time t ¼ 0
was emitted at τ ¼ 0 by the source’s clock. In this work we
only consider effects linear in the (assumed small) DWD
acceleration a. For simplicity we also assume the DWD
orbits to be circular, and their inspiral to be driven purely by
gravitational radiation.
The GW frequency drift exprienced by DWDs is slow,

as evidenced by their long coalescence times

τc ¼
5M
256

ðπMfs0Þ−8=3

≈ 1.3 × 106 yr

�
M

0.44M⊙

�
−5=3

�
fs0

2 mHz

�
−8=3

; ð5Þ

where fs0 ¼ fsjτ¼0 is the initial frequency of the source,
and M ¼ ðm1m2Þ3=5ðm1 þm2Þ−1=5 is the chirp mass, a
function of the individual masses m1 and m2 of the binary
components (e.g., M ¼ 0.44M⊙ for m1 ¼ m2 ¼ 0.5M⊙).
From the (long) coalescence time and the nominal LISA
observation time Tobs ¼ 10 yr [1,2,55] we can define a
small parameter τ=τc ≤ Tobs=τc ∼ 10−5, which gives rise to
the expansion of the GW frequency at the source

fsðτÞ ¼ fs0 þ ḟs0τ þ f̈s0τ2=2þ…: ð6Þ

Indeed, if we estimate the derivatives ḟs0 ∼ fs0=τc,
f̈s0 ∼ fs0=τ2c ;…, the respective terms are ḟs0τ ≲ Tobs=τc,
f̈s0τ2 ≲ ðTobs=τcÞ2, etc. More precisely, at the lowest post-
Newtonian order [56,57],

fsðτÞ ¼ fs0

�
1 −

τ

τc

�
−3=8

¼ fs0 þ
3

8
ðfs0=τcÞτ þ

33

128
ðfs0=τ2cÞτ2 þ… ð7Þ

⇒ ḟs0 ¼
3

8

fs0
τc

; f̈s0 ¼
33

64

fs0
τ2c

;…: ð8Þ

Apparent DWD acceleration causes the observed deriv-
atives ḟ0, f̈0;…, to differ from their counterparts at the
source. In analogy with the well-known degeneracy
between fs0 and a constant relative velocity vjj (and the
chirp mass), the first derivative ḟs0 is fully degenerate with
the apparent acceleration, as long as the motion is non-
relativistic. This can be illustrated by a source that is
receding just fast enough to compensate for the GW

frequency drift: the linear growth of the frequency due
to the chirp ḟs0 is balanced by the Doppler shift, which is
also linear in case of a constant acceleration. Therefore, in
order to break this degeneracy and determine the apparent
acceleration from the GW signal alone, it is necessary to
measure at least the second derivative f̈0.
We now consider the observed frequency fðtÞ ¼ f0 þ

ḟ0tþ f̈0t2=2þ � � � and estimate how realistic it is to

measure, more generally, the kth derivative fðkÞ0 . We do
so by calculating the respective dephasing, i.e., the con-
tribution of a given derivative term to the GW phase

ψðtÞ¼2π

Z
t

0

fðt0Þdt0 ¼2π

�
f0tþ

1

2!
ḟ0t2þ

1

3!
f̈0t3þ…

�
:

ð9Þ

Of course, the GW signal must be loud enough to be
detected, but this is always the case for the population
of resolved DWDs with SNR > 7 (see Sec. II B). The
contribution to the dephasing accumulated by the term

proportional to fðkÞ0 during the observation time Tobs can be
estimated from

δψk ≡ 2π

ðkþ 1Þ! f
ðkÞ
0 Tkþ1

obs ¼ 2πδfkTobs

kþ 1
≳ 2π; ð10Þ

where we introduce the respective frequency drift
δfk ¼ fðkÞTk

obs=k!, which is likely to be detected if it
exceeds the typical size of a frequency bin, δfk≳1=Tobs.
Once again, estimating the derivatives as fðkÞ ∼ f0=τkc,
we recast the above formula in terms of the zeroth-order
contribution

δψk ∼
2πf0Tobs

ðkþ 1Þ!
�
Tobs

τc

�
k
∼ 106−5k

�
f0Tobs

106

��
Tobs=τc
10−5

�
k
;

ð11Þ

where the normalization values are typical of a 0.5M⊙ þ
0.5M⊙ DWD that emits at 2 mHz [see Eq. (5)]. For such a
binary, the chirp ḟ0 is likely measurable (δψ1 ≳ 1), whereas
the second derivative f̈0 is not (δψ2 ≪ 1).
Figure 3 shows the GW frequency–chirp mass plane

with three contours of constant δψk ¼ 2π for k ¼ 1 (solid
red line), k ¼ 2 (dashed), and k ¼ 3 (dotted). The contours
correspond to the criterion of sufficient dephasing for
reliable measurement of the kth derivative, Eq. (10), with
sources with a smaller dephasing lying to the left of the
respective line. We also overlay the synthetic population
described in Sec. II B. In addition to the DWDs and
verification binaries (VB), here we also include binary
neutron stars (BNS), black hole–neutron star binaries
(BH–NS), and binary black holes (BBH). There is clearly
a sizeable portion of the DWD population (as well as a few
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compact binaries) with measurable ḟ0ðk ¼ 1Þ. By contrast,
one can hope to measure f̈0ðk ¼ 2Þ only for a few DWDs,

while measuring the higher derivative fð3Þ0 ðk ¼ 3Þ seems
unlikely with LISA over a 10 yr observation period. For
other types of compact binaries, f̈0 may be detectable for
∼1 source, whereas detecting higher derivative is unlikely.
Note, however, that the dephasing criterion is approximate,
so measurements may still be possible for sources with
high SNR.
To summarize: out of all resolved DWDs observable by

LISA, there is likely only a few for which the derivative
parameter f̈0 can be measured independently of ḟ0 from
GWs alone, thereby lifting the degeneracy between the
GW chirp ḟs0 and the acceleration a, and enabling DWD
accelerometry. We now proceed to provide quantitative
estimates of the measurement uncertainties.

B. Fisher uncertainties

We can make the previous arguments more quantitative
by calculating the apparent acceleration uncertainty for a
few representative DWD sources using the Fisher infor-
mation matrix. We begin with the conservative case in
which we try to determine the acceleration using only GW
observations. As discussed in the previous section, this
amounts to measuring the second derivative f̈0 and lifting
the ḟs0–a degeneracy. We then consider another way to
break that degeneracy, which is to ascertain one of the
characteristic parameters of a DWD from EM observations.
We consider both the case in which only the DWD chirp

mass M is assumed to be known, as well as a “best-case
scenario” in which all parameters are known except for
the acceleration.
For the Fisher matrix analysis, we assume a TD

waveform

hðtÞ ¼ A cosψðtÞ; ð12Þ

ψðtÞ ¼ ψ0 þ 2π

�
f0tþ

1

2
ḟ0t2 þ

1

6
f̈0t3

�
; ð13Þ

where the amplitude A is approximately constant, and ψ0 is
the initial phase. The GW signal is also assumed to have
been averaged over the angles that characterize the sky
position of the source and its orbital orientation. In what
follows we carry out the calculation in the FD, where the
waveform reads

hF ¼
(

1
2

Affiffiffiffiffiffiffiffiffiffi
ḟ½tðFÞ�

p ei
π
4
þiðψ0þψFÞ; f0 ≤ F ≤ fðTobsÞ;

0; otherwise:
ð14Þ

Here we use the uppercase F for the Fourier frequency, and
we denote the FD waveform by the subscript F. Explicit
expressions for the functions tðFÞ and ψF are provided in
Appendix B, where we also describe our numerical setup
and compare three different versions of the Fisher matrix
calculation (the FD, the TD, and a discretized version that
emulates data processing in LISA).
The Fisher matrix Fij for a source with characteristic

parameters θi is defined in terms of the inner product
between two FD waveforms as follows:

�
hð1ÞF jhð2ÞF

�
¼ C2Re

Z þ∞

0

hð1ÞF ðhð2ÞF Þ�
SnðFÞ

dF; ð15Þ

Fij ≡
�
∂hF
∂θi

���� ∂hF
∂θj

�
; ð16Þ

where Sn is the noise power spectral density measured by
LISA [58,59], and the factor C absorbs all nonessential
numerical constants. The inverse of the Fisher matrix (or
“correlation matrix”) is

hσiσji ¼ ðF−1Þij; ð17Þ

where the angular brackets stand for the expectation value
over realizations of the noise, and its diagonal components
yield the uncertainties σi on each of the parameters θi.
In what follows we also use εi to denote the relative
uncertainty of a parameter, or equivalently, the uncertainty
on the logarithm of the parameter

εi ≡ σi
θi

¼ σln θi : ð18Þ

FIG. 3. Yellow dots show the synthetic DWD binary population
considered in this work in the frequency vs chirp mass plane.
Other types of compact binaries listed in the legend are
verification binaries (VB), binary neutron stars (BNS), black
hole–neutron star binaries (BH–NS), and binary black holes
(BBH). The red lines are contours of constant dephasing
δψk ¼ 2π. The plot suggests that there should be a sizeable
portion of the DWD population with measurable ḟ0 (i.e., to the
right of the k ¼ 1 line), while f̈0 is only measurable for a few
binaries (roughly, those to the right of the k ¼ 2 line).
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For the quasimonochromatic sources under considera-
tion, it is convenient to normalize the uncertainties by the
SNR [60,61]

SNR2 ≡ ðhFjhFÞ ¼ C2
Z

f0þδf

f0

jhFj2
SnðFÞ

dF

≈
�
1

2
CA

�
2 δf

ḟ0Snðf0Þ
≈
�
1

2
CA

�
2 Tobs

Snðf0Þ
; ð19Þ

or

SNR ¼ 1

2
CA

ffiffiffiffiffiffiffiffiffiffiffiffiffi
Tobs

Snðf0Þ

s
; ð20Þ

where δf is the total change in frequency during the
observation time, and we have neglected terms of the order
of δf=f0 ∼ Tobs=τc ≪ 1. Note that the amplitude A is
constant in the same approximation (see e.g. Ref. [62]).
We compute Fisher matrices and the respective uncer-

tainties for the following sets of parameters:

(1) θð1Þi ¼ flnA; ln f0; ln ḟ0; ln f̈0;ψ0g.
(2) θð2Þi ¼ flnA; ln fs0; ln ḟs0; a;ψ0g.

