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If the graviton possesses a non-zero charge qg, gravitational waves (GW) originating from
astrophysical sources would experience an additional time delay due to intergalactic magnetic fields.
This would result in a modification of the phase evolution of the observed GW signal similar to
the effect induced by a massive graviton. As a result, we can reinterpret the most recent upper
limits on the graviton’s mass as constraints on the joint mass-charge parameter space, finding
|qg|/e < 3 × 10−34 where e represents the charge of an electron. Additionally, we illustrate that a
charged graviton would introduce a constant phase difference in the gravitational waves detected by
two spatially separated GW detectors due to the Aharonov-Bohm effect. Using the non-observation
of such a phase difference for the GW event GW190814, we establish a mass-independent constraint
|qg|/e < 2 × 10−26. To the best of our knowledge, our results constitute the first-ever bounds on the
charge of the graviton. We also discuss various caveats involved in our measurements and prospects
for strengthening these bounds with future GW observations.

INTRODUCTION

The long-range character of gravity demands that the
quanta of gravity, gravitons, must be massless. To phrase
it differently, in general relativity (GR), gravitational
waves (GWs) travel at the speed of light, asserting
that gravitons must have zero rest mass. However, in
search of new physics, we must aim to test this key
idea and look for potential deviations. The detection
of GWs from merging compact binary systems [1–4]
by the LIGO-Virgo-KAGRA (LVK) collaboration [5–7]
has opened up a new avenue for testing such essential
foundations of Einstein’s theory of general relativity
[8–12].

To investigate any potential deviations from GR, one
could consider specific alternative models or theories
and constrain their parameters from observations using
the gravitational waveform calculated within the theory;
such an analysis will allow specific interpretations of the
results within the framework of that theory. However,
calculating waveforms in alternative theories of gravity
has proved to be difficult. For this reason, one resorts
to performing theory-agnostic studies where deviations
from the predictions of GR are quantified through
phenomenological parameters. For example, suppose
we consider GWs generated in an alternative theory
of gravity that lacks a mathematical framework to
comprehend the GW generation process. Nevertheless,
since the GWs propagate over cosmological length scales,
cumulative corrections affecting the GW propagation
could become dominant over other effects related to its
generation. Such propagation effects offer an excellent
possibility for theory-agnostic tests of new gravitational
physics and allow for stringent bounds on parameters
quantifying the violation of general relativity. A specific

illustration of such an approach involves constraining the
mass of the graviton through the GW observations, as
presented in [8, 11–14]. To constrain the graviton mass,
one computes the time difference of detection, ∆to, of
two gravitons emitted at a time difference ∆te apart at
the source due to an additional mass-dependent term in
the dispersion relation of the GWs [13]. This non-zero
mass adds an additional contribution to the GW phasing
at −1 post-Newtonian (PN) order. Using this modified
phasing formula, the latest GW observations bound the
mass of the graviton (mg) to be mg ≤ 1.27 × 10−23 eV/c2

[12].

In a similar phenomenological spirit, let us ask
whether the graviton can be endowed with a non-zero
electric charge. Here, we note earlier attempts at
constraining the electric charge associated with neutrinos
and photons [15–18] using astrophysical observations.
These observations utilized the interaction of the particle
with the ambient magnetic field and the resulting
additional time delay for their bounds. Interestingly,
the relative time delay induced by the mass and the
electric charge of a particle of energy E has the same
E−2 scaling [15, 16, 19]. This suggests that if we consider
a massive graviton, the measured mass may be indistin-
guishable from the possible electric charge of the graviton.

It should be noted that attributing an electric U(1)
charge to a massless particle is not straightforward. The
mass has a purely classical interpretation in terms of
the dispersion relation of the propagating wave, whereas
charge is inherently associated with the quanta of
the field. The electric charge of the graviton will be
associated with a coupling of the gravitational field to the
background electromagnetic field via an U(1) interaction.
Attributing such a charge to a massless graviton may lead
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to inconsistencies. For instance, attempts at constructing
quantum theories of higher spin fields coupled to the
U(1) gauge field resulted in inconsistencies in the
quantization of such theories if the fields are massless
[20–22]. Additionally, the Weinberg-Witten theorem
argues that in a higher spin (j > 1/2; j = 2 for graviton)
theory that allows the construction of a Lorentz-covariant
conserved four current, one cannot have a charged
massless particle [23]. However, there are no apparent
field theoretic obstructions on a massive graviton like the
one considered in [8, 11–13] having a U(1) charge.

