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We investigate the prospect of probing massive fields and testing gravitational theories with multiband
observations of gravitational waves emitted from coalescing compact binaries. Focusing on the dipole
radiation induced by a massive field, we show that multiband observations can probe the field with mass
ranging from 10−16 to 10−15 eV, a parameter space that cannot be probed by the millihertz band
observations alone. Multiband observations can also improve the constraints obtained with the LIGO-
Virgo-KAGRA binaries by at most 3 orders of magnitude in the mass range. Moreover, we show that
multiband observations can discriminate the spin of the field, which cannot be identified with single-band
observations.
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I. INTRODUCTION

The existence of particles beyond the standard model is
not only predicted by fundamental theories, but also
implied by observations of dark matter and dark energy.
These new particles may weakly couple to the standard
model particles, but could still get excited in extreme
gravitational environments. It is known that fields of the
new particles, such as light axions, generalized Proca, and
extra degrees of freedom in gravity beyond general rela-
tivity (GR), can be significantly excited by neutron stars
and black holes due to instability [1–5], nonlinearity [6,7],
and other mechanisms [8–10], providing promising ways
of searching for physics beyond the standard model. For
example, superradiantly excited axions around supermas-
sive black holes can induce additional polarization of light,
and hence are constrained with the Event Horizon
Telescope [11,12].
In recent years, gravitational waves (GWs) emitted by

coalescing compact binaries have became a valuable probe
to the physics in extreme gravitational environments.
Deviations from GR and the standard model are searched
and constrained by analyzing GW signals observed by
the LIGO-Virgo-KAGRA (LVK) Collaboration [13–17]
(also see, e.g., Refs. [18–22] and the references therein).
With such a success in territorial detections, space-borne
GW interferometers, such as LISA, TianQin, and Taiji, are

planned to launch by the mid-2030s. These space-borne
detectors target GWs of millihertz frequencies, which are
complementary to the LVK band, and hence will probe
fundamental physics from different approaches.
Interestingly, about 10–1000 stellar mass black hole

binaries are expected to be observed in both the millihertz
band and the LVK band [23], opening the prospect for
multiband GW astronomy. These binaries first inspiral in
the millihertz band for several years and then reappear in
the LVK band typically a few weeks before they merge.
Because of the long persistence of the signal in the
millihertz band, space-borne detectors can measure the
masses and sky location of the binaries with great accuracy,
while LVK and future territorial detectors can measure the
GW amplitude better due to the high signal-to-noise ratio
(SNR). Therefore, multiband detection shall significantly
improve parameter estimation in GW sources and will be
ideal for probing fundamental physics [24], such as
constraining post-Newtonian (PN) and post-Einsteinian
(PE) deviations [25–29], searching for dipole GW radia-
tion [30–33], measuring GW dispersion relation [34,35],
performing consistency tests [24,27,36], and bounding
alternative gravity theories [36].
In this work, we emphasize the prospect of probing new

massive bosonic fields with multiband GW observations.
For massless (or ultralight) bosonic fields, their effects on
orbital dynamics can be captured by parametrized PN and
PE formalisms and have been constrained with the Hulse-
Taylor pulsar [37–40], LVK binaries [17], and pulsar*Contact author: zhangjun@ucas.ac.cn
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timing arrays [41]. They can also be probed by observations
of GWs from extreme mass-ratio inspirals in the millihertz
band [42].
Detectability of such fields with future GW detectors and

multiband observations is also forecasted in the litera-
ture [43–46]. Effects of a massive field, however, do not
generally fit with the parametrized PN or PE formalism
and should be treated separately. In particular, for fields
with masses heavier than 10−16 eV, their effects are sup-
pressed for inspirals in the millihertz band [45,47–51].
Nevertheless, they can be constrained with LVK binaries to
certain accuracy, if their mass is below 10−11 eV [52]. In
this work, we shall demonstrate that constraints on massive
fields can be significantly improved by 3 orders of magni-
tude with multiband observations, especially for the fields
with mass ranging in 10−16–10−15 eV, which cannot be
well probed by space-borne GW detectors. Moreover, we
find that multiband GW observations can distinguish the
spin of the field, if its mass is within 10−16–10−15 eV,
which is hardly done with single-band observations. We
work in the units of G ¼ ℏ ¼ c ¼ 1.