In order to obtain the change of variables between

θð2Þi and θð1Þi , we relate the observed frequency and its
derivatives to their counterparts at the source. Since a
constant velocity can be absorbed into redefinitions of
the GW frequency and acceleration, we set the initial
velocity vjj;0 ¼ 0. Then, as shown in Appendix A, the
line-of-sight distance to the source is

DðτÞ ¼ D0 þ
1

2
aτ2; ð21Þ

where D0 is the distance at which the GW signal is
first detected. Due to the light travel time effect
[63,64] (see also [65]), the times at the observer and at
the source are related as follows (see Fig. 4):

t ¼ τ þDðτÞ −D0;

t ¼ τ þ 1

2
aτ2: ð22Þ

Since the number of full-period waves emitted by the
source is the same as the number received by the
observer, the GW phase is invariant

ψðtÞ ¼ ψ sðτÞ;

2π

Z
t

0

fðt0Þdt0 ¼ 2π

Z
τ

0

fsðτ0Þdτ0; ð23Þ

where t and τ are related by Eq. (22). Differentiating
both sides with respect to the observer’s time t, we
obtain [23,25–27]

fðtÞ ¼ fsðτÞ
dt=dτ

¼ fs½τðtÞ�
1þ aτðtÞ ; ð24Þ

where τðtÞ is the inverse of tðτÞ. Therefore,

f0 ¼ fs0; ð25Þ

ḟ0 ¼ ḟs0 − afs0; ð26Þ

f̈0 ¼ f̈s0 − 3aḟs0 þOða2fs0Þ

≈
11

3

ḟ2s0
fs0

− 3aḟs0; ð27Þ

where we used Eq. (8) to relate the derivatives at the
source. We can estimate the relative correction due
to acceleration as afs0=ḟs0 ∼ aτc ≪ 1. Note that an
overdot means that the frequencies are differentiated
with respect to their own times: t for the observer and
τ for the source.
The final change of variable reads

ln f0 ¼ ln fs0; ð28Þ

ln ḟ0 ¼ ln ḟs0 − aelnfs0−ln ḟs0 ; ð29Þ

ln f̈0 ¼ 2 ln ḟs0 − ln fs0 −
9

11
aeln fs0−ln ḟs0 ; ð30Þ

where we have omitted a constant that does not

contribute to the Jacobian between θð2Þi and θð1Þi .

(3) θð3Þi ¼ flnM; lnD; ln τc; a;ψ c=βg, with

ψ c ≡ ψ0 þ
1

16
ðπMfs0Þ−5=3; ð31Þ

β≡ 2πfs0τc ¼
5

128
ðπMfs0Þ−5=3; ð32Þ

where ψ c is the coalescence phase, and the factor
β is introduced for numerical convenience.
Using Eq. (5) and A ≈M5=3f2=3s0 =D, the change

FIG. 4. (a) t ¼ τ ¼ 0: Beginning of DWD GW observation by
LISA. (b) t ¼ τ þDðτÞ −D0: Time τ passes according to a clock
at the source. We assume that the displacement of the source is
much less than the source distance D at any point during the
LISA observation.
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of variables between θð3Þi and θð2Þi (to within an
additive constant) reads

lnA ¼ 5

4
lnM −

1

4
ln τc − lnD; ð33Þ

ln fs0 ¼ −
5

8
lnM −

3

8
ln τc; ð34Þ

ln ḟs0 ¼ −
5

8
lnM −

11

8
ln τc; ð35Þ

ψ0 ¼ β

�
ψ c

β
−
8

5

�
: ð36Þ

1. GWs alone

Table II shows the results of a FD calculation of Fisher

uncertainties for the sets of parameters θð1Þi (top) and θð2Þi
(bottom), assuming no additional information beyond the
measured GW waveform. Recall that the first set includes
the observed derivatives ḟ0 and f̈0, while in the second set
they are converted to the source value ḟs0 and the accel-
eration a. Uncertainties on these parameter sets are related
by the Jacobian for the change of variables given in
Eqs. (28)–(30), and the calculation is performed for a
loud quasimonochromatic source with M ¼ 0.44M⊙,
f0 ¼ 2 mHz, Tobs¼10 yr, and SNR ¼ 1000. Comparing
the values highlighted in bold makes emphasizes quanti-
tatively that the double derivative f̈0 is difficult to measure,
resulting in a high uncertainty for the apparent acceleration.
To reiterate: if we do not include f̈0 in the set of Fisher
matrix parameters, there is complete degeneracy between

ḟs0 and a, because we can only measure their combination
ḟ0, Eq. (26). The inclusion of f̈0 introduces a linearly
independent combination, Eq. (27), breaking the degen-
eracy in principle, but this additional parameter is poorly
determined for realistic DWD parameters: while ḟ0 is
measured well (≈1%), there are large uncertainties for
ḟs0 and a from the inversion of Eqs. (26) and (27).

2. GWs+EM observations

The situation improves significantly if an independent
measurement of either the DWD chirp massM or distance
D is available from EM observations. If the chirp mass is
known, it relates the time derivative ḟs0 to the frequency
fs0 ¼ f0, which is always measured very well. A reason-
ably good measurement of ḟ0 then leads to a dramatic
improvement in σa. If, instead, the distance is known, the
chirp mass can be inferred from the amplitude A, whose
uncertainty is relatively low (see Table II). Knowing the
chirp mass again makes it possible to infer the acceleration
with low uncertainty (i.e., small σa).
Tables III and IV show the apparent acceleration uncer-

tainty σa at SNR ¼ 1000 when the chirp mass M is either

included or excluded from the vector of parameters θð3Þi .
For the fiducial values of the parameters, we choose the
combinations M ¼ 0.44M⊙, f0 ¼ 2 mHz and M ¼ M⊙,
f0 ¼ 5 mHz, while for the observation time we use either
Tobs ¼ 4 yr or Tobs ¼ 10 yr. Note that the uncertainty
improves ∝ T−2

obs (at fixed SNR, i.e., not accounting for

the scaling SNR−1 ∝ T−1=2
obs ) as one may expect from

TABLE II. Fisher uncertainties (diagonal) and correlation
coefficients (off-diagonal) for two sets of characteristic DWD
GW parameters, respectively: θð1Þi ¼ flnA; ln f0; ln ḟ0; ln f̈0;ψ0g
(top) and θð2Þi ¼ flnA; ln fs0; ln ḟs0; a;ψ0g (bottom). We assume
SNR ¼ 1000, with M ¼ 0.44M⊙, f0 ¼ 2 mHz, Tobs ¼ 10 yr.

θð1Þi εA εf0 εḟ0 εf̈0 σψ0

εA 0.001� 0� 0� 0� 0�
εf0 8.741 × 10−9 −0.97 0.92 −0.87
εḟ0 0.01375 −0.99 0.75
εf̈0 2504 −0.66
σψ0

0.004

θð2Þi
εA εfs0 εḟs0 σa½m=s2� σψ0

εA 0.001� 0� 0� 0� 0�
εfs0 8.741 × 10−9 0.92 0.92 −0.87
εḟs0 2119 1 −0.66
σa½m=s2� 0.006 −0.66
σψ0

0.004

TABLE III. Apparent acceleration uncertainty σa½m=s2� for a
set of characteristic DWD GW parameters with the chirp mass

included: θð3Þi ¼ flnM; lnD; ln τc;ψc=ψ0; ag. Fiducial values of
the chirp mass, GW frequency, and observation time are shown;
we assume SNR ¼ 1000 and ψ0 ¼ 0.

Time domain,

M∈ θð3Þi

M ¼ 0.44M⊙
f0 ¼ 2 mHz

M ¼ 1M⊙
f0 ¼ 5 mHz

Tobs ¼ 4 yr 6.73 × 10−2 5.47 × 10−4

Tobs ¼ 10 yr 4.30 × 10−3 2.04 × 10−5

TABLE IV. Apparent acceleration uncertainty σa½m=s2� for a
set of characteristic DWD GW parameters with the chirp mass

excluded: θð3Þi ¼ flnD; ln τc;ψc=ψ0; ag. Fiducial values of the
chirp mass, GW frequency, and observation time are shown; we
assume SNR ¼ 1000 and ψ0 ¼ 0.

Time domain,

θð3Þi nfMg
M ¼ 0.44M⊙
f0 ¼ 2 mHz

M ¼ 1M⊙
f0 ¼ 5 mHz

Tobs ¼ 4 yr 2.84 × 10−8 1.14 × 10−8

Tobs ¼ 10 yr 4.54 × 10−9 1.82 × 10−9
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dimensional considerations. We also find that the uncer-
tainty barely depends on the exact value of a as long as
Galactic accelerations are concerned, which is why we
assume a ¼ 0 in this calculation.