The above observation, in conjunction with the possible
degeneracy of the effect of putative mass with the electric
charge of the graviton, makes the phenomenology
of the graviton charge particularly relevant. Similar
to a charged neutrino or photon, a charged massive
graviton will interact with the intergalactic magnetic
field, possibly altering its propagation. In this work,
we shall consider the effects of an electrically charged
massive graviton on the GW phasing and impose
simultaneous bounds on its charge and mass. We shall
compute the energy-dependent time delay induced on
the propagation of a charged massive graviton due to
its interaction with the intergalactic magnetic field in
the same spirit as the effect of a non-zero charge on the
propagation of the neutrino [15] or the photon [16, 17].
This time delay can be associated with the observed
GW phasing through the methods developed in [13];
here, we explicitly demonstrate the degeneracy of the
graviton charge and mass. Following this, we use the
LVK observations to impose simultaneous constraints on
the graviton’s mass and charge. Our analysis results in
an upper bound on the graviton charge in terms of the
electron charge e of |qg|/e < 3 × 10−34. Furthermore,
based on previous work [17, 18], we show that, in the
presence of a charged graviton, GWs detected at two
detectors separated by a finite distance would have a
phase difference; this phase difference can be understood
as the Aharonov-Bohm phase [24] due to the interaction
of the charged particle with the intergalactic magnetic
field. Using the measurement of the phase difference
(consistent with zero) between the LIGO Hanford and
LIGO Livingston detectors from GW190814, we place an
independent bound of |qg|/e < 2 × 10−26 on the charge
of the graviton.

IMPRINT OF CHARGE ON THE WAVEFORM

Let us consider compact binaries with component
masses m1 and m2, which radiate away energy through
GWs, where we assume the radius of their circular orbit to
vary adiabatically. This problem is well understood per-
turbatively within GR using the framework of restricted

Figure 1. A schematic diagram illustrating the alteration of
the trajectory as a charged graviton propagates from point
P 1 to P 2 across a magnetic field domain of length λB . The
transverse magnetic field (B⃗) will cause the trajectory of the
graviton to be curved, with a radius of curvature given by
r = p

Bqg
, p being the momentum and qg being the charge of

the graviton. The radii subtends an angle θ, such that the
distance travelled by the graviton is L = rθ.

post-Newtonian (PN) formalism, which expresses the am-
plitude A(f) = A f−7/6 through the quadrupole approxi-
mation and the phase ψ(f) is given by an expansion in
powers of β(f) := v(f)/c [25, 26]:

h(f) = A f−7/6 ei ψ(f) , (1)

where f is the frequency of the emitted GW and
v = (πGMf/c3)1/3 is the orbital speed of the binary
with total mass M = m1 +m2.

We shall follow the prescription outlined in Ref. [13] for
our discussion. We will consider gravitational radiation
emitted from such a binary with a frequency fe and the
graviton associated with this radiation. If the graviton
has a non-zero charge, its trajectory will be curved when
exposed to a transverse magnetic field. This alteration
of the trajectory will affect the time the graviton takes
to reach the detector once emitted. This delay will be
in addition to the delay caused by a non-zero mass,
considered in [13].

To compute the additional time delay caused by an
alteration of the trajectory, we will perform an analysis
similar to the neutrino charge estimation [15]. Since
the correlation length associated with the intergalactic
magnetic field (IGM) is much shorter than the distance
of propagation of the graviton, we need to account for
the presence of multiple magnetic field domains along
the path of propagation [17, 18].

To start, we note that if the IGM has a typical
correlation length of λB, the region between the source
and the observer can be considered to be divided into
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N magnetic field domains, each of length λB such
that the luminosity distance, DL = NλB. A magnetic
field of magnitude (B) transverse to the direction of
propagation will result in the trajectory of a charged
graviton being curved, with a radius of curvature given
by r = p

Bqg
, p being the momentum and qg being

the possible charge of the graviton. This has been
illustrated in Fig. (1). The additional time in relation
to the uncharged case that a charged massive graviton
would take due to the presence of a transverse mag-
netic field to travel the distance λB can now be calculated.

