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Gravitational waves have been shown to provide new constraints on gravitational theories beyond
general relativity (GR), especially in the strong-field regime. Gravitational-wave signals from Galactic
double white dwarfs, expected to be detected by the Laser Interferometer Space Antenna (LISA), also have
the potential to place stringent bounds on certain theories that give rise to relatively large deviations from
GR in less compact binaries, such as through scalar radiation. Nevertheless, the orbital evolution of close
double white dwarf systems is also affected by various astrophysical effects, such as stellar rotation, tidal
interactions, and magnetic interactions, which add complexity to the gravity tests. In this work, we employ
the parametrized post-Einsteinian model to capture the leading beyond-GR effect on the signal and estimate
the measurement uncertainties using the Fisher information matrix. We then study the systematic error
caused by ignoring each astrophysical effect mentioned above on the parameter estimation. Our numerical
results show that, to place bounds on the non-GR effects comparable to existing bounds from pulsar
observations, tight priors on the mass of the binary and long observation time are required. At this level of
sensitivity, we found that systematic errors from the astrophysical effects dominate statistical errors. The
most significant effects investigated here are torques from tidal synchronization and magnetic unipolar
induction for sufficiently large magnetic fields (> 107 G). Meanwhile, even the weaker astrophysical
effects from quadrupolar deformations are of a similar order of magnitude as the statistical uncertainty and,
hence, cannot be ignored in the waveform model. We conclude that the astrophysical effects must be
carefully accounted for in the parameter estimation to test gravity with Galactic double white dwarfs

detected by LISA.

DOI: 10.1103/PhysRevD.111.024039

I. INTRODUCTION

General relativity (GR) has been a successful theory of
gravity that satisfies different observational constraints
from the Solar System to cosmological scales so far.
However, there also exists an enormous number of alter-
native theories of gravity, many of which are well motivated
by fundamental physics or cosmological observations and
are consistent with existing bounds. Testing GR allows us
to narrow down the variety of these alternatives and, hence,
probe the fundamental nature of gravity.

Alternative theories of gravity, or simply non-GR the-
ories, can show deviations from GR within the region of
parameter space that are not well tested. One of the most
well-studied theories beyond GR is scalar-tensor theories
that introduce additional dynamical scalar fields as a source
of gravity. Such theories include Brans-Dicke theory [1], its
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generalization that allows neutron stars to spontaneously
scalarize [2,3], f(R) gravity [4] and Horndeski theories
[5,6]. A particular subclass of scalar-tensor theories, known
as the screened modified gravity (SMG) [7], features a
screening mechanism on the scalar force in dense envi-
ronments, allowing the theory to satisfy some existing tight
constraints [8]. One can also include dynamical vector
fields instead, which introduce a preferred frame and
violate Lorentz invariance, with Einstein-aether theory
[9,10] and khronometric gravity [11] as examples. Other
theories include Einstein-dilaton-Gauss-Bonnet theory [12]
and dynamical Chern-Simons theory [13,14] that introduce
quadratic curvature terms in the action that are coupled to a
(pseudo)scalar field, as well as bigravity theories that
contain massive metric fields coupled to the original metric.
We refer the readers to [15—18] for comprehensive reviews.

Gravitational waves (GWs) allow us to probe gravity in a
regime that would be difficult to access with other experi-
ments and observations. In the weak-field regime, precise
measurements in Solar System tests and binary pulsar
observations provide strong constraints on many non-GR

© 2025 American Physical Society
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theories. Meanwhile, GWs from binary black hole coa-
lescences detected by advanced LIGO and the ground-
based detector network provide new probes of gravitation
theory in the strong-field regime within dynamical time-
scales [19-23]. One can also look for extra polarizations of
the GW signals predicted by some of the non-GR theories
[24,25]. By combining electromagnetic signals and gravi-
tational waves, one can measure deviations in the propa-
gation speed of gravitational waves from the speed of light
[24]. We refer to, e.g., [16] for a review on the current status
of tests of GR with gravitational waves.

Advancements of new observation tools in the future are
also anticipated to provide new probes of gravity in dif-
ferent regimes. For the upcoming space-based GW detec-
tor, Laser Interferometer Space Antenna (LISA) [26], much
of the literature on tests of GR focuses on using either
supermassive black hole binaries or extreme mass ratio
inspirals. These sources can improve bounds on various
violations of fundamental principles in GR [27], such as a
finite mass of the graviton [28—30] and no-hair properties of
black holes [31-33]. Multiband observations of stellar-
mass black hole binaries with LISA and ground-based
detectors will enhance bounds on the scalar dipole radiation
[27,34], parity violation [35], and multiparameter tests of
GR [36]. See, e.g., [37] for a comprehensive review on tests
of GR with space-based gravitational-wave detectors.

LISA is also expected to detect GW signals from
numerous Galactic binaries. Binary population synthesis
studies show that we can expect up to about 10 thousand
double white dwarfs (DWDs) to be resolvable within
LISA’s frequency band [38]. These sources span the
gravitational-wave frequency range between 0.1 and
100 mHz, where the lower-frequency part coincides with
that from pulsar binaries. They are regarded as quasimo-
nochromatic signals due to the slow chirping rate, meaning
that the phase of the signal carries a limited amount of
information about the source. Therefore, these sources are
typically not expected to provide a probe of gravity in an
entirely new regime.