3. A best-case scenario

In an ideal situation, all parameters of the source would
be known exactly, except for the acceleration. The TD
Fisher “matrix” (see Appendix B 2) then consists of a
single element

Faa ¼ C2
Z

Tobs

0

ð∂ahÞ2
Sn½fðtÞ�

dt≈
ðCAÞ2
2Snðf0Þ

ðπf0Þ2
Z

Tobs

0

dt t4sin2ψ

≈SNR2×
ðπf0Þ2
Tobs

Z
Tobs

0

dt t4ð1− cos2ψÞ

≈SNR2T4
obs ×

ðπf0Þ2
5

; ð37Þ

where we neglect t=τc≲Tobs=τc≪1 andO½ðf0TobsÞ−1�≪1
terms. Then, the acceleration uncertainty is given by

σa ¼
1ffiffiffiffiffiffiffi
Faa

p ¼ 1

SNR
1

T2
obs

ffiffiffi
5

p

πf0

≈ 10−9 m=s2
�
SNR
1000

�
−1
�
Tobs

10 yr

�
−2
�

f0
2 mHz

�
−1
: ð38Þ

This estimate gives a lower limit on the uncertainty. Indeed,
as we include more parameters in the Fisher matrix we
introduce more correlations, which leads to higher uncer-
tainties on the individual parameters.
As the results of this section suggest, measuring

the Galactic acceleration with GWs alone appears to be
unlikely with LISA. The typical values of the uncertainty in
this case (see Table III) are orders of magnitudes higher
than the typical acceleration: see Fig. 1. When the chirp
mass is known, the uncertainty improves dramatically,
although it is still an order of magnitude worse than the
typical magnitude of Galactic acceleration.
There is still some hope: since we are interested in large-

scale Galactic accelerations, the accelerations of the indi-
vidual DWDs in the population must be correlated, which
should allow improvement of the overall uncertainty. We
discuss this possibility in the next section.

IV. GALACTIC ACCELEROMETRY WITH
GRAVITATIONAL WAVES

In this section we present the distribution of measure-
ment uncertainties for the synthetic DWD population
described in Sec. II B above. We then discuss the prospects
of measuring their acceleration by leveraging the large
number of Galactic DWDs and using additional informa-
tion from EM observations. To model the correlation
between the accelerations of individual DWDs, we

introduce an overall normalization factor, N , of the
Galactic gravitational potential. Effectively, the parameter
N encodes a linear scaling with the total mass of the
Milky Way

Φ ¼ NΦmodel; ð39Þ

whereΦmodel is defined in Eqs. (1) and (2). Since a ¼ −∇Φ
and v2 ¼ R∂Φ=∂R (see Sec. II A), normalizing the gravi-
tational potential also normalizes the apparent acceleration
as a ¼ N amodel.
The GW signals from multiple resolvable DWDs located

at different distances from the Galactic center can be
used to collectively pin down the parameter N as follows.
Consider a number n of DWDs that are used to determine
N . Then, if each DWD source is described by k parameters
(chirp mass, distance, etc.), we can calculate a large Fisher
matrix of size ðnkþ 1Þ × ðnkþ 1Þ for the global parameter
vector ðN ; θ1; θ2;…; θnÞ, where θi is the parameter vector
of the ith source. If we assume that the narrow GW
frequency bands swept by any two DWDs do not overlap,
the Fisher matrix reduces to n blocks of individual k × k
Fisher matrices, with the first row and column [of “size”
1 × ðnkþ 1Þ and ðnkþ 1Þ × 1, respectively] encoding
correlations between the parameter N and the individual
sets of parameters θi ði ¼ 1;…; nÞ. It then follows that the
reciprocals of the individual uncertainties add in quadrature
to provide an improvement that scales with 1=

ffiffiffi
n

p
.

The parameterN is considered measurable if the fractional
error εN ¼ σN =N < 1, where N ¼ 1 corresponds to a
fiducial model of the Milky Way such that Φ ¼ Φmodel.
Conversely, if εN > 1, the measurement only places an
upper bound on the parameter N .
We now proceed to present the results of our calculation;

the details of our fast implementation can be found in
Appendix B 2.

A. Distribution of measurement uncertainties

1. GWs alone

In Fig. 5 we show the distribution of measurement
uncertainties for the synthetic DWD population. The left
panel illustrates how the uncertanties change if the set of 4
parameters ðA; f0; ḟ0;ψ0Þ, shown in blue, is extended to
include f̈0 (red). The right panel is obtained by the change
of variables defined by Eqs. (26) and (27) from the set
of parameters ðf0; ḟ0; f̈0Þ, shown in red as before, to
ðfs0; ḟs0;N Þ, now shown in purple; it illustrates the effect
of including N ¼ a=a0 as an extra parameter in the set
ðA; fs0; ḟs0;ψ0Þ. Here a0 stands for the acceleration in a
fiducial Milky Way model. The relative uncertainties
quoted above the top-right subplots correspond to the
extended parameter sets (distributions in purple).
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As is evident from the left panel, while the parameter f̈0
is far from being measurable, its inclusion in the Fisher
matrix has little effect on the inference of other parameters.
The parameters A and f0 are well measured for most of the
sources (at the level of εA ≲ 10% and εf0 ≲ 10−6, respec-
tively). The parameter ḟ0 is only measurable at the level of
εḟ0 ≲ 10% for some of the sources. However, as we change

variables from ðf0; ḟ0; f̈0Þ to ðfs0; ḟs0;N Þ, the source
frequency ḟs0 and normalization factor N become essen-
tially unmeasurable. By contrast, the observed time deriva-
tive ḟ0 can be measured at the 10% level or better for a
significant fraction of the sources. This is once again a
manifestation of the degeneracy between fs0 and a: the
linear combination ḟ0 ¼ ḟs0 −N a0fs0 is measured more
precisely than the individual parameters of interest.

2. GWs+EM observations

In Fig. 6 we show a comparison of the distribution
of measurement uncertainties for the same synthetic
DWD population, for the case of five parameters
ðN ;M; D; fs0;ψ0Þ (purple) and the case of four param-
eters in which the chirp mass M is known (from EM
observations) but has been excluded (green) from the
Fisher matrix calculation. Note that the uncertainty in
chirp mass is not shown, and the five-parameter case is
the same as in right panel of Fig. 5 (red), but with the
parameters ðA; ḟs0Þ traded for ðM; DÞ.

Clearly, as the number of parameters is reduced, the
uncertainties improve dramatically. When the chirp mass is
included in the parameter set to be estimated, neitherN nor
M can be determined with significance, which is another
manifestation of the degeneracy between ḟs0 and a. Since
ḟs0 is not easy to measure, there is hardly a way to
determine M from GWs alone. This translates into a large
uncertainty in the source distance D, even though the
amplitude A ∝ M5=3f2=3s0 =D is known to within ≈10%
(the GW frequency fs0 itself can always be measured).
However, if we know M (for example, from optical
observations), those degeneracies are lifted.
The fact that the parameter N gives rise to correlations

among the accelerations of individual DWDs does not
remedy the problem. The uncertainty on the normalization
parameter is εN ∼ 109 (see Fig. 5, right panel), and we can
only expect an improvement by a factor of order

ffiffiffi
n

p
∼ 102

times if we take the whole LISA DWD population into
account. Given that determining the Galactic acceleration
from GWs alone does not appear to be feasible, the role of
combined GW–EM observations becomes crucial.

B. Prospects for multimessenger
Galactic accelerometry

Additional information inferred from EM measurements
can help to break degeneracies in DWD parameters inferred
through GWs only. For example, depending on the incli-
nation angle ι of the source, EM data can improve the

FIG. 5. Measurement uncertainties for a synthetic population of Galactic DWDs (model FZ from Ref. [48]) using GWs alone. Left: the
second time derivative of the GW frequency f̈0 is either included (red) or excluded (blue) from the set of parameters in the Fisher matrix
calculation. Here, numbers quoted at the top of plots refer to the “red” case. Right: the parameters include either the observed first and
second time derivatives of the GW frequency (red, same points as in the left panel), or the source GW frequency ḟs0 and the global
parameterN (purple), which is related to the Galactic gravitational potential as in Eq. (39). Here, numbers quoted at the top of the plots
refer to the “purple” case.
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estimate on the GW amplitude. It is also possible to have
precise EM measurements of DWD GW chirp rate ḟ0, e.g.,
via photometric time variability or spectroscopic radial-
velocity shift measurements [66,67]. In addition, astromet-
ric measurements of source distance D (e.g., from Gaia), in
combination with GW amplitudes A and frequencies f0
observed by LISA, may enable inference of DWD chirp
mass M [54].
EM counterparts of GW sources may be identified

before, during, or after the LISA observation period.
Prior to the start of LISA observation, detached DWDs
can be discovered in high-cadence photometric surveys as
periodically variable sources, if they are sufficiently edge-
on. Mass-transferring and tidal-deforming DWDs will in
general show photometric time variability; however
we only consider detached DWDs in this work. With
new data from current and upcoming astrometric [68],
photometric [68–73], and spectroscopic [68,74,75] sur-
veys, the number of verification binaries is expected to
grow to a significantly larger number by the time of LISA
launch. The increased number of verification binaries
will also increase the likelihood of finding several high-
SNR (SNR ∼ 100–1000) GW sources in the collection.
Furthermore, the DWD localization provided by GW
measurements, if accurate enough, may allow identification
of the EM counterparts through EM follow-up observations
after LISA’s launch. The analysis of Ref. [76] shows that up
to several hundreds of EM counterparts can be found in this