II. INSPIRALS WITH MASSIVE FIELDS

Though the excitation mechanism depends on the
theories, the new field, once excited by the compact object,
typically affects binary inspirals by mediating additional
force and emitting additional radiation. While the force
could modify the inspiral waveform at 0 PN order, the
additional radiation usually manifests at −1 PN order [48]
and hence is the main signature that we are after.
To be concrete, we start from a massive spin-0 field with

following action:

S ¼
Z

d4x
ffiffiffiffiffiffi
−g

p �
1

2
∇μφ∇μφ −

1

2
μ2φ2 þ Lint

�
; ð1Þ

where φ is the spin-0 field of mass μ, and Lint denotes the
interaction between the field and the matter fields. During
early inspiral, the two compact objects in a binary can be
treated as two nonrelativistic pointlike particles. In this
case, the leading order interaction term is

Lint ≃
X
i¼1;2

ffiffiffi
2

p
Qiδðx − xiðtÞÞφðt;xÞ; ð2Þ

where Qi and xiðtÞ represent the charge and position of the
ith object, respectively. We shall also consider a massive
spin-1 field, the action of which is

S ¼
Z

d4x
ffiffiffiffiffiffi
−g

p �
−
1

4
FμνFμν −

1

2
μ2AμAμ þ Lint

�
; ð3Þ

where Fμν ¼ ∇μAν −∇νAμ. The spin-1 field couples to
matter fields through their current Jμ, i.e., Lint ∝ AμJμ.

Again, treating the binary as two nonrelativistic pointlike
particles, the coupling becomes

Lint ≃
X
i¼1;2

Qiδðx − xiðtÞÞA0ðt;xÞ: ð4Þ

In principle, one can consider a massive spin-2 field which
presents, for example, in bigravity. However, defining
energy flux is subtle in theories with two dynamical
metrics [53]. It is also possible that the graviton itself
has a nonzero but tiny mass, and GR should be replaced by
a massive gravity theory. In this case, nonlinearity is expected
to be important within the so-called Vainshtein radius, a scale
that is typically much larger than the size of stellar mass
binary. As a results, deviations from GR, including radiations
of extra degrees of freedom in massive gravity, are expected
to be suppressed for stellar mass binaries. For these reasons,
we shall focus on and demonstrate the multiband detection
strategy with only spin-0 and spin-1 fields.
Given the actions (1) and (3), one can calculate the

energy flux carrying by the radiations of the massive fields.
For circular orbits, the energy flux of dipole radiation is
given by

PMF ¼
2

3
Δq2

�
m1m2

m1 þm2

�
2

R2Ω4gðΩ; μÞ ð5Þ

with

gðΩ; μÞ ¼
8<
:

�
1 −

�μ
Ω

�
2
�
3=2 spin 0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 −
�μ
Ω

�
2

q �
1þ 1

2

�μ
Ω

�
2
�

spin 1
; ð6Þ

where R is the orbital separation,Ω is the orbital frequency,
and Δq≡ ðQ1=m1Þ − ðQ2=m2Þ with m1;2 being the mass
of compact objects (see, e.g., Ref. [54] for details). The
models we consider here are generic, and hence the energy
flux calculated by Eq. (5) applies to many theories; see
Refs. [45,55–64] for example.
To incorporate the effects of the dipole radiation from

the massive fields into inspiral waveform, we calculate the
waveform in frequency domain by extending the TaylorF2
template. Specifically, the waveform template is given in
the frequency domain,

hðfÞ ≃HðfÞ exp ½iΨðfÞ�; ð7Þ

where ΨðfÞ ¼ 2πft − ϕ − π
4
is the GW phase, and is

calculated under the stationary phase approximation,

tðfÞ ¼ tc −
Z

f

fc

1

P

�
dE
df0

�
df0; ð8Þ

ϕðfÞ ¼ ϕc −
Z

f

fc

2πf0

P

�
dE
df0

�
df0: ð9Þ
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Here E and P are binding energy and total radiation power
of the binary system, while tc and ϕc are the time and phase
at merger. In the presence of a massive field, the total
radiation power can be written as P ¼ PGR þ PMF.
Namely, it includes energy fluxes of both GWs in GR
and radiation of the massive field. Assuming jΔqj ≪ 1, the
massive field induces an extra phase ΨMF in the waveform,

ΨðfÞ ≈ΨGRðfÞ þ ΨMFðfÞ; ð10Þ

where ΨGR is the GW phase predicted by GR, and the
explicit expression of ΨMF is given in the Appendix.