Nevertheless, previous studies have shown that DWDs
can complement or even improve the current tests on
certain non-GR theories in some situations, especially
for those effects entering at the negative post-Newtonian
(PN) order [39,40]. Littenberg and Yunes [39] first dem-
onstrated the potential of using the Galactic binaries
detected by LISA to constrain scalar-tensor theories. In
particular, they perform a Bayesian analysis and find that
when combined with electromagnetic measurements on the
masses and radii of the binaries, it is possible to place
tighter constraints on the non-GR effects than the current
bounds placed by Solar System tests and pulsar measure-
ments. Meanwhile, in [40], the authors consider the use of
both GW measurements of Galactic binaries by LISA and
by the DECi-hertz Interferometer Gravitational Wave
Observatory (DECIGO) [41] to probe gravity. They focus

on testing the time-varying Newton’s gravitational constant
and show that possible tight constraints can be obtained by
DECIGO. However, they also show that sources in LISA’s
frequency band lead to much weaker bounds than the
existing ones without independent constraints on the wave-
form parameters. It is therefore worth checking in detail
how well the GW signals from DWD systems can constrain
the non-GR theories.

Testing GR with DWDs relies on the measurements of the
chirping of the signal, i.e., the orbital evolution, which
depends not only on the GW emission predicted by gravi-
tational theories but also on the detailed properties of the
white dwarfs (WDs). The latter can include the so-called
“astrophysical factors”: the deformation due to spin or tidal
field [42], tidal synchronization torques which transfer
angular momentum from the orbit to the WD spins [43],
and magnetic torques due to systems of currents between the
two stars [44], etc. These effects, while Newtonian in origin,
can be categorized based on their dependence on orbital
separation to enter at different PN orders and can affect the
phase in a similar manner as the non-GR effects. Failure to
include these in the waveform model can lead to systematic
errors in the measured non-GR effects.

In this paper, we study the measurability of non-GR effects
and the impact of ignoring the astrophysical effects. We
employ the parametrized post-Einsteinian (ppE) model
[45,46] to study the measurability of non-GR effects in a
model-independent way. We consider non-GR effects enter-
ing at a variety of PN orders including —1PN considered in
[39] for scalar dipole radiation and —4PN considered in [40]
for time-varying gravitational constant. By first ignoring the
astrophysical effects, we find that the non-GR effects with
negative PN orders can be constrained to the same level or
even better than the current bounds from binary pulsar
observations if there are independent measurements of the
mass of the system up to 0.1% accuracy, an order of
magnitude better than current measurements. However,
the systematics due to mismodeling of the astrophysical
effects, predominantly the corrections from tidal synchroni-
zation torques (referred to as the moment-of-inertia factor in
Sec. II), are much larger than the statistical error at this
required accuracy. Hence, the astrophysical effects need to be
properly modeled in the waveform to place correct bounds on
the non-GR effects. We also show that, given reasonable
prior constraints on the astrophysical effects, it is possible to
include these effects in the model without introducing huge
degeneracies between non-GR and astrophysical parameters
in the data analysis.

The rest of the paper is organized as follows. In Sec. II,
we introduce the waveform model and various astrophysi-
cal effects in detached close DWDs. In Sec. III, we describe
the formalisms used to calculate the measurement errors
and the corresponding numerical results. In Sec. IV, we
apply the error analysis with the ppE model on the SMG
theory. In the following, we employ the unit system with
G = ¢ = 1 unless otherwise specified.
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II. ORBITAL EVOLUTION

The GW frequency evolves over time due to various
factors. In detached DWD systems, GR predicts that the
leading point-mass contribution to the radiation reaction
effect goes as

96

fGRZS”szH/z’ (1)
.. 33792
For = 5 xR, (2)

where M is the chirp mass and x = (zMf)*?3 is the
PN parameter proportional to the square of the relative
velocity of a binary in units of the speed of light. The GW
frequency f) is taken to be the initial value at the start of the
observation.

For theories beyond GR, the frequency evolves at a
different rate. Testing GR involves treating GR as the “null
hypothesis” and looking for deviations from its predictions.
The ppE waveform is used to model the deviations due to
the leading non-GR effect. In this model, we write the
(initial) time derivatives of the GW frequency as

fo = for(1+yx"), (3)
ftoGR[1+<1+?—T>YX"]v (4)

where y is a dimensionless parameter that characterizes the
magnitude of the non-GR effect and n is the PN order
relative to the GR effect. The relation between y and the
ppE parameter f entering in the gravitational-wave phase is
given by Eq. (20) of [47] while the expressions for f in
example non-GR theories can be found in Table I of [47].

As mentioned above, the astrophysical effects also
contribute to the frequency evolution. Up to the leading
order of each astrophysical effect, the true waveform would
then have the derivatives of the initial frequency

I = Far(1 472" + A), (5)

S 2 2k
7 :fck[l + <1 +1’11>7/x”+ <1 +11>A], (6)

where A denotes the astrophysical contributions as
described below and k is the PN order of A with respect
to the point-mass contribution, namely A o x*. We describe
below several examples of the astrophysical effects.

(1) Moment of inertia.—Gravitational-wave emission
causes the orbital frequency to increase with time,
and WD spins will generally start lower than the
orbital frequency at large separation (outside the LISA
band). As the orbit decays, there will be a time-
dependent gravitational force from the companion

which will drive fluid motion in the tidally perturbed
star. Any dissipation effect acting on this fluid motion
will cause a lag between the tidal forcing and fluid
response, and this can give rise to a secular “tidal
synchronization torque” which tries to spin each WD
up the orbital frequency. As the tidal torques rob the
orbital angular momentum, they increase the rate at
which the orbit shrinks.