way. We suggest that an efficient approach involves GW
localization followed by targeted EM follow-up, focusing
on high-SNR, well-localized sources (since the highest
SNR sources dominate the accelerometry analysis, as
discussed below). According to Ref. [21], the GW locali-
zation volume for high-SNR (≳100) DWD sources is
typically ≲10 pc3. The expected number of enclosed
DWDs within this localization volume is less than one,
based on their number density [77]. Therefore, such a
localization range offers a feasible target for coordinated
EM observations. Further characterization of this proposed
method is part of ongoing work to support future multi-
messenger observations.
We now forecast how the relative error in the normali-

zation of the Galactic potential εN ¼ σN =N improves as
surveys of the EM counterparts of LISA sources become
more complete. For this estimate, we use the synthetic
DWD population discussed in Sec. II B. LISA sources
located closer to the Sun will presumably have EM
counterparts discovered earlier in magnitude-limited sur-
veys. We assume for simplicity that at any given time the
EM surveys have a certain coverage distance; and, as such,
there is a spherical volume centered at the Sun (with radius
given by this coverage distance) within which all LISA
sources have their EM counterparts identified.
Figure 7 shows how εN improves as a function of the

coverage distance, assuming that EM measurements deter-
mine either (1) M only (left panel), or (2) all parameters
exceptN (right panel), i.e., fM; D; fs0;ψ0g. In both cases
we see that, as the coverage distance grows, the relative
error εN decreases, owing to the growing number of EM
counterparts (recall that the reciprocals of individual
uncertainties add in quadrature: see Sec. IV). The gradual
decrease in the cumulative error is occasionally interrupted
by sharp drops whenever a DWD with very high SNR (up
to ∼1000) is included in the coverage. In case (1), we find
that the relative error asymptotes to ϵN ≈ 2 at coverage
distance ≳10 kpc. This suggests that even after all of the
EM counterparts have been found, the parameter N is not
quite measurable (but almost so). On the other hand, in
case (2), the estimated value of ϵN is about one order
magnitude lower than in case (1), and the parameter N is
measurable once there is identification of ∼103 EM
counterparts within a few kpc. This is an encouraging
result, as the current catalog of verification binaries already
includes DWDs with distances of a few kpc [54].
Given this analysis, using LISA observations for

Galactic accelerometry appears feasible as part of a multi-
messenger effort. Another avenue for improvement is to
take into account the correlation between the acceleration
and location of a GW source in the Galaxy, encoded in its
distance and sky position; we leave this more sophisticated
analysis to future work. Also, our forecast is based on
current expectations for LISA sensitivity and observation
period. If the level of noise in LISA is lower than assumed

FIG. 6. Comparison of the measurement uncertainties on the
parameters ðN ;M; D; fs0;ψ0Þ when the chirp mass M is
included (purple) or excluded (green) from the parameter set.
The numbers quoted at the top of the plots refer to the “green”
case. Uncertainties on M are not shown even when this
parameter is included, because in general it cannot be determined.
The synthetic population of DWDs is the same as in Fig. 5 above
(i.e., model FZ from Ref. [48]).
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here, which is possible given the encouraging results
from LISA Pathfinder [78], this will further reduce
measurement uncertainties. We also note that using
synthetic DWD populations models different from the
one discussed in Sec. II B would yield slightly different
results. For example, the exact distances of the highest-
SNR sources can vary among different DWD populations.
Nevertheless, we expect the general trends described
above to remain the same.

V. SYSTEMATICS

Here we discuss various effects not included in our
analysis that may affect the binary evolution and the
resulting gravitational waveform. Many sources of system-
atics relevant to our analysis are also found in the context of
pulsar timing [79].

A. Tertiary perturber

While all DWDs in our Galaxy are under the influence of
the overall Galactic gravitational potential, the local gravi-
tational environment for a given DWD may be dominated
by the presence of nearby tertiary objects. These could be
any relatively small-scale inhomogeneities in the Galaxy,
such as satellite galaxies, globular clusters, stars, or planets.
The possible effects of a single tertiary object on the GW

signal emitted by a binary have been quantified in the past
by several authors (see, e.g., [25–27,29,80–83]). In sum-
mary, the gravitational influence of a tertiary object causes
the center of mass of the GW-emitting binary to follow a
Keplerian orbit whose period can be shorter or longer than
the 4–10 yr LISA observation time. Roughly speaking, in

the former case the tertiary perturber will induce a distinct,
periodic signal, which can in principle be modeled; while in
the latter case the induced acceleration is nearly constant,
and can mimic the Galactic acceleration if the magnitude of
the induced acceleration is ∼10−10 m=s2. A star of typical
mass m3 ∼M⊙ located at a typical distance r3 ∼ 1 pc
from a DWD imparts only a tiny acceleration of order
m3=r2 ∼ 10−13 m=s2. However, in a fraction of cases, stars
or other objects lie close enough to yield significant
accelerations to DWDs of interest during the LISA obser-
vation period. In particular, recent population-synthesis
simulations suggest that Oð1Þ fraction of nearby DWDs
within 20 pc from the Sun are part of a hierarchical triple
with a distant tertiary companion [26,84]. That said, the
statistics of three-body systems involving DWDs are yet to
be confirmed–nor has the resulting effect on GW estimates
of Galactic acceleration–since only a small number of such
systems have been observed so far.

B. Relativistic and propagation effects

A key step in deriving the apparent GW phase,
as discussed above, is mapping the proper time of the
GW-emitting binary to the corresponding arrival time at the
solar system. The pulsar timing community routinely takes
into account several effects that can result in a dephasing of
the associated EM signal, in particular: (1) Einstein delay,
i.e., the special relativistic and gravitational time dilation of
the source’s inner orbital period; (2) Romer delay, i.e., the
variation in the path length of light due to the source’s
motion relative to the solar system; and (3) Shapiro delay,
i.e., the delay in the arrival time of GWs when they are

FIG. 7. Left panel: only the chirp massM is determined through EM observations. Right panel: all parameters (other than normalized
accelerationN ) are determined through EM observations: i.e., fM; D; fs0;ψ0g. In each plot, the vertical position of a given circle or dot
(as measured by the left vertical axis) indicates the relative measurement uncertainty on N , εN ≡ σN =N , assuming that all DWDs
within a certain distance from the Sun (as given by the position of the circle or dot on the horizontal axis) were used to infer the
acceleration; the orange line and the right axis show the cumulative distribution function (CDF) of the DWDs within that distance.
Recall that N ¼ a=a0, where a0 is the acceleration in the fiducial model of the Milky Way: see also Eq. (39). Individual sources are
marked in blue (for all sources in the catalog, i.e., those detectable by LISA) or red (for verification binaries). The sizes of the circles or
dots are proportional to the source SNR. Although the distance is not the only factor determining the GW SNR of a source, we observe a
general trend of SNR falling with distance.
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affected by the gravitational field of a massive body along
their propagation path. The first time derivatives of these
delays and the intrinsic frequency of the binary together
determine the reference frequency f0 of the GW signal,
which, in the analysis above, we take to be the observed
GW frequency at the beginning of the LISA observation. In
other words, the first time derivative effects of these delays
are absorbed into the definition of f0.

C. Nongravitational interactions

We assume in our analysis that DWD binary evolution is
driven purely by gravitational radiation. While most of the
DWDs in the LISA band are expected to be compact and
detached, some may undergo significant nongravitational
binary interactions [85]. Lower mass (i.e., less compact)
WDs that reside in binaries with smaller orbital separations
are prone to tidal deformations [86,87] and mass transfers.
Note, however, that although binary mass transfer contrib-
utes to systematic errors if not properly modeled, it
can potentially be utilized to infer the individual masses
of the WDs in a binary [88,89], enabling inference of the
chirp mass. The orbital evolution of DWDs may also be
altered by EM radiation if at least one of the WDs is
magnetic (about 20% of the total white dwarf population is
expected to have strong magnetic fields, in the range
106–109 G [90–93]). In addition, DWD interactions with
ambient matter (and possibly dark matter) can contribute
to the dissipation of their orbital energies [94–97]. The
aforementioned effects would complicate the orbital evo-
lution beyond what is expected from a purely GW-driven
binary orbit shrinkage. There are, in fact, examples of
known DWDs in the current catalog of LISA verification
binaries whose evolution is inadequately described by
gravitational radiation alone [92,98]. A more complete
modeling of the gravitational waveform should take into
account such nongravitational effects.