By referring the schematic in Fig. (1), the additional
time a graviton would take to traverse the curved path
from P1 to P2 of length L = rθ, θ being the angle
subtended by the radii is given to be of the following
form when θ is small [15]

δtλ = (L− λB)
vg

≈ λ2
B

4! r2 ∆tλ .
(2)

In the above expression, vg is the magnitude of the three
velocity of the massive graviton, r = p

Bqg
with p being

the momentum and qg being the possible charge of the
graviton and ∆tλ is the time a massive uncharged graviton
of momentum p would take to traverse the distance λB
and

∆tλ = λB
vg

= λBEg
pc2 (3)

Eg = hfe is the energy of the graviton with frequency
fe. Using the above expression for ∆tλ, Eq. (2) can be
written as

δtλ = λ3
B

4! cr2
√

1 − m2
gc

4

(hfe)2

=
c λ3

BB
2q2
g

4!h2f2
e

(
1 − m2

gc
4

h2f2
e

) 3
2
, (4)

where we have used the relativistic dispersion relation to
express the momentum as a function of the mass and the
energy of the graviton.

Since there are N such magnetic field domains between
the source and the observer, the total additional time
a charged massive graviton of frequency fe would take
in relation to a chargeless massive graviton of the same
frequency will be

δtq ≈
∑
N

pλδtλ . (5)

Where pλ is the probability for the magnetic field inside
the magnetic field domain to be aligned transverse to
the direction of propagation, and for randomly oriented

magnetic field domains this can be approximated as the
probability for it to be aligned along four of the six car-
dinal directions, so pλ ≈ 2

3 . Now, we can use Eq. (4) to
write Eq. (5) as

δtq ≈ 2N
3

cλ3
BB

2q2
g

4!h2f2
e (1 − m2

gc
4

h2f2
e

) 3
2

≈ 2
3

cDLλ
2
BB

2q2
g

4!h2f2
e

(
1 − m2

gc
4

h2f2
e

) 3
2
.

(6)
Having computed the additional time delay1 a charged
massive graviton would encounter while traversing a
distance DL, we will next compute the phase correction,
which is expected at a GW detector [13, 27].

If we consider two successive gravitons of frequencies
fe and fe′ emitted a time ∆te apart from a source at
low redshift; they will reach the detector at luminosity
distance DL, ∆to apart in time, such that

∆to ≈ ∆te + δtmfe,fe′ + δtqfe,fe′ . (7)

Where, δtmfe,fe′ , is the expected time difference between
two gravitons emitted at orbital frequencies fe and fe′ , as
a result of the graviton being massive without any charge
[13].

δtmfe,fe′ ≈
DLc

3m2
g

2h2

(
1
f2
e

)
−
DLc

3m2
g

2h2

(
1
f2
e′

)
. (8)

In the above expression, we used the assumption mgc
2 <<

hfe. While δtqfe,fe′ , is the correction due to the possible
change in the path of a charged and massive graviton.
Using Eq. (6), we can compute δtqfe,fe′ to be

δtqfe,fe′ ≈ 2
3
cDLλ

2
BB

2q2
g

4!h2

(
1
f2
e

)
− 2

3
cDLλ

2
BB

2q2
g

4!h2

(
1
f2
e′

)
.

(9)
After assuming that the evolution of the binary is driven
by gravitational back-reaction such that the associate
dfe/dte is well approximated by general relativity [13, 27]
and any correction to the generation of gravitational ra-
diation due to the modified theory of gravity is negligible
in relation to the terms proportional to the large luminos-
ity distance DL we will get the following equation (see
Appendix ) for the GW phase at the detector.

ψ(f) =2πf t̃c − Φ̃c − π

4 +
∑
n

αnf
2n
3

−

{
πm2

gc
3

h2 +
(

2
3B

2λ2
B

) 2πq2
gc

4!h2

}
DL

f
,

(10)

1 We note that there might be an O(1) factor correction to the
above expression that arises as a consequence of the assumptions
made, like the IGM being of a fixed magnitude and suddenly
changing direction at the edge of each magnetic field domain and
equating pλ to 2/3 [17, 18]. However, such corrections will not
change the order of magnitude bound on the graviton charge.
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where all integration constants have been absorbed into
t̃c and ϕ̃c. αn are the usual PN terms from GR.