In the limit that the tidal friction timescale is shorter
than the orbital decay timescale, as may happen for
close orbits, the WD spins will be nearly synchronized
to the orbit and the evolution depends only on a single
additional parameter, the combined moment of inertia
of the two stars.' Following [43], this effect is given by

AI = —xza (7)

where I = I + I, is the sum of the moment of inertia
of the two WDs [Eq. (23) in [48] provides a fit of the
moment-of-inertia factor as a function of the mass of
cold WDs, which we utilize in the following]. This
contributes to a 2PN correction to the frequency
evolution.

(2) Spin-induced quadrupole moment.—Stellar rotation
deforms the WD shape, giving rise to a quadrupole
moment at the lowest order. The gravity due to this
quadrupole moment exerts an additional force on the
companion which changes the relationship between
orbital separation and frequency. Unlike the syn-
chronization torques, this effect involves a radial
force on the orbit and does not rely on dissipation.

For DWD systems with synchronized spins, the
spin-induced quadrupole moment Q; can be shown
to contribute at 5PN order’ [42,43] (see also Ap-
pendix A):

- 80(7’]2/5

Ag, = e

x, (8)

where 5 = mm,/(m; +m,)?* is the symmetric
mass ratio while a = (Qy;/m; + Qg /my)/ (xfo)>.
Notice that « is independent of fj as Q;; « f% to
leading order. Through the /-Q, universal relation
(originally discovered for neutron stars [49-51]) for
WDs [52], it can be written as

Qs,i = aifj ’ (9)

'When not exactly synchronized, additional parameters for the
tidal friction would need to be included.

The numerical factor here differs from these references as Q;
is assumed to be constant, while it scales as © in our derivation
under the assumption that the spin remains synchronous all time,
where Q is the orbital frequency.
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3

4

where Q,; = m;Q,,;/(nl;fo)? and I; =I;/m; for
i=1,2 and a = 5.255 and b = 0.4982. The con-
stants a and b are determined by fitting the numeri-
cal values of /; and Qg ; of a set of cold WD models
within the Newtonian framework. The formalism for
determining Q, ; follows [52,53].

Tidally induced quadrupole moments.—Another
astrophysical contribution comes from the tidal de-
formation of the WDs. The tidal force from the
companion creates a quadrupole moment in the tidally
perturbed star, and the gravity of that quadrupole
exerts a force back on the companion. Similar to the
spin-induced quadrupole moment, this changes the
relationship between orbital frequency and separa-
tion, and the effect is independent of dissipation. It
causes a SPN correction as derived in [54,55]:

~ 39A

AA—WX,

(10)

where A is a weighted average of the individual tidal
deformability defined as [56]

~ 8

+/1=4n(1+ 9y =112 (A, = Ay)]  (11)

and A; = 4;/m? is the dimensionless tidal deform-
ability of the WDs. The tidal deformability 4; serves as
the proportionality constant of the linear relation
between the tidally induced quadrupole moment
and the external tidal field from its binary companion.
Note that the tidal effect enters at the same PN order as
the spin-induced quadrupole moment due to the
assumption that both WDs are synchronized. The
tidal deformability parameter also enjoys equation-
of-state-independent relations with the moment of
inertia and the spin-induced quadrupole moment [52].
Magnetic field—Electromagnetic forces may also
change the relationship between orbital separation
and frequency, and electromagnetic radiation may
alter the rate at which the orbital separation shrinks.

A previous study idealized the electromagnetic
interaction of the two magnetized stars as that of two
magnetic dipole moments surrounded by vacuum.
This interaction induces a change in the orbital
decay rate through the magnetic force and the
electromagnetic radiation [57-59]. The leading ef-
fect enters at 2PN order, assuming the two WDs are
bare magnetic dipoles. However, in addition to the
static currents deep in the highly conductive WDs,
plasma in the WD magnetospheres may move to
create additional currents and magnetic fields.

The interaction between a moving electrical con-
ductor and a surrounding plasma takes on different

forms depending on the parameters of the system.
Here we assume that the two WDs are close enough
that the “unipolar inductor” model, first introduced
to describe the magnetic interaction between Jupiter
and its satellite lo [60], is appropriate. Each star
raises a wake in the magnetosphere of the other star,
which takes on the form of a magnetic flux tube
connecting them, with currents running along the
tube. These currents close in the resistive atmos-
phere of the star, giving rise to torques on the star
and an equal and opposite torque on the orbit. This
model has been applied to various binary systems
including DWDs and neutron star binaries.

To briefly describe the model, an electromotive
force is generated by the orbital motion of the WDs
within the magnetosphere and drives a dc current in
the system. The orbital energy is dissipated through
the resistivity within the circuit. Assuming WDI is
magnetized with a surface magnetic field B;, the
model gives [44]

5 AQ u2R?

Ap :aﬂgd)a%x?’/z’ (12)
where ,; is the azimuthal twist parameter, ranging
from O to 1, Q is the orbital frequency, AQ is the
difference between the spin frequency and the orbital
frequency, and the magnetic moment follows y; =
B\ R3 with R, representing the radius of the Ath WD.
The above effect enters at 1.5PN order when AQ/Q
is independent of f.

In this model, the WDs are assumed to be
asynchronous, which is a requirement for the mag-
netic interaction to impact the rate of orbital decay as
seen in Eq. (12). Meanwhile, we take the systems to
be synchronous for the moment-of-inertia effect as
explained earlier. In reality, perfect synchronous is
generally not achieved. We make this assumption
only to simplify the calculation of the effect from
tidal torques, and the corresponding effect on the
orbital decay can be considered as the upper limit.