VI. CONCLUSIONS

In this paper we explore the prospect of using the Oð104Þ
resolved double white dwarf (DWD) binaries that LISA is
expected to observe as test mass accelerometers for probing
the Milky Way gravitational potential. We assume a simple
model for the Milky Way gravitational field profile com-
posed of a Miyamoto-Nagai disk, a Hernquist bulge, and a
Navarro-Frenk-White dark matter halo. In order to realisti-
cally assess whether this technique can work in practice, we
construct an artificial catalog of LISA-detectable DWDs
using the FZ binary population synthesis model of Ref. [48].
We let the DWD binary motion follow the Galactic rotation
curve as defined by the balance between their centrifugal
force and the Galactic potential gradient, neglecting their
velocity dispersions. The apparent line-of-sight acceleration
of each source, namely the sum of its actual line-of-sight
acceleration (assumed to follow the Milky Way gravitational

field model) and the perspective acceleration due to its
proper motion (assumed to follow the Galactic rotation
curve), cause time-dependent changes to the arrival time of
the associated GW signals, which manifest as Doppler
modulations in the measured GW phase.
We quantify LISA’s sensitivity to the motions of these

sources with a Fisher matrix analysis, both in the time-
domain and in the frequency domain. We first derive the
time-domain gravitational waveform by relating it to the
source-frame phase via a mapping between the observation
time and the source-frame time. We then obtain the
frequency-domain waveform using the stationary phase
approximation. We perform the Fisher matrix analysis in
both domains and find that the results agree. Our results
show that strong correlations between the apparent accel-
eration of a source and its binary parameters undermine the
ability to recover the apparent acceleration via GW-only
measurements. This suggests the need of combining the
GW analysis with other (independent) information about
the binary parameters, e.g. by using detailed models of
binary interactions [88,89] or EM observations of the same
sources [4,17,87,99]. If we assume that (1) EM observa-
tions can provide independent and accurate measurements
of DWD chirp masses and (2) the EM counterparts to all
these LISA sources are identified and observed, our
analysis indicates that it is nearly possible to determine
the normalization N of the Milky Way gravitational
potential model. If all DWD parameters other than N
are measured electromagnetically, then N can be deter-
mined after finding about 103 EM counterparts. A more
sophisticated analysis that accounts for correlations
between the acceleration and position of a GW source in
the Milky Way can further reduce measurement uncertain-
ties. We also comment on possible sources of systematics
that should be accounted for in more realistic future studies.
Previous works based on EM observations have utilized

a variety of dynamic tracers to study different aspects of the
Milky Way. These include radial stellar acceleration mea-
surements through precision spectrographs [100–103],
angular stellar acceleration measurements through Gaia
astrometry [104], peculiar acceleration measurements of
globular clusters [105], pulsar timing [106–110], and the
timing of eclipses in binaries [103]. Different tracers have
different kinematic distributions and biases, with some
correlation to their age, metallicity, and location. These
tracers offer different tradeoffs, and so provide comple-
mentary information when considered collectively.
This research made use of the following software:

IPython [111], SciPy [112], Matplotlib [113], NumPy [114],
SymPy [115], Astropy [116], LEGWORK [117], MPMATH [118],
FILLTEX [119].
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APPENDIX A: PERSPECTIVE ACCELERATION

For a small source displacementΔD¼jDðτÞ−D0j≪D0,
we can approximately write

D ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðD0 þ ΔDkÞ2 þ ΔD2⊥

q
≈D0

�
1þ ΔDk

D0

þ 1

2

ΔD2⊥
D2

0

�
; ðA1Þ

where ΔDk and ΔD⊥ are the source displacements parallel
and perpendicular to the line of sight given by the initial
position D0, and we have also neglected higher-order terms
∼ðΔD=D0Þ3. If the source is moving with a constant
acceleration a in its local frame,

ΔDðτÞ ¼ v0τ þ
1

2
aτ2; ðA2Þ

where v0 is the initial velocity in its local frame, then the
change in the distance reads

DðτÞ −D0 ¼ vk;0τ þ
1

2

�
ak;0 þ

v2⊥;0

D0

�
τ2 þOðτ3Þ; ðA3Þ

where the higher-order terms in time can be neglected,
because a typical increment in the velocity during the
observation time is much smaller than the Galactic velocity
dispersion

Δv ∼ aTobs ∼ 10−10 m=s2 × 10 yr

∼ 1 cm=s ≪ v0 ∼ 100 km=s: ðA4Þ

APPENDIX B: DETAILS OF THE FISHER
MATRIX CALCULATION

1. Frequency-domain waveforms

Here we collect the FD counterparts of the sky-averaged
TD waveforms used in this work. Recall that we use a
capital F for the GW Fourier frequency, while f ¼ fðtÞ is
reserved for the varying GW frequency in the TD. Also, the
subscript F indicates a FD waveform which, in the sta-
tionary phase approximation, is obtained as follows:

hF ¼
Z

Tobs

0

dt A½fðtÞ� cos
�
ψ0 þ 2π

Z
t

0

dt0fðt0Þ
�
e−2πiFt

¼ 1

2

Z
Tobs

0

dt A½fðtÞ� exp
�
iψ0 þ 2πi

Z
t

0

dt0fðt0Þ − 2πiFt

	
þ 1

2

Z
Tobs

0

dt A½fðtÞ� exp
�
−iψ0 − 2πi

Z
t

0

dt0fðt0Þ − 2πiFt

	

≈
1

2
A½fðt0Þ� exp

�
iψ0 þ 2πi

Z
t0

0

dt0fðt0Þ − 2πiFt0

	Z
Tobs

0

dt eiπḟðt0Þðt−t0Þ2 ; ðB1Þ

where t0 is the stationary point,

fðt0Þ ¼ F ⇔ t0 ¼ tðFÞ: ðB2Þ

The stationary phase approximation also implies that, as
long as 0 ≤ t0 ≤ Tobs, we can extend the limits of integra-
tion in the last integral to infinity, whereas outside of
that range, the integral, and therefore, the FD waveform,
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vanishes. Computing the resulting Gaussian integral and
integrating by parts in the phase, we obtain

hF ¼
(

1
2

AðFÞffiffiffiffiffiffiffiffiffiffi
ḟ½tðFÞ�

p ei
π
4
þiðψ0þψFÞ; f0 ≤ F ≤ fðTobsÞ;

0; otherwise;
ðB3Þ

ψF ¼ −2π
Z

F

f0

df0tðf0Þ; f0 ≡ fðt ¼ 0Þ; ðB4Þ

where tðfÞ is the inverse of fðtÞ. For effects of windowing
in the case of slowly chirping GW sources such as DWDs,
see, for example, Appendix D of Ref. [62].
In a phenomenological framework, the GW frequency

is represented as a Taylor expansion in time. For the
purposes of this paper, we are only interested in the
following two cases:

(i) ḟ ¼ const:

f ¼ f0 þ ḟ0t ⇒ tðfÞ ¼ f − f0
ḟ0

; ðB5Þ

ψF ¼ −
πðF − f0Þ2

ḟ0
: ðB6Þ

(ii) f̈ ¼ const:

f ¼ f0 þ ḟ0tþ
1

2
f̈0t2; ðB7Þ

tðfÞ ¼
−ḟ0 þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ḟ20 þ 2f̈0ðf − f0Þ

q
f̈0

≈
f − f0
ḟ0

−
1

2

f̈0ðf − f0Þ2
ḟ30

: ðB8Þ

ψF ≈ −
πðF − f0Þ2

ḟ0
þ π

3

f̈0ðF − f0Þ3
ḟ30

: ðB9Þ

2. Implementation

In this section we provide details of our implementation
of the Fisher matrix analysis. We also run a consistency
check by comparing results from three versions of the
calculation: the TD version, the FD version, and a version
emulating the discrete nature of the LISA data stream.
To implement the calculation, we leverage the auto-

differentiation and vectorization capabilities of the Python

package JAX [123]. Auto-differentiation makes use of the
well-known derivative rules to evaluate arbitrarily com-
plicated derivatives on the fly to within machine preci-
sion. JAX is also optimized for both CPUs and GPUs
which, among other things, allows the user to vectorize a
calculation, i.e., run it on all entries of an input array
practically in parallel.

These properties make JAX a convenient tool for the
Fisher matrix analysis on a population of DWDs. Indeed,
the Fisher matrix for a GW signal, Eq. (16), can be recast as
the Hessian of the scalar inner product, Eq. (15), and the
operation of computing and inverting the matrix can be
vectorized and mapped across all DWDs in the population

Fij ¼
1

2

∂
2

∂θi∂θj
ðΔh;ΔhÞ

����
θ¼θ̄

; ðB10Þ

Δh≡ hðθÞ − hðθ̄Þ; ðB11Þ

where hðθÞ is the waveform as a function of the parameters
θ ¼ fθig, and the derivatives are evaluated at the fiducial
values θ̄ of the parameters. As a side note, this Hessian
form of the Fisher matrix is related to the linear-signal or
high-SNR approximations (see e.g. [124]).
In a more realistic version, the integral is substituted for a

sum over the data points, which takes into account the fact
that the LISA data have to be discretely sampled with a
timestep Δt. We assume Δt ¼ 1 s. This results in a dataset
of Tobs=Δt data points for a single datastream (≈3 × 108

data points for the cadence Δt ¼ 1 s and Tobs ¼ 10 yr).
We now provide the explicit expressions used in the TD

version, the FD version, and the discretized version.

a. Time domain

The TD waveform hðtÞ, Eqs. (12) and (13), completes
∼105 oscillations during the observation time, and the
integration of such an oscillatory function can be chal-
lenging. For this reason we simplify the TD version of the
Fisher matrix before we vectorize and evaluate it with JAX.
The TD Fisher matrix reads

Fij ¼ C2
Z

Tobs

0

∂ihðtÞ∂jhðtÞ
Sn½fðtÞ�

dt

≈
SNR2

A2Tobs

Z
Tobs

0

2ð∂ihÞð∂jhÞdt; ðB12Þ

where partial derivatives are taken with respect the com-
ponents of the parameter vector θ ¼ flnA; ln f0; ln ḟ0;
ln f̈0;ψ0g. If we neglect terms Oð1=f0TobsÞ, the matrix
is effectively reduced to a 4 × 4 block. Indeed, for the
cross-terms with lnA (θi ≠ θj ¼ lnA),