Comparing the GW phasing given in Eq. (10) for a
charged massive graviton with that of a massive graviton
in Eqn. 3.8 of [13] suggests that if we entertain the
possibility of U(1) charge on the graviton, the estimates
on the mass of the graviton mg can be interpreted as a
bound on the effective mass, meff of a charged massive
graviton given by

meff =

√
m2
g +

(
2
3B

2λ2
B

) 2q2
g

4!c2 . (11)

One may argue strong magnetic fields can exist in the
vicinity of a binary merger and those need to be taken
into account while calculating the GW phasing in the
presence of a charged graviton. However, even if these
magnetic fields are strong they would not be expected to
stay coherent over long length scales like the intergalac-
tic magnetic field, thus minimizing their effect on the
GW phasing. Hence, we will assume that the B and λB
that enters Eq. (10) are the same as their values in the
intergalactic magnetic field.

DETECTOR DEPENDENT PHASE SHIFTS DUE
TO GRAVITON PROPAGATION

In addition to the above de-phasing of the GW
resulting from a non-zero graviton charge, we can also
expect a relative frequency-independent phase shift
between GW signals from the same source observed
by two separate detectors. This is a consequence of
the well-known Aharonov-Bohm effect [24]. A similar
analysis has been carried out to bound the charge of a
photon [17, 18]; here we extend the analysis to bound
the graviton charge.

Let us assume that the coupling of the electromagnetic
field to the graviton follows an effective Lagrangian of
the form LI = − qg

c v
µAµ, where qg is the charge of the

graviton, Aµ is the U(1) connection and vµ is the 4-
velocity of the graviton. The quantum phase difference
between the two gravitons detected at separate locations
can be expressed as

∆ϕ = qgΦ
ℏc

. (12)

Where Φ is the total flux in the region enclosed by the two
trajectories. For randomly oriented magnetic fields with a
typical magnitude B and correlation length λB , we have
DL/λB magnetic field domains between the source located
at a distance DL away and the observer. Since the mag-
netic field domains are randomly oriented, only one-third

Figure 2. A schematic diagram illustrating the propagation of
a graviton from the source (S) to the two detectors H1 and L1
separated by a distance d, after traversing a luminosity distance
of DL. We assume that the intergalactic space between the
GW source and the detector has a randomly oriented magnetic
field of magnitude B and correlation length λB . The magnetic
field contributes to the total flux in the enclosed triangular
region only when pointed in or out of the plain of the paper,
behaving like a random walk of step size DL/3λB .

of all the domains will contribute to the phase, behaving
like a random walk. We can compute the mean distance
from the origin for this random walk after DL/3λB steps
to be

√
2DL/3πλB . Then, the total flux in the triangular

region as illustrated in Fig. (2) reads [17, 18]

Φ =
√
DLλB

6π Bd , qg =
√

6πℏc√
λBB

(
∆ϕ√
DLd

)
(13)

Here, d is the separation between two detectors. The
phase difference derived above is associated with distinct
but coherent gravitons generated at the source observed
at two different detectors. Nevertheless, similar to
the case of photons, we can equate the classical GW
phase difference observed and quantum phases of a
graviton through the correspondence principle [17, 18].
So, by measuring the phase difference between the GW
perturbations received at two detectors and associating
this phase shift with the quantum phase shift of the
graviton, we should be able to place bounds on the
charge of the graviton using the above equation. Note
that unlike the prescription described in the previous
section, these bounds are free of any degeneracies with
the mass of the graviton.
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In general, measuring ∆ϕ between two detectors for a
particular GW signal is difficult. For equal-mass, face-on
GW signals that are well-described by the dominant
(ℓ = m = 2) harmonic of the GW signal, ∆ϕ is perfectly
degenerate with the reference phase at coalescence ϕc,
and any finite ∆ϕ can be absorbed as a redefinition of ϕc.
However, when non-quadropolar modes are relevant for
describing the GW signal (e.g. for unequal mass binaries
or highly inclined binaries), the degeneracy between
ϕc and ∆ϕ is broken, and it is possible to measure
∆ϕ. This effect is already well-known in the literature
in works dealing with strong gravitational lensing of
GWs. Strong lensing naturally produces “Type-II”
images that have an a phase shift of π/2 relative to
an un-lensed signal [28, 29], and this phase shift has
been shown to be measurable in presence of higher
harmonics of the GW radiation, orbital precession and
eccentricity in the GW signal [30–33]. Hence, by making
appropriate choices of the GW source, we can bound
∆ϕ and thus the graviton charge independent