The above effects enter at different PN orders and
therefore scale differently with the frequency of the source.
In Fig. 1, we show the sizes of these effects for two DWD
systems of masses (0.6, 0.2) M and (0.4, 0.4) M. Among
A, Ay, and A , the moment-of-inertia effect dominates at
low frequency due to its 2PN dependence, while the tidal
effect becomes more important for very close orbits. The
effect from spin-induced quadrupole moment has the same
power-law dependence as the tidal effect but is about an
order of magnitude smaller. The dissipative effect from
unipolar induction enters at 1.5PN order and has a B?
dependence. For WDs with a strong magnetic field above
10° G, it is comparable to or even exceeds that of the
rotation effect. In Fig. 1, we also illustrate the potential of
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Fractional difference of astrophysical effects relative to the point-particle contribution on the frequency evolution rate against

the gravitational-wave frequency of DWD systems of masses (0.6, 0.2) M, (left) and (0.4, 0.4) M, (right), respectively. The effects from
moment of inertia (Mol), tidal deformation (Tide), spin-induced quadrupole moment (Q,), and magnetic field (B = 103,107 G) are

included.

this effect in the strong-field case with B; = 10’ G. The
parameters AQ/Q and {,, are both taken to be 1, denoting
maximal asynchronous rate and twist. As discussed in [44]
and references therein, ¢ ® 2> 1 would cause the flux tube
connecting the circuit to break up. This leads to more
complicated situations that are beyond the scope of
this paper.

Other possible astrophysical effects include the disturb-
ance due to the external bodies, e.g., the Kozai-Lidov
oscillations [61,62] in a hierarchical triple system, or mass
transfer between the binary [48,63—65]. The former can
affect the orbital elements other than the orbital decay rate,
like the eccentricity and inclination, and the latter has a
significant impact on the orbital evolution and may cause
an outspiral. Other than that, GR contributions to the orbital
motion, like the 1PN effect or the spin-spin interaction [66],
can also lead to deviations from fgg. These effects have a
different origin from the astrophysical effects mentioned
above but can still cause a systematic error if not properly
included. However, they are not expected to play an
important role except for very massive WDs [55] and
we ignore them for simplicity.

ITII. PARAMETER INFERENCE

In this section, we quantify the statistical error caused by
the detector noise on the measurement of the non-GR
parameter of the ppE model, y, as well as the systematic
error due to the astrophysical mismodeling of the wave-
form. We use a Fisher analysis that has been proven to
agree well with results from Bayesian Markov-chain
Monte Carlo analyses for tests of GR with DWDs [39].

A. Statistical error

We start by introducing the time-domain waveform
model for quasimonochromatic sources. The strain of the

nearly monochromatic GW signal from DWD systems can
be described as

(1) = A(1) cos (1), (13)
where A(f) and ®(¢) are given, respectively, by

AW = (FL (DA + (Fa(0A)% (14)

O(t) = Dp5p(t) + Po + 27fot + mfot> + mfot?/3, (15)

1 (1) = @p (1) + D (1) (16)

where F(f) and F, () are the LISA antenna pattern
functions (see, e.g., [67], for the explicit form) while ¢,
and f, are the phase and frequency at t = 0. The plus- and
cross-polarization amplitudes are A, = Ay(1 + cos®1)/2
and A, = Ajycosi, where 1 is the inclination angle while
Ay = 4M>3(zf)?3/D is the dimensionless amplitude
that depends on the luminosity distance from the source, D,
and the chirp mass of the binary, M. In our analysis, A is
fixed by the signal-to-noise ratio (SNR) of the source. The
Doppler modulation and polarization phases are given by

@y (1) = 2xfLsinOcos (2zf,,t — ), (17)
®p(1) = tan-"! (%) (18)

where f,, =1 yr™! and L = 1 AU. The angles, 6 and ¢,
are the ecliptic colatitude and longitude, respectively.
The functions F(¢) and F,(t) depend on 0, ¢ and the
polarization angle .

For these quasimonochromatic signals, we can approximate
the Fisher matrix using a time-domain integration [68—71]:
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FIG. 2. Left: statistical error on y for non-GR effects at different PN order 7 in the ppE waveform model using three-year and six-year
observations of the DWD listed in the first row of Table I with LISA. For comparison, we also present constraints set by the binary black
hole coalescence event GW 150914, the double pulsar binary PSR J0737-3039, and the GWTC-3 data. Right: similar to the left panel but

with different priors on the mass estimate for a three-year observation.

Fij = <0,h|(3h> Agl — (F_1>ii' (22)
(0,7) 0,

= 4Re [ L daf S, (f) ] In Fig. 2, we show the statistical uncertainties of y for

> T theories with different n for one simulated detached close

o o) A dt(0;ho;h), (19)  DWD systems used in [39] whose parameters are listed in

where (|) defines the inner product between two signals, /
represents the Fourier transform of the signal &, * denotes
complex conjugate, d; represents the partial derivative with
respect to the waveform parameter &', and T, refers to the
observation time. The power spectral density S, (f) of LISA
follows from [72]. The ppE model contains nine parameters in
total: @ = {Ao, ¢o, v, 1,0, ¢, fo, M,y }. Forsignals with long
integration time, we can further separate the fast-oscillating
part from the slow-evolving part to reduce the computation
time [68]:

Tobs
O / d1(9,A0,A + A20,00,®). (20)
fO) 0

To make this approximation, we have assumed that the fast-
oscillating parts cos ®(t) = cos (2zft + ¢g) and sin ®(7) ~
sin (2zfot + ¢) can be integrated separately from the slowly
evolving parts. We further assume that [ dfcos>®(r) =
oo dtsin?®(t) = Tqpe/2 and [, * dt cos®(1)sin®(r) =0.
Similarly, the SNR is given by

| = /TRl ~ \/ﬁfo)AT ak. (21)