Fij ≈ SNR2 ×O
�

∂θiψ

f0Tobs

�
≈ 0; ðB13Þ

and the full matrix

Fij ≈ SNR2 ×

�
1 0

0 FIJ

�
; ðB14Þ
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where θI;J ≠ lnA, and the 3 × 3 block

FIJ ≡
Z

Tobs

0

ð∂IψÞð∂JψÞ
dt
Tobs

¼ 1

2Tobs



∂
2

∂θi∂θj

Z
Tobs

0

ðΔψÞ2dt
�
θ¼θ̄

; ðB15Þ

with Δψ ≡ ψðθÞ − ψðθ̄Þ.

b. Frequency domain

The inner product that goes into Eq. (B10) reads

ðΔhF;ΔhFÞ ¼
1

2
SNR2

×
Z

1

−1

���elnA−ðln ḟ0−ln ¯̇f0Þ=2eiψFðθÞ − eiψFðθ̄Þ
���2dx;

ðB16Þ

F ¼ f0 þ
1

2
ðxþ 1ÞΔf; Δf ≡ fðTobsÞ − f0; ðB17Þ

where the phase is given by Eq. (B9), and we have recast
the integral in a form convenient for Gauss-Legendre
quadrature. Note that we also neglect a variation in ḟ in
the amplitude, which would result in a correction of the
order of Tobs=τc ∼ 10−5.

c. Discretized time domain

A discrete version of the TD inner product reads:

ðΔh;ΔhÞ≈SNR2
XN
p¼0

ðelnA cosψpðθÞ−cosψpðθ̄ÞÞ2; ðB18Þ

where ψp is a TD phase evaluated at moments of time
tp ¼ pΔt, and the number of datapoints N is given by the
integer part of Tobs=Δt. Again, we assume that the noise
Sn½fðtpÞ� ≈ const for the quasimonochromatic sources
considered in this paper. In the discrete TD version, we
no longer neglect the off-diagonal terms as we did in the
continuous case above, see Eqs. (B13) and (B14).
We compare Fisher matrix uncertainties obtained in the

three approaches described above, and evaluated on the
synthetic population of DWDs adopted in this paper.
We find the following relative discrepancies (that can be
thought of as “uncertainty on the uncertainties”):

(i) ḟ ¼ const, TD vs FD: ≈10−11.5 across the parameter
set flnA; ln f0; ln ḟ0;ψ0g.

(ii) ḟ ¼ const, TD vs discretized TD: ≈10−7 for the
same parameters.

(iii) f̈ ¼ const, TD vs FD: ≈10−5 for the variables
fln f0; ln ḟ0; ln f̈0;ψ0g, and ≈10−11 for lnA.

In each of these cases, the scatter is ≈0.5 dex (i.e., less than
an order of magnitude).
We also rely on JAX to switch between the sets of

parameters θð1Þ, θð2Þ, θð3Þ listed in Sec. III B. As is known,
the results of a Fisher matrix calculation in one set
of parameters θi can be converted to another set θ̃j by
applying the Jacobian matrix J̃ij ≡ ∂θ̃i=∂θj. Being a matrix
of derivatives, the Jacobian naturally fits into the JAX

autodifferentiation logic, as do the matrix transforms for
a nonsingular Fisher matrix F and the corresponding
covariance matrix Σ ¼ F−1:

Σ̃ ¼ J̃ΣJ̃T; F̃ ¼ ðJ̃−1ÞTFJ̃−1: ðB19Þ

All those operations are also easily vectorized in JAX.

[1] Pau Amaro Seoane et al., Laser interferometer space
antenna, arXiv:1702.00786.

[2] Pau Amaro Seoane et al. (LISA Collaboration), Astro-
physics with the laser interferometer space antenna, Living
Rev. Relativity 26, 2 (2023).

[3] Astrid Lamberts, Sarah Blunt, Tyson B. Littenberg, Shea
Garrison-Kimmel, Thomas Kupfer, and Robyn E.
Sanderson, Predicting the LISA white dwarf binary pop-
ulation in the milky way with cosmological simulations,
Mon. Not. R. Astron. Soc. 490, 5888 (2019).

[4] Valeriya Korol, Elena M. Rossi, Paul J. Groot, Gijs
Nelemans, Silvia Toonen, and Anthony G. A. Brown,
Prospects for detection of detached double white dwarf
binaries with Gaia, LSST and LISA, Mon. Not. R. Astron.
Soc. 470, 1894 (2017).

[5] Valeriya Korol, Na’ama Hallakoun, Silvia Toonen, and
Nikolaos Karnesis, Observationally driven Galactic double
white dwarf population for LISA, Mon. Not. R. Astron.
Soc. 511, 5936 (2022).

[6] V. Korol et al., Populations of double white dwarfs in
milky way satellites and their detectability with LISA,
Astron. Astrophys. 638, A153 (2020).

[7] Elinore Roebber et al., Milky way satellites shining bright
in gravitational waves, Astrophys. J. Lett. 894, L15 (2020).

[8] Valeriya Korol, Vasily Belokurov, Christopher J. Moore,
and Silvia Toonen, Weighing milky way satellites with
LISA, Mon. Not. R. Astron. Soc. 502, L55 (2021).

[9] Michael A. Keim, Valeriya Korol, and Elena M. Rossi, The
large magellanic cloud revealed in gravitational waves with
LISA, Mon. Not. R. Astron. Soc. 521, 1088 (2023).

EBADI, STROKOV, TANIN, BERTI, and WALSWORTH PHYS. REV. D 111, 044023 (2025)

044023-16

https://arXiv.org/abs/1702.00786
https://doi.org/10.1007/s41114-022-00041-y
https://doi.org/10.1007/s41114-022-00041-y
https://doi.org/10.1093/mnras/stz2834
https://doi.org/10.1093/mnras/stx1285
https://doi.org/10.1093/mnras/stx1285
https://doi.org/10.1093/mnras/stac415
https://doi.org/10.1093/mnras/stac415
https://doi.org/10.1051/0004-6361/202037764
https://doi.org/10.3847/2041-8213/ab8ac9
https://doi.org/10.1093/mnrasl/slab003
https://doi.org/10.1093/mnras/stad554


[10] Steven Rieck, Alexander W. Criswell, Valeriya Korol,
Michael A. Keim, Malachy Bloom, and Vuk Mandic,
LISA detectability of a stochastic gravitational wave
background from unresolved white dwarf binaries in the
LMC, Mon. Not. R. Astron. Soc. 531, 2642 (2024).

[11] T. Kupfer, V. Korol, S. Shah, G. Nelemans, T. R. Marsh, G.
Ramsay, P. J. Groot, D. T. H. Steeghs, and E. M. Rossi,
LISA verification binaries with updated distances from
Gaia Data Release 2, Mon. Not. R. Astron. Soc. 480, 302
(2018).

[12] Tyson B. Littenberg and Ananthu K. Lali, Have any LISA
verification binaries been found?, arXiv:2404.03046.

[13] Huiyi Wang, Alexander P. Stephan, Smadar Naoz, Bao-
Minh Hoang, and Katelyn Breivik, Gravitational-wave
signatures from compact object binaries in the galactic
center, Astrophys. J. 917, 76 (2021).

[14] Sanaea C. Rose, Smadar Naoz, Abhimat K. Gautam,
Andrea M. Ghez, Tuan Do, Devin Chu, and Eric
Becklin, On socially distant neighbors: Using binaries to
constrain the density of objects in the galactic center,
Astrophys. J. 904, 113 (2020).

[15] Kaze W. K. Wong, Vishal Baibhav, and Emanuele Berti,
Binary radial velocity measurements with space-based
gravitational-wave detectors, Mon. Not. R. Astron. Soc.
488, 5665 (2019).

[16] Laura Sberna et al., Observing GW190521-like binary
black holes and their environment with LISA, Phys. Rev. D
106, 064056 (2022).

[17] Valeriya Korol, Elena M. Rossi, and Enrico Barausse, A
multimessenger study of the milky way’s stellar disc and
bulge with LISA, Gaia, and LSST, Mon. Not. R. Astron.
Soc. 483, 5518 (2019).

[18] Maria Georgousi, Nikolaos Karnesis, Valeriya Korol,
Mauro Pieroni, and Nikolaos Stergioulas, Gravitational
waves from double white dwarfs as probes of the
milky way, Mon. Not. R. Astron. Soc. 519, 2552 (2022).

[19] Matthew Benacquista and K. Holley-Bockelmann, Con-
sequences of disk scale height on LISA confusion noise
from close white dwarf binaries, Astrophys. J. 645, 589
(2006).

[20] Katelyn Breivik, Chiara M. F. Mingarelli, and Shane L.
Larson, Constraining galactic structure with the LISA
white dwarf foreground, Astrophys. J. 901, 4 (2020).

[21] Ryuichi Takahashi and Naoki Seto, Parameter estimation
for galactic binaries by LISA, Astrophys. J. 575, 1030
(2002).

[22] NicolasYunes,M.ColemanMiller, and JonathanThornburg,
The effect of massive perturbers on extreme mass-ratio
inspiral waveforms, Phys. Rev. D 83, 044030 (2011).

[23] Camille Bonvin, Chiara Caprini, Riccardo Sturani, and
Nicola Tamanini, Effect of matter structure on the gravi-
tational waveform, Phys. Rev. D 95, 044029 (2017).

[24] Kohei Inayoshi, Nicola Tamanini, Chiara Caprini, and
Zoltán Haiman, Probing stellar binary black hole forma-
tion in galactic nuclei via the imprint of their center of mass
acceleration on their gravitational wave signal, Phys. Rev.
D 96, 063014 (2017).