III. SINGLE-BAND OBSERVATIONS

Given the inspiral waveform, we first investigate detect-
ability of the massive fields with single-band observations.
It is convenient to introduce

fμ ≡ μ

π
¼ 0.48 ×

�
μ

10−15 eV

�
Hz: ð11Þ

In the LVK band, we expect to observe the binary
coalescence up to merger, and the phase shift induced
by dipole radiation of the massive field can be estimated as

ΨMFðfÞ ∼
5

2688
Δq2ν−1ðπMfÞ−7=3; ð12Þ

with M ¼ m1 þm2 and ν ¼ m1m2=M2. Here f should be
fμ or fi, whichever is larger, with fi ∼ 2 Hz being the GW
frequency when the inspiral signal enters the LVK band.
Assuming the dipole radiation can be detected if
ΨMF ∼Oð1Þ, we expect that detectors in the LVK band
are sensitive to Δq≳ 0.008 for fields with fμ < fi, and the
sensitivity gets worse as fμ increases. We shall also
estimate the detectability with observations in the millihertz
band. Different from the LVK band, we may not observe a
clear chirping in GW frequency during the observation
time, if the binary is in its very early inspiral stage when the
detector turns on. In particular, the time to merger given
by GR is

τGR ≃
5

256
Mν−1ðπMfiÞ−8=3

≈ 1.03 yr
�

ν

0.25

�
−1
�

M
60M⊙

�
−5=3

�
fi

0.03 Hz

�
−8=3

:

ð13Þ

Therefore, if the binary is emitting GWs with fi ≳ 0.03 Hz
when detector turns on, the signal will leave the millihertz
band during the observation period, which is typically
assumed to be 1 or 4 yr. The phase shift induced by the
dipole radiation during the observation time can also be
estimated with Eq. (12), and we expect the minimally

detectable Δq is ∼6 × 10−5 for fμ < fi. On the other hand,
for fi ≪ 0.03 Hz, we do not expect to see f changing
significantly during the operating time, and the detector
can only probe the dipole radiation of fields with
fμ ≲ fi < 0.03 Hz. In this case, the additional phase shift
is given by

ΨMF ∼
2

21
Δq2ðπMfiÞ1=3M−1Tobs; ð14Þ

where Tobs is operating time. The minimally detectable
jΔqj is ∼3 × 10−5 assuming a 4-yr observation. Comparing
to the LVK band, observations in the millihertz band gene-
rally have better accuracy for fields with fμ ≲ 0.01 Hz.
However, the accuracy gets worse quickly as fμ increases.
In fact, observations in the millihertz band almost cannot
probe fields with fμ > 0.1 Hz, because the massive field
almost plays no role during the entire observation.
A rigorous forecast on detectability can be made using

Fisher information matrix. Having in mind an interfero-
metric detector and working in frequency domain, the
measured data d can be expressed as a linear combination
of the signal s and the detector noise n,

dðfÞ ¼ sðf; θÞ þ nðfÞ: ð15Þ

The signal is the detector response to GWs that are
characterized by a set of parameters θ. Assuming the noise
to be stationary and Gaussian with a single-sided spectral
density SnðfÞ, the likelihood is

LðdjθÞ ∝ exp

	
−
1

2
hd − sðθÞjd − sðθÞi



; ð16Þ

where the inner product is defined by

hajbi ¼ 2

Z þ∞

−∞

aðfÞb�ðfÞ þ a�ðfÞbðfÞ
SnðfÞ

df: ð17Þ

For signals with large SNR, the detectability of the signal
characterized by θ0 can be forecasted with Fisher infor-
mation matrix,