Using the ppE waveform, we compute the statistical uncer-
tainties of y by first ignoring the astrophysical effects. For each
chosen value of the ppE exponent n, we estimate the lo
uncertainty as the diagonal component of the inverse of the
Fisher matrix:

Table I while the fiducial value of y has been set to 0. In the
main text, we only consider DWD (sim.) from the table and
the others are studied in Appendix C. The left panel shows
results for T, of three years and six years, respectively.
The statistical uncertainties have scaling of (7)¢, where
d lies between —3.5 and —5 (see Appendix B), and hence
six years of observation provides stronger constraint by
an order of magnitude. The constraints on y by some
other observations are included for comparison. The first
detected binary black hole merger event, GW 150914, gives
a tighter bound on y for positive n due to the higher
frequency of the signal. Meanwhile, the binary pulsar
constraint from PSR J0737-3039 provides better bounds
than DWDs at almost all PN orders, especially for more
negative n. The updated bounds on y from the third
gravitational-wave transient catalog (GWTC-3) [23] for
n = —1 and 0-2 are also shown. The mapping between the
measured bounds in [23] and the ppE parameter f is given
in Egs. (10) and (11) of [73], while that between $ and y is
described in Sec. II [below Eq. (4)]. From the figure, the
GWTC-3 provides a stronger bound at n = —1 and similar
bounds for other values compared to GW150914.

Among the detached DWD systems in the LISA veri-
fication binaries [75], the individual masses of the WDs
have been measured up to ~3% (e.g., JO651 + 2844 [76]).
Assuming we have electromagnetic counterparts or other
means of measurement (e.g., GW measurements in other
frequency bands [77]), the GW signal can provide better
bounds on y. In the right panel of Fig. 2, we place priors of
different rms width on the chirp mass (1% and 0.1% of the
fiducial value, respectively) following [39]. Because we are
using a Fisher analysis, we impose Gaussian priors through
the replacement I';; — I';; +5,J/0 [28,78], where §;;
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TABLE I.

Source parameters of the DWD binaries and some other systems considered in Appendix C. The simulated source, DWD

(sim.), corresponds to source 4 of Table 1 in [39]. One of the LISA verification binaries, ZTF J1539 + 5027 [74], is also included. For

the unspecified angles, we simply take the values as 0.

¢0 v L 0 ¢ f() M
SNR (1 yr) [rad] [rad] [rad] [rad] [rad] [mHz] [Ms]

DWD (sim.) 95 2.2722 0.4413 0.7885 2.1405 4.3525 18.509 0.35
ZTF J1539 + 5027 14.9 e e 1.4687 1.9869 —2.7048 4.8217 0.30
NS-WD 214 1.5708 1.7208 4.600 20.0 0.53
XMRI 19700 1.5708 1.7208 4.600 2.0 72.5

the Kronecker delta function and o; is the rms width of the
ith parameter. Note that the repeated indices are not
summed over. We then computed the statistical error of
y for an observation time of three years. We find that, as
expected, imposing tighter priors can improve the bounds
on y. In particular, a precise measurement of the chirp mass
up to 0.1% would result in more stringent constraints than
the pulsar for some n. This result is similar to that in [39]
for the constraints on the coupling parameters of a specific
class of scalar-tensor theories.

Note that even though the constraints from DWD in
Fig. 2 barely surpass that of PSR J0737, which is expected
to improve further by the time LISA launches, the con-
straint depends on the single DWD system with the optimal
parameters (large SNR and large frequency derivatives).
There might be louder sources with larger f,, and f, based
on recent population synthesis studies (e.g., [79]) that can
potentially provide constraints a few orders of magnitude
tighter than the source we employ here.

B. Systematic error

The astrophysical effects introduced in Sec. II cause
deviations in f(()tr) and f(()tr) [Egs. (5) and (6)] from the
approximate model used in Sec. IIT A. In this subsection,
we focus on estimating the systematic errors on y caused by
neglecting these effects in the waveform model following
[80]. We first briefly review the formalism and apply it to
each astrophysical contribution to the waveform.

We assume that the true waveform signal that includes all
contributions from the astrophysical effects, as well as the
non-GR effects, is given by

ho(1) = Ag(t) cos D(1), (23)
while the approximate waveform model we use for param-
eter estimation is

hA(t) :AA(I) COSq)A(t). (24)
The true waveform parameters are denoted by 6. In
particular, ®(¢) is expressed as Eq. (15) with f, and f,

replaced with f(()tr) and f(()tr) while the approximate

waveform is described in Eq. (13). Using the latter wave-
form model, the measured parameters, denoted by 6,,
would then have a systematic shift from the true values
estimated by the formula®

AGy, = (T71)7(0;h|AAcos(Py) — Ay ADsIn(Dy))|g_p, -
(25)

where AA = Ay(1;0,) — Ap(1;0,) and AD = Dy(1;0,) —
@, (1;6,). Notice that all the amplitudes and phases are
evaluated at the parameter values estimated by the approxi-
mate waveform. As mentioned in [80], this formula is valid

for AGiy A0, ® < 1.