[25] Yohai Meiron, Bence Kocsis, and Abraham Loeb,
Detecting triple systems with gravitational wave observa-
tions, Astrophys. J. 834, 200 (2017).

[26] Travis Robson, Neil J. Cornish, Nicola Tamanini, and
Silvia Toonen, Detecting hierarchical stellar systems with
LISA, Phys. Rev. D 98, 064012 (2018).

[27] Nicola Tamanini, Antoine Klein, Camille Bonvin, Enrico
Barausse, and Chiara Caprini, Peculiar acceleration of
stellar-origin black hole binaries: Measurement and biases
with LISA, Phys. Rev. D 101, 063002 (2020).

[28] Lisa Randall and Zhong-Zhi Xianyu, A direct probe
of mass density near inspiraling binary black holes,
Astrophys. J. 878, 75 (2019).

[29] Vladimir Strokov, Giacomo Fragione, Kaze W. K. Wong,
Thomas Helfer, and Emanuele Berti, Hunting for
intermediate-mass black holes with LISA binary radial
velocity measurements, Phys. Rev. D 105, 124048 (2022).

[30] Aditya Vijaykumar, Avinash Tiwari, Shasvath J. Kapadia,
K. G. Arun, and Parameswaran Ajith, Waltzing binaries:
Probing the line-of-sight acceleration of merging compact
objects with gravitational waves, Astrophys. J. 954, 105
(2023).

[31] I. S. Shklovskii, Possible causes of the secular increase in
pulsar periods, Sov. Astron. 13, 562 (1970).

[32] M. Miyamoto and R. Nagai, Three-dimensional models for
the distribution of mass in galaxies, Publ. Astron. Soc. Jpn.
27, 533 (1975).

[33] Lars Hernquist, An analytical model for spherical galaxies
and bulges, Astrophys. J. 356, 359 (1990).

[34] Julio F. Navarro, Carlos S. Frenk, and Simon D. M. White,
The structure of cold dark matter halos, Astrophys. J. 462,
563 (1996).

[35] Jo Bovy, GALPY: A Python library for galactic dynamics,
Astrophys. J. Suppl. Ser. 216, 29 (2015).

[36] Jo Bovy and Hans-Walter Rix, A direct dynamical meas-
urement of the milky way’s disk surface density profile,
disk scale length, and dark matter profile at 4 kpc ≲ R≲
9 kpc, Astrophys. J. 779, 115 (2013).

[37] R. Abuter et al. (GRAVITY Collaboration), Detection of
the gravitational redshift in the orbit of the star S2 near the
galactic centre massive black hole, Astron. Astrophys. 615,
L15 (2018).

[38] Joss Bland-Hawthorn and Ortwin Gerhard, The galaxy in
context: Structural, kinematic, and integrated properties,
Annu. Rev. Astron. Astrophys. 54, 529 (2016).

[39] Borja Anguiano, Steven R. Majewski, Christian R. Hayes,
Carlos Allende Prieto, Xinlun Cheng, Christian Moni
Bidin, Rachael L. Beaton, Timothy C. Beers, and Dante
Minniti, The stellar velocity distribution function in the
milky way galaxy, Astron. J. 160, 43 (2020).

[40] Sanjib Sharma et al., Fundamental relations for the
velocity dispersion of stars in the milky way, Mon. Not.
R. Astron. Soc. 506, 1761 (2021).

[41] Roberto Raddi, Santiago Torres, Alberto Rebassa-
Mansergas, Jesús Maldonado, María E. Camisassa,
Detlev Koester, Nicola Pietro Gentile Fusillo, Pier-
Emmanuel Tremblay, Markus Dimpel, Ulrich Heber, Tim
Cunningham, and Juan-Juan Ren, Kinematic properties of
white dwarfs. Galactic orbital parameters and age-velocity
dispersion relation, Astron. Astrophys. 658, A22 (2022).

[42] Christopher Wegg and E. Sterl Phinney, White dwarf
kinematics versus mass, Mon. Not. R. Astron. Soc. 426,
427 (2012).

LISA DOUBLE WHITE DWARF BINARIES AS GALACTIC … PHYS. REV. D 111, 044023 (2025)

044023-17

https://doi.org/10.1093/mnras/stae1283
https://doi.org/10.1093/mnras/sty1545
https://doi.org/10.1093/mnras/sty1545
https://arXiv.org/abs/2404.03046
https://doi.org/10.3847/1538-4357/ac088d
https://doi.org/10.3847/1538-4357/abc557
https://doi.org/10.1093/mnras/stz2077
https://doi.org/10.1093/mnras/stz2077
https://doi.org/10.1103/PhysRevD.106.064056
https://doi.org/10.1103/PhysRevD.106.064056
https://doi.org/10.1093/mnras/sty3440
https://doi.org/10.1093/mnras/sty3440
https://doi.org/10.1093/mnras/stac3686
https://doi.org/10.1086/504024
https://doi.org/10.1086/504024
https://doi.org/10.3847/1538-4357/abab99
https://doi.org/10.1086/341483
https://doi.org/10.1086/341483
https://doi.org/10.1103/PhysRevD.83.044030
https://doi.org/10.1103/PhysRevD.95.044029
https://doi.org/10.1103/PhysRevD.96.063014
https://doi.org/10.1103/PhysRevD.96.063014
https://doi.org/10.3847/1538-4357/834/2/200
https://doi.org/10.1103/PhysRevD.98.064012
https://doi.org/10.1103/PhysRevD.101.063002
https://doi.org/10.3847/1538-4357/ab20c6
https://doi.org/10.1103/PhysRevD.105.124048
https://doi.org/10.3847/1538-4357/acd77d
https://doi.org/10.3847/1538-4357/acd77d
https://doi.org/10.1086/168845
https://doi.org/10.1086/177173
https://doi.org/10.1086/177173
https://doi.org/10.1088/0067-0049/216/2/29
https://doi.org/10.1088/0004-637X/779/2/115
https://doi.org/10.1051/0004-6361/201833718
https://doi.org/10.1051/0004-6361/201833718
https://doi.org/10.1146/annurev-astro-081915-023441
https://doi.org/10.3847/1538-3881/ab9813
https://doi.org/10.1093/mnras/stab1086
https://doi.org/10.1093/mnras/stab1086
https://doi.org/10.1051/0004-6361/202141837
https://doi.org/10.1111/j.1365-2966.2012.21394.x
https://doi.org/10.1111/j.1365-2966.2012.21394.x


[43] A. Gianninas, Mukremin Kilic, Warren R. Brown, Paul
Canton, and Scott J. Kenyon, The ELM survey. VI. Eleven
new double degenerates, Astrophys. J. 812, 167 (2015).

[44] B. Anguiano, A. Rebassa-Mansergas, E. García-Berro,
S. Torres, K. C. Freeman, and T. Zwitter, The kinematics
of the white dwarf population from the SDSS DR12,
Mon. Not. R. Astron. Soc. 469, 2102 (2017).

[45] James Binney, Dynamics for galactic archaeology, New
Astron. Rev. 57, 29 (2013).

[46] Elena D’Onghia and J. Alfonso L. Aguerri, Trojans in the
solar neighborhood, Astrophys. J. 890, 117 (2020).

[47] Martijn J. C. Wilhelm, Valeriya Korol, Elena M. Rossi, and
Elena D’Onghia, The milky way’s bar structural properties
from gravitational waves, Mon. Not. R. Astron. Soc. 500,
4958 (2021).

[48] Sarah Thiele, Katelyn Breivik, Robyn E. Sanderson, and
Rodrigo Luger, Applying the metallicity-dependent binary
fraction to double white dwarf formation: Implications for
LISA, Astrophys. J. 945, 162 (2023).

[49] G. Nelemans, L. R. Yungelson, S. F. Portegies Zwart, and
F. Verbunt, Population synthesis for double white dwarfs.
I. Close detached systems, Astron. Astrophys. 365, 491
(2001).

[50] Shenghua Yu and C. S. Jeffery, The influence of star
formation history on the gravitational wave signal from
close double degenerates in the thin disc, Mon. Not. R.
Astron. Soc. 429, 1602 (2013).

[51] Astrid Lamberts, Sarah Blunt, Tyson B. Littenberg, Shea
Garrison-Kimmel, Thomas Kupfer, and Robyn E.
Sanderson, Predicting the LISA white dwarf binary pop-
ulation in the milky way with cosmological simulations,
Mon. Not. R. Astron. Soc. 490, 5888 (2019).

[52] T. Wagg, F. S. Broekgaarden, S. E. de Mink, N. Frankel,
L. A. C. van Son, and S. Justham, Gravitational wave
sources in our galactic backyard: Predictions for BHBH,
BHNS, and NSNS binaries detectable with LISA, As-
trophys. J. 937, 118 (2022).

[53] Eliot Finch, Giorgia Bartolucci, Daniel Chucherko, Ben G.
Patterson, Valeriya Korol, Antoine Klein, Diganta
Bandopadhyay, Hannah Middleton, Christopher J.
Moore, and Alberto Vecchio, Identifying LISAverification
binaries among the Galactic population of double white
dwarfs, Mon. Not. R. Astron. Soc. 522, 5358 (2023).

[54] Thomas Kupfer et al., LISA galactic binaries with astrom-
etry from Gaia DR3, Astrophys. J. 963, 100 (2024).

[55] Pau Amaro Seoane et al., The effect of mission duration
on LISA science objectives, Gen. Relativ. Gravit. 54, 3
(2022).