Γij ¼
�
∂s
∂θi

���� ∂s
∂θj


����
θ¼θ0

: ð18Þ

The expectation value of the errors are given by

σθi ¼ ðΓ−1Þii: ð19Þ

For demonstration, we consider a GW150914-like event,
i.e., a binary with m1 ¼ 36M⊙ and m2 ¼ 29M⊙ inspiral-
ling at 410 Mpc, and estimate the detectability of jΔqj by
calculating the Fisher information matrix for a spin-0 field
with certain μ. For simplicity, we average over the binary’s
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sky location, inclination, and polarization, and ignore the
spin effects for simplicity. Then the parameters reduce to

θ ¼ fM; η; dL; tc;ϕc;Δqg; ð20Þ

which are the chirp mass, the dimensionless reduced mass,
the luminosity distance, the merger time, the coalescence
phase, and the charge difference, respectively.
For observations in the LVK band, the Fisher informa-

tion matrix is calculated with the updated advanced LIGO
design sensitivity curve [65]. As shown in Fig. 1, such an
observation can probe jΔqj > 10−2 for fμ < 5 Hz, and the
sensitivity on Δq becomes worse as fμ approaches the
chirp frequency, which is ∼200 Hz.
To forecast the detectability in the millihertz band, we

use the effective sensitivity curve of LISA [66] obtained
after averaging over sky and polarization angles. Given an
GW150914-like event, we may have different situations,
and the detectability on Δq is shown in Fig. 1. We first
consider a 1-yr observation, starting at 1 yr before the
binary merges. In this case, we have fi ≃ 0.029 Hz. With
such an observation, LISA can detect Δq > 2 × 10−6 for
fμ < 0.029 Hz. We then consider a 4-yr observation,
starting at 4 yr before the binary merges, in which case
fi ≃ 0.017 Hz and LISA can detect Δq > 8 × 10−7 for
fμ < 0.017 Hz. We find that, for fμ ≪ fi, the detectability
approximately improves with the observation duration,
which is expected from Eq. (14). In both cases, the

detectability becomes worse quickly as fμ approaches
0.1 Hz, as beyond which the field barely affects the orbital
dynamics in the observation period. In particular, detect-
ability of 1- and 4-yr observations is almost the same for
fμ > 0.02 Hz, because the massive field only becomes
dynamically relevant in the last year of the observation.
For comparison, we also consider a 1-yr observation, but
starting at 4 yr before the binary merges. Given such an
observation, LISA can detect Δq > 2 × 10−6 for fμ <
0.01 Hz and quickly loses the detectability as fμ
approaches to 0.017 Hz, as beyond which the mass field
becomes irrelevant to inspiral during the observation
period. We perform a similar analysis for a spin-1 field
as well and show the results in Fig. 1.

IV. MULTIBAND OBSERVATIONS

As demonstrated previously, observations in the milli-
hertz band alone can improve the detectability on massive
fields, but only for fields with fμ < 0.1 Hz. Nevertheless,
fields with fμ > 0.1 Hz can still affect the later binary
evolution and accelerate orbital decay, while observations
in the millihertz band can forecast the merger time with an
accuracy of Oð1Þ s. With a multiband observation that the
binary is observed later in the LVK band, the merger time
forecasted by the millihertz observations can be tested in
the LVK band, providing an additional constraint on the
dipole radiation induced by the massive fields. In Fig. 2,

FIG. 1. Detectability on spin-0 and spin-1 fields of different mass. The markers show the expectation errors on Δq obtained by
calculating the Fisher information matrix [cf. Eq. (19)], assuming a GW150914-like event observed in the millihertz and the LVK bands.
Here circles and triangles show the errors for spin-0 and spin-1 fields, respectively, while blue and red denote the millihertz and the LVK
bands. For observations in the millihertz bands, markers jointed by the solid, dashed, and dotted lines show the situation of a 4-yr
observation starting at four years before merger, a 1-yr observation starting at one year before merger, and a 1-yr observation starting at
four years before merger, respectively. The green lines show the merger time deviation from GR, when there is a spin-0 or a spin-1
massive field.
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we consider a GW150914-like event and estimate the
constraints of the waveform parameters assuming there
is a spin-0 field with fμ ¼ 1 Hz. The constraints are
obtained using the Fisher information matrix as stated in
Sec. III. Given the mass of the field, LVK band observation