Using the source parameters of “DWD (sim.)” in Table I,
we compute systematic errors caused by the astrophysical
effects listed in Sec. II and show the results in Fig. 3. Since
the astrophysical effects depend on the individual masses
while we only give the chirp mass in the table, we vary the
binary’s mass ratio, q,4 and fix n = —1. Notice that the
dominant systematic error comes from ignoring moments
of inertia or strong magnetic fields, consistent with Fig. 1.
Without priors on M, the statistical error dominates over
the systematic error contribution from the astrophysical
effects we consider. To impose better constraints on ¥,
priors on M can be imposed, assuming that we are given
independent measurements on the masses of the binary
constituents, as described in Sec. III A. For systems with a
large mass ratio, the systematic error becomes significant
enough to affect the constraints on y if the chirp mass is
independently measured up to 1% level or below and
therefore should not be ignored in the waveform model.

C. Parameter estimation with astrophysical effects

As shown above, the astrophysical effects can limit our
ability to constrain y. In order to place accurate bounds, we
need to perform parameter estimation that accounts for

The original formula in [80] is in frequency domain while we
extended it to time domain.

Note that the original simulated source has a fixed mass ratio.
Here, we show how the astrophysical effects depend on the mass
ratio by varying its value between O and 1.

024039-7



SHU YAN LAU, KENT YAGI, and PHIL ARRAS

PHYS. REV. D 111, 024039 (2025)
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108 |-

10710 |- .

q

FIG. 3. The statistical and systematic errors on y of the DWD
system in the first row of Table I for n = —1 at different mass
ratios. Different priors are imposed on the chirp mass when
estimating the statistical errors (dashed lines) as described in the
right panel of Fig. 2.

these additional effects. In this subsection, we briefly
discuss how the statistical error Ay gets affected when
we include the additional astrophysical parameters to the
search parameter set.

The information about the orbital evolution is contained
in the frequency evolution of the signal, i.e., within f, and
fo. In the approximate model, we relate (f,, fo) to (M, 7)
through Egs. (3) and (4). When we include the astrophysi-
cal contributions, the waveform model depends on addi-
tional parameters like the moment of inertia or the magnetic
field. In principle, higher-order derivatives of the frequency
need to be measured to determine those. However, that can
be challenging given the limited observation time and
sensitivity of the detector. We are then prone to having
strong degeneracies between the parameters.

On the other hand, some of the astrophysical param-
eters have scaling relations with the WD masses. We can
therefore impose priors on these additional parameters to
break the degeneracies. As an example, we consider the
statistical error on y, denoted by Ay,, with a waveform
model containing the original nine parameters and the
total moment of inertia of the WDs through a 10 x 10
Fisher information matrix. For different n, the fractional
difference (Ay; — Ay)/Ay (where Ay is the statistical
error on y for nine parameters without the total moment
of inertia) ranges from 15% to 40% if we assume a
Gaussian prior of 50% of the fiducial value of I (see
Fig. 4). The result converges to values slightly smaller
than Ay as we impose tighter priors. This difference is
due to the change in the phase of the signal by including
A;, which causes a change in the Fisher matrix elements.
This causes a nonvanishing difference between Ay; and
Ay even if we use an extremely tight prior. Still, the
result shows that if we have a certain knowledge of
the astrophysical parameters, the constraints on y are
expected to be close to the nine-parameter case.

-0.16

0.2

-0.24

SAy/Ayg

-0.28

-0.32 |- . K
50% prior —*—
10% prior — = -
_036 | | | | |
-4 -3 -2 -1 0 1 2

n

FIG. 4. The fractional difference on the statistical error Ay with
and without the total moment of inertia of the binary in the search
parameter set. The error without the moment of inertia in the
denominator is denoted by Ay,. Gaussian priors with rms width
of either 10% or 50% of the fiducial value of the total moment of
inertia / is imposed.

IV. APPLICATION TO SCREENED
MODIFIED GRAVITY

The SMG is a class of scalar-tensor theories that has a
screening mechanism forcing deviations from GR signifi-
cant only on a large scale, allowing them to pass some of
the most stringent constraints from Solar System tests while
being able to explain cosmological-scale observations
[8,81,82]. Since the screening mechanism works less
efficiently for white dwarfs than neutron stars or black
holes, WD binaries may place more stringent bounds on the
theory than binary neutron stars or black holes.

The action of a scalar-tensor theory in the Einstein frame
is written as [81]

S = / d*x\/=g {MT%’IR - % (VO - V()| + Sy, (26)

where Mp, = \/h/(8x) is the reduced Planck mass, V(@)
is the bare potential for the scalar field ®, and Sy is the
matter action. Note that the matter fields are minimally
coupled to the Jordan frame metric, g,5, which is related to
the Einstein frame metric g,; through a conformal cou-
phng f_](z/} = Az(q))ga/}'

The scalar field follows the Klein-Gordon equation

aVeff

06 =—=,
oD

(27)

where [ is the Einstein frame d’ Alembertian and V . is the
effective potential that depends on the bare potential and
the conformal coupling A%(®) (see [81] for details). The
minimum of Vg represents the physical vacuum and gives
the vacuum expectation value of the field ®ypy. Within
SMG theories, this V has density dependence such that
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FIG. 5. Statistical and systematic errors on the SMG parameter
for systems with different mass ratios. Statistical errors with
different priors on the chirp mass are shown with dashed lines.

the field around the vacuum acquires an effective mass that
increases with density.