[56] P. C. Peters and J. Mathews, Gravitational radiation from
point masses in a Keplerian orbit, Phys. Rev. 131, 435
(1963).

[57] P. C. Peters, Gravitational radiation and the motion of two
point masses, Phys. Rev. 136, B1224 (1964).

[58] Travis Robson, Neil J. Cornish, and Chang Liu, The
construction and use of LISA sensitivity curves, Classical
Quantum Gravity 36, 105011 (2019).

[59] Stanislav Babak, Martin Hewitson, and Antoine Petiteau,
LISA sensitivity and SNR calculations, arXiv:2108
.01167.

[60] Naoki Seto, Long term operation of LISA and galactic
close white dwarf binaries, Mon. Not. R. Astron. Soc. 333,
469 (2002).

[61] Ryuichi Takahashi and Naoki Seto, Parameter estimation
for galactic binaries by the laser interferometer space
antenna, Astrophys. J. 575, 1030 (2002).

[62] Vladimir Strokov and Emanuele Berti, Quasimonochro-
matic LISA sources in the frequency domain, Phys. Rev. D
109, 104013 (2024).

[63] John B. Irwin, The determination of a light-time orbit,
Astrophys. J. 116, 211 (1952).

[64] John B. Irwin, Standard light-time curves, Astron. J. 64,
149 (1959).

[65] Guillem Anglada and Jordi Torra, Astrometric light-travel
time signature of sources in nonlinear motion, arXiv:astro-
ph/0511264.

[66] S. Shah, M. van der Sluys, and G. Nelemans, Using
electromagnetic observations to aid gravitational-wave
parameter estimation of compact binaries observed with
LISA, Astron. Astrophys. 544, A153 (2012).

[67] Sweta Shah, Gijs Nelemans, and Marc van der Sluys,
Using electromagnetic observations to aid gravitational-
wave parameter estimation of compact binaries observed
with LISA II: The effect of knowing the sky position,
Astron. Astrophys. 553, A82 (2013).

[68] T. Prusti et al. (Gaia Collaboration), The Gaia mission,
Astron. Astrophys. 595, A1 (2016).

[69] Paul A. Abell et al. (LSST Science Collaboration), LSST
science book, version 2.0, arXiv:0912.0201.

[70] Juna A. Kollmeier et al., SDSS-V: Pioneering panoptic
spectroscopy, arXiv:1711.03234.

[71] Gang Zhao, Yongheng Zhao, Yaoquan Chu, Yipeng Jing,
and Licai Deng, LAMOST spectral survey, arXiv:1206
.3569.

[72] R. S. de Jong et al., 4MOST: Project overview and
information for the first call for proposals, The Messenger
175, 3 (2019).

[73] Gavin Dalton et al., Project overview and update on
WEAVE: The next generation wide-field spectroscopy
facility for the William Herschel Telescope, in Ground-
Based and Airborne Instrumentation for Astronomy V,
Society of Photo-Optical Instrumentation Engineers
(SPIE) Conference Series Vol. 9147, edited by Suzanne
K. Ramsay, Ian S. McLean, and Hideki Takami (SPIE,
2014), p. 91470L; arXiv:1412.0843.

[74] J. L. Tonry, L. Denneau, A. N. Heinze, B. Stalder, K. W.
Smith, S. J. Smartt, C. W. Stubbs, H. J. Weiland, and
A. Rest, ATLAS: A high-cadence all-sky survey system,
Publ. Astron. Soc. Pac. 130, 064505 (2018).

[75] Martin J. Dyer et al., The gravitational-wave optical
transient observer (GOTO), Proc. SPIE Int. Soc. Opt.
Eng. 11445, 114457G (2020).

[76] Tyson B. Littenberg, Shane L. Larson, Gijs Nelemans, and
Neil J. Cornish, Prospects for observing ultra-compact
binaries with space-based gravitational wave interferom-
eters and optical telescopes, Mon. Not. R. Astron. Soc.
429, 2361 (2013).

[77] M. A. Hollands, P. E. Tremblay, B. T. Gänsicke, N. P.
Gentile-Fusillo, and S. Toonen, The Gaia 20 pc white

EBADI, STROKOV, TANIN, BERTI, and WALSWORTH PHYS. REV. D 111, 044023 (2025)

044023-18

https://doi.org/10.1088/0004-637X/812/2/167
https://doi.org/10.1093/mnras/stx796
https://doi.org/10.1016/j.newar.2013.08.001
https://doi.org/10.1016/j.newar.2013.08.001
https://doi.org/10.3847/1538-4357/ab6bd6
https://doi.org/10.1093/mnras/staa3457
https://doi.org/10.1093/mnras/staa3457
https://doi.org/10.3847/1538-4357/aca7be
https://doi.org/10.1051/0004-6361:20000147
https://doi.org/10.1051/0004-6361:20000147
https://doi.org/10.1093/mnras/sts445
https://doi.org/10.1093/mnras/sts445
https://doi.org/10.1093/mnras/stz2834
https://doi.org/10.3847/1538-4357/ac8675
https://doi.org/10.3847/1538-4357/ac8675
https://doi.org/10.1093/mnras/stad1288
https://doi.org/10.3847/1538-4357/ad2068
https://doi.org/10.1007/s10714-021-02889-x
https://doi.org/10.1007/s10714-021-02889-x
https://doi.org/10.1103/PhysRev.131.435
https://doi.org/10.1103/PhysRev.131.435
https://doi.org/10.1103/PhysRev.136.B1224
https://doi.org/10.1088/1361-6382/ab1101
https://doi.org/10.1088/1361-6382/ab1101
https://arXiv.org/abs/2108.01167
https://arXiv.org/abs/2108.01167
https://doi.org/10.1046/j.1365-8711.2002.05432.x
https://doi.org/10.1046/j.1365-8711.2002.05432.x
https://doi.org/10.1086/341483
https://doi.org/10.1103/PhysRevD.109.104013
https://doi.org/10.1103/PhysRevD.109.104013
https://doi.org/10.1086/145604
https://doi.org/10.1086/107913
https://doi.org/10.1086/107913
https://arXiv.org/abs/astro-ph/0511264
https://arXiv.org/abs/astro-ph/0511264
https://doi.org/10.1051/0004-6361/201219309
https://doi.org/10.1051/0004-6361/201321123
https://doi.org/10.1051/0004-6361/201629272
https://arXiv.org/abs/0912.0201
https://arXiv.org/abs/1711.03234
https://arXiv.org/abs/1206.3569
https://arXiv.org/abs/1206.3569
https://doi.org/10.18727/0722-6691/5117
https://doi.org/10.18727/0722-6691/5117
https://arXiv.org/abs/1412.0843
https://doi.org/10.1088/1538-3873/aabadf
https://doi.org/10.1117/12.2561008
https://doi.org/10.1117/12.2561008
https://doi.org/10.1093/mnras/sts507
https://doi.org/10.1093/mnras/sts507


dwarf sample, Mon. Not. R. Astron. Soc. 480, 3942
(2018).

[78] M. Armano et al., Sub-Femto- g free fall for space-based
gravitational wave observatories: LISA pathfinder results,
Phys. Rev. Lett. 116, 231101 (2016).

[79] Russell T. Edwards, G. B. Hobbs, and R. N. Manchester,
TEMPO2, a new pulsar timing package-II. The timing model
and precision estimates, Mon. Not. R. Astron. Soc. 372,
1549 (2006).

[80] Naoki Seto, Detecting planets around compact binaries
with gravitational wave detectors in space, Astrophys. J.
Lett. 677, L55 (2008).

[81] Nicola Tamanini and Camilla Danielski, The gravitational-
wave detection of exoplanets orbiting white dwarf binaries
using LISA, Nat. Astron. 3, 858 (2019).

[82] Zeyuan Xuan, Peng Peng, and Xian Chen, Degeneracy
between mass and peculiar acceleration for the double
white dwarfs in the LISA band, Mon. Not. R. Astron. Soc.
502, 4199 (2021).

[83] Naoki Seto, Potential tertiary effects on the LISA verifi-
cation binary HM Cancri, Mon. Not. R. Astron. Soc. 524,
5442 (2023).

[84] S. Toonen, M. Hollands, B. T. Gänsicke, and T. Boekholt,
The binarity of the local white dwarf population, Astron.
Astrophys. 602, A16 (2017).

[85] Tyson B. Littenberg and Nicolas Yunes, Binary white
dwarfs as laboratories for extreme gravity with LISA,
Classical Quantum Gravity 36, 095017 (2019).

[86] B. Willems, A. Vecchio, and V. Kalogera, Probing white
dwarf interiors with LISA: Periastron precession in eccen-
tric double white dwarfs, Phys. Rev. Lett. 100, 041102
(2008); 101, 219903(E) (2008).

[87] Sweta Shah and Gijs Nelemans, Measuring tides and
binary parameters from gravitational wave data and eclips-
ing timings of detached white dwarf binaries, Astrophys. J.
791, 76 (2014).

[88] Anna Wolz, Kent Yagi, Nick Anderson, and Andrew J.
Taylor, Measuring individual masses of binary white
dwarfs with space-based gravitational-wave interferome-
ters, Mon. Not. R. Astron. Soc. 500, L52 (2020).

[89] Sophia Yi, Shu Yan Lau, Kent Yagi, and Phil Arras,
Astrophysical parameter inference on accreting white
dwarf binaries using gravitational waves, Mon. Not. R.
Astron. Soc. 531, 4681 (2024).

[90] Adrien Bourgoin, Christophe Le Poncin-Lafitte, Stéphane
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