can probe the field if jΔqj > 10−2, while the millihertz
band observation alone cannot probe the field at all. For
other parameters, observation in the LVK band does better
measurement on distance and merger time, while obser-
vation in the millihertz band does better measurement on
masses. In particular, the millihertz band can measure the
merger time with an accuracy of 0.03 s at 90% confi-
dence level.
Assuming jΔqj ≪ 1, the merger time in the presence of

dipole radiation will be earlier than that in GR by an
amount of

Δt ≃
Z

fc

fμ

df

�
PMF

P2
GR

��
dE
df

�
ð21Þ

∼
5

3072
Δq2ν−1ðπMfμÞ−10=3: ð22Þ

By requiring Δt < 1 s, we find a constraint of

jΔqj < 10−4
�

ν

0.25

�
1=2

�
M

60M⊙

�
5=3

�
fμ

1 Hz

�
5=3

; ð23Þ

for 0.1 < fμ < 2 Hz. In Fig. 1, we show the constraints
on jΔqj for fields with different masses by requiring
Δt < 0.03 s, assuming a multiband observation of a
GW150914-like event. Comparing to the single-band
observations, we find that the multiband observation indeed
improves the detectability on Δq by filling the gap between
the millihertz and the LVK bands.

FIG. 2. Parameter constraints for a GW150914-like event, i.e.,
m1 ¼ 36M⊙, m2 ¼ 29M⊙, and dL ¼ 410 Mpc, obtained with
millihertz band (blue) and LVK band (red) observations. When
calculating the Fisher information matrix, we assume the pres-
ence of a spin-0 field with fμ ¼ 1 Hz.

FIG. 3. Discrimination on the spin of massive fields. The blue (red) lines show the difference between the spin-0 and the spin-1 fields
in GW phase, ΔΨ≡ jΨs¼0

MF − Ψs¼1
MF j, assuming a GW150914-like event observed in the millihertz (LVK) band. The green line shows the

difference between the spin-0 and the spin-1 field in merger time Δt. Region above the green line and below the blue and red lines is the
parameter space where the detectability on the spin of the field is expected to be improved by multiband observations.
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In addition to improving detectability of the massive
fields, multiband observation can further distinguish spin-0
fields from spin-1 fields. With observations in the LVK
band or in the millihertz band alone, we expect to distin-
guish the fields if they could induce Oð1Þ difference in
GW phase, namely, jΨs¼0

MF −Ψs¼1
MF j ∼Oð1Þ. Given Eq. (5),

waveforms of spin-0 and spin-1 fields differ notably only
when the dipole radiation just turns on. Therefore, if μ ≪ Ω
during the single-band observation, one cannot distinguish
whether the dipole radiation is caused by a spin-0 or spin-1
field, cf. Eq. (5), even with a nontrivial measurement ofΔq.
With multiband observations, one can further infer whether
the dipole radiation observed in the LVK band is from a
spin-0 or spin-1 field by examining the merger time.
Considering the GW150914-like event, Fig. 3 shows the
GW phase difference for observations in the LVK and the
millihertz band, as well as the difference in merger time
Δt ¼ jts¼0

c − ts¼1
c j, from which we can conclude that multi-

band observations can distinguish the spin of the fields
in some of the parameter space where the single-band
observation cannot.

V. CONCLUSION AND DISCUSSION

In this work, we investigate the prospect of probing
massive fields with space-borne detectors that target GWs
in the millihertz band. We consider the dipole radiation
from generic massive spin-0 and spin-1 fields, calculate
their imprints on the inspiral waveform, and estimate the
detectability on the fields. We demonstrate the detectability
on the effective charge difference jΔqj of LISA by calcula-
ting the Fisher information matrix. We find that LISA can
constrain jΔqj down to 10−6 for fields with mass below
3 × 10−17 eV, given a 4-yr observation of a GW150914-
like binary. Note that we use the GW150914-like event as a
benchmark to demonstrate the sensitivity of jΔqj, while the
sensitivity does depend on the binary parameters. For fields
with fμ > 1 Hz, the sensitivity is mainly determined by the
number of orbital cycles observed in the LVK band and
hence will get improved if the binary has a smaller total
mass. Constraints on fields with 10−1 < fμ < 1 Hz replies
on the measurement accuracy of merger time measured in
the millihertz band, which distributes from 0.1 to 100 s and
peaks around 3 s [67]. As the precision of merger time
mostly depends on the signal-to-noise ratio, the sensitivity
of jΔqj can be improved if the event has a larger signal-
to-noise ratio in the millihertz band. For fields with
fμ < 10−1 Hz, the sensitivity is mainly determined by the
number of orbital cycles observed in the millihertz band.
Given a certain observation time, the sensitivity will be
improved if the binary has smaller total mass. In practice,
the massive field will be probed by stacking multiple
events. The sensitivity of jΔqj given multiple multi-
band observations will be investigated in future work.