At the leading PN order (—1PN), these theories introduce
anon-GR effect scaling inversely as the compactness of the

stars [81]:

(B (LAY

Pl 1 2

where C4, = m, /R, is the compactness of the Ath WD.
Using Eq. (28), we can convert the measurement errors of y
into bounds on the SMG non-GR parameter. We show the
results for systems with orbital parameters given in Table I,
but of various mass ratios, ¢ = m;/m,, in Fig. 5. Due to the
dependence on compactness, both the statistical error and
systematic error increase with ¢. Similar to the results in
Sec. III B, the statistical error reaches the level of the
current observation bounds set by the pulsar-WD binary
PSR J1738 4 0333 [83,84] for tight priors on the chirp
mass of ~0.1%. If the DWD system has g < 0.3, the GW
signal can potentially improve the bound on ®vygy/Mp,.
Even in those optimal cases, the astrophysical effects still
need to be accounted for in the waveform model. In
Appendix D, we consider the constraints on theories
involving axions based on the measurement uncertainties
of y and achieve similar constraints as the SMG.

V. SUMMARY AND CONCLUSION

In this paper, we study the possibility of testing GR with
GW signals from Galactic DWD systems using LISA in the
presence of various astrophysical effects. We employ the
ppE waveform model to parametrize the non-GR effect
with y at different PN order n. First, we illustrate the ability
of LISA to constrain y with the ppE waveform without the
astrophysical effects by computing the Fisher matrix.
Compared to GW signals from binary black hole coales-
cence, the DWD signal can provide more stringent bounds
at negative PN order like that of pulsar observations.

However, it requires a tight prior on the chirp mass of
the system in order to reach the same level as the most
stringent binary pulsar bounds.

We then consider the astrophysical effects on the para-
meter estimation, namely the rotation effect, tidal effect,
spin-induced deformation, and dissipation through the
unipolar induction within the magnetosphere. Assuming
that the waveform model is missing these effects, we
estimate the systematic shift of the measured y and show
that it becomes significant when the required accuracy of y
is near that of the binary pulsar constraint. In other words,
one cannot leave out these effects in the waveform model.

Lastly, we apply the results of ppE model to constrain the
SMG theory. The non-GR parameter ®@ygy / Mp has inverse
dependence on the compactness of the stars of the binary,
making DWDs a good type of source to test this theory. Our
results however show that it would be challenging to use
DWDs to pose stronger constraints than the current bound
from PSR-WD binaries as it requires a tight prior on the
chirp mass and accurate modeling of several astrophysical
effects involved.

Regarding future work, we have provided some prelimi-
nary results showing that the other potential LISA GW
sources (see Appendix C) might be useful in testing GR.
However, the population of some of these sources is still
poorly known. Moreover, many of these sources can still be
subjected to astrophysical systematics due to mismodeling.
Further studies on the population models and the orbital
dynamics are required for such systems. Another important
avenue for future work is to confirm our results in full
Bayesian analysis with, e.g., Markov-chain Monte Carlo or
nested sampling method.
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APPENDIX A: DERIVATION OF THE
SPIN-INDUCED QUADRUPOLE
MOMENT CONTRIBUTION TO THE
FREQUENCY EVOLUTION

To derive the correction to the orbital decay rate due to
the spin-induced quadrupole moment for a synchronized
binary, we first identify the perturbation of the potential
energy. Then, we derive the perturbation to the orbital
radius as a function of orbital frequency (i.e., modified
Kepler’s third law). Finally, we apply the energy balance
law to obtain the perturbation to the orbital decay rate.
For simplicity, we assume the system is spin aligned,
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consider the contribution of the quadrupole moment of
star 1 only,5 and assume that the spin of the star remains
synchronized with the orbit. As we sill see, this leads to a
slightly different orbital decay rate from [42] that consid-
ered binaries without synchronization.

The potential of the binary system is given by

V(r) :—M<1+ 9 )

r 2my r?

(A1)

where the spin-induced quadrupole moment scalar is
defined through [85]

1
Qi = -0 (ninj - g&j)

and the unit vector is set as n = (0,0,1). The radial
component of the equation of motion can be obtained
from Eq. (Al):

M 30
. sz—— 1 I
e r2< +2m1r2)’

where 7 is taken to be zero for circular orbits. The modified
Kepler’s law is given by

M\ /3

The change in f is then determined by the rate of energy
dissipation

(A2)

(A3)

Q.0 ) (A4)

2m1M2/3

. E
—— As
=iz (a9
where Q = ¢ and E = dE/dt is given by
32
E= ——/12}"496
5
32, 0,043
= - PMARQIB (1 +2=2 . (A6
2 (14225 ). o

4E js derived from E(Q) as

a0
| My 0
E(Q)=—urtQ?—— (1 4+=
(@) il r < +2m1r2>

QsQ4/3
- . A7
M, (A7)

We assume Q; o Q* and 4E is then given by

dE 1 60,Q%3
— = uMPBQTIB [ =) A
dQ 3" ( M*3m, (A8)

— _%ﬂM2/3Q2/3 (1

>The contribution from star 2 can easily be included by taking
the correction, changing the index 1 and 2, and adding this to the
correction from star 1 only.

This leads to a different Z—g from that in [42] which
considered binaries that are not synchronized.

By substituting Egs. (A6) and (A8) into Eq. (AS), we
have A, = f/for — 1:

8QSQ4/3

AQs - M2/3m1 :

(A9)

APPENDIX B: DEPENDENCE OF THE
STATISTICAL ERROR ON THE
OBSERVATION TIME

In this appendix, we study how the statistical error Ay
scales with the observation time 7T ,. Figure 6 shows the
observation time dependence of Ay of the DWD system for
n = —1, which follows a power law with an index of —3.78
at large Ty, Note that this scaling is close to the 753
dependence of the non-GR parameter in Eq. (17) of [40],
where they show an approximate expression for the
statistical error of the time variation of the Newtonian
gravitational constant using a similar waveform model as
the one we use here.