In addition, we assume circular orbits in our analysis,
which is usually the case in the LVK band, but is not
necessarily true in the millihertz band. Depending on the
formation channel, stellar mass binaries observed in the
millihertz band could have nonzero eccentricity, for exam-
ple, see Refs. [68,69] and the references therein. Since both
scalar and vector radiations tend to circularize binaries [68],
the radiation power and hence jΔqj could be probed by
measuring the eccentricity distribution, if the field mass is
relatively small such that the radiation turns on in the
millihertz band. For fields with larger mass, one cannot
probe the fields with eccentricity, which is washed out by
GW radiation anyway.
As mentioned in Sec. I, a direct coupling to a spin-0/

spin-1 field is constrained by other experiments. For
example, precision measurements of binary pulsars impose
a constraint of jΔqj < 10−3 for fields with mass lower than
10−16 eV [39]. Also, the direct coupling can, in principle,
lead to a fifth force, which is constrained by local gravity
tests [70]. If we assume the charge difference is of the same
order of the charges, the Eöt-Wash experiment indicates a
constraint of jΔqj < 10−1 for fields with mass lower than
10−3 eV (see, for example, Ref. [71] for the accurate plot
of the constraints). One should note that the coupling
strength is highly model dependent. It can vary in different
systems, even assuming the same theory. Therefore, con-
straints obtained in one experiment does not directly apply
to the others.
We further emphasis the implication of multiband

observations on probing new massive fields. We show that
multiband observation of a GW150914-like binary can
improve the detectability on Δq by at most 3 orders of
magnitude for spin-0 and spin-1 fields with mass ranging
from 10−16 to 10−15 eV. Multiband observation can further
distinguish the spin of the fields in such mass range, where
the spin of the field cannot be identified with single-band
observations even if a nontrivial Δq is detected.
Our multiband detection strategy mainly depends on the

measurement of merger time, which could, in principle, be
affected by other beyond GR effects, such as modification
of GW propagation speed. We expect such degeneracy can
be broken by considering multiple multiband events,
because effects from modification of GW speed depends
on the distance of the sources, while effects from massive
fields should depend on the intrinsic parameters of the
merger binaries. We shall leave this topic for future
investigation.
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APPENDIX: CORRECTIONS ON GW PHASE

In this appendix, we show the explicit expressions for the
corrections on the GW phase in the TaylorF2 waveform. As
stated in the main text, the waveform template in frequency
domain is

hðfÞ ≃HðfÞ exp ½iΨðfÞ�; ðA1Þ

where ΨðfÞ ¼ 2πft − ϕ − π
4

is the GW phase and is
calculated under the stationary phase approximation,

tðfÞ ¼ tc −
Z

f

fc

1

P

�
dE
df0

�
df0; ðA2Þ

ϕðfÞ ¼ ϕc −
Z

f

fc

2πf0

P

�
dE
df0

�
df0: ðA3Þ

Here E and P are the binding energy and total radiation
power of the binary system, while tc and ϕc are the time and
phase at merger. In the presence of a massive field, the total
radiation power P ¼ PGR þ PMF. Assuming jΔqj ≪ 1, we
have PMF ≪ PGR, and hence tðfÞ ≈ tGRðfÞ þ tMFðfÞ and
ϕðfÞ ≈ ϕGRðfÞ þ ϕMFðfÞ with

tMFðfÞ ¼
Z

PMF

P2
GR

dE
dΩ

dΩ; ðA4Þ

ϕMFðfÞ ¼
Z

f

fc

2πfPMF

P2
GR

�
dE
df

�
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For the spin-0 field, we have
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For the spin-1 field, we have
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The total correction on the GW phase is

ΨMF ¼ 2πftMFðfÞ − ϕMFðfÞ: ðA10Þ
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