We can also demonstrate this scaling by considering
Eq. (20) in the large T, limit. The Fisher matrix element
of the ppE parameter is given by

ro~ ”2A2x2n [
77381158, (fo)

+385(11 +2n) forfGrT S + 55 (11 +20)2T7, ],
(B1)

76232, T2

obs

where we have assumed A is time independent for
simplicity. Hence, for large Ty, the T/, term dominates.
Similarly, T, and I 4 also have 77,  dependence in this

limit. This causes |Ay| to scale as 752,

107! g . ——————3
E Numerical results —&— 3

RN fitting f(x) = 1.46x102 x>78 - - - - 73

Tobs (yr)

FIG. 6. The statistical error on y of the DWD system in Table [
at different T, for n = —1. We also present a fit for the data
points with T > 3 yr.
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FIG. 7. The statistical error on the SMG non-GR parameter
against ¢ for various sources that are not considered in Fig. 5. The
black lines correspond to the statistical error of the source shown
in Fig. 5. For each source, the open symbol represents the
statistical error without prior and the solid symbol represents that
with a 1% Gaussian prior on the chirp mass.

APPENDIX C: CONSTRAINTS FROM OTHER
POTENTIAL LISA SOURCES

In this section, we repeat the calculation of the statistical
uncertainties on y presented in Sec. III and consider its
application to SMG as in Sec. IV for some other potential
LISA quasimonochromatic sources, including neutron
star-white dwarf binaries (NS-WD), extreme-mass-ratio-
inspiral (XMRI) [86], and the verification binary ZTF
J1539 + 5027 (see Table I).

In Fig. 7, we present the statistical uncertainties of the
SMG non-GR parameter estimated by the Fisher matrix with
the ppE model as described in Sec. III for various LISA
sources. For the XMRI source, we assume it is composed of a
0.05M o, brown dwarf and a 4 x 10°M, supermassive black
hole, emulating a GW source at the Galactic Center. All the
sources contain at least one star with low compactness and
therefore may give strong constraints on the SMG non-GR
parameter. From the figure, we see that the statistical errors
are comparable but are weaker than the current bound from
PSR J1738 4 0333. One exception is the XMRI, due to its
potentially large SNR [86] if the orbit is close enough without
tidal disruption. The population of these systems is currently
uncertain.® This again means the GW measurement alone is

®In [86], the authors use a steady state power-law distribution
function of the brown dwarfs to estimate that there are ~20 such
sources within 107 pc of the Galactic Center of the Milky Way.
Out of these, ~5 are high-frequency sources with circular orbits.
However, the actual event rate depends also on the formation and
death rate of these systems. Note that some extreme-mass-ratio-
inspiral (EMRI) systems consisting of an intermediate-mass
black hole within galactic distance can have larger SNRs than
the XMRI described here and therefore can provide even stronger
constraints on the non-GR parameters. Due to the lack of
constraints on the population and the orbital parameters, we
do not include the EMRI results.

insufficient to improve the bound on the SMG theories. Prior
information on the chirp mass (e.g., 1% Gaussian priors on
the chirp mass, as indicated by the solid symbols in Fig. 7) is
required for stronger constraints.

APPENDIX D: CONSTRAINING AXIONLIKE
PARTICLES

Theories involving axions are also a good candidate to
test with DWD systems as the axion charges become larger
for less compact stars [87-89]. Axionlike particles (ALPs)
are pseudoscalar fields that extend the standard model. One
example is the QCD axions that are introduced to resolve
the strong CP problem in quantum chromodynamics
(QCD) [90-92]. ALPs are also popular dark matter
(DM) candidates [93]. For QCD axions, it has been shown
to account for the observed DM abundance if the decay
constant is above 10'> GeV [94]. The ALP parameters have
been constrained by both laboratory experiments [95-97]
and astrophysical observations [98—100]. The addition of
GW observations by LISA can provide an independent
probe of such particles.

During inspiral, the extra force from the ALPs affects the
orbital phase. In particular, the scalar Larmor radiation causes
a change in the orbital decay rate [89,101]. The effect
depends on the axion dipole moment p of a binary sourced
by the axion charges, which can be approximated by

p = dnf MiPPr(Cr = G5, (D1)
where r is the orbital separation and f, is the axion decay
constant (see [101]). Relating to the ppE parameter y, defined
in Egs. (3) and (4), we have

Sz G 1 1)\?2
?:—’Iz/sﬁfg(———) .

D2
48 c, G (D2)

Notice that Eq. (D2) has similar dependence on 7, ¥
and compactness as the SMG parameter in Eq. (28).

10t T T T T

Mol
Tide
Qs
B=10° G
108 H  B=10"G
5\ no prior - =~
[}
9 1012 b
=
b 1% prior”
101 £0.1% prigt ~ -
1 10 | i 1 1
g 0.2 0.4 0.6 0.8 1
q
FIG. 8. Similar to Fig. 5 but showing the statistical and

systematic errors of the axion decay constant f, against the
mass ratio gq.
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Hence, similar constraints can be found using the DWD
systems as shown in Fig. 5.

In Fig. 8, we show the statistical and systematic
error of f, in the same manner as Fig. 5. The statistical
errors are obtained by imposing a Gaussian prior of
different widths on the chirp mass and the current bound

is obtained from the pulsar-WD binary PSR J0348 +
0432 [102] (a similar but less stringent bound is
obtained from J1738 + 0333). Due to the similarity of
the dependence of the non-GR parameter on the WD
parameters, the constraints obtained are qualitatively the
same as SMG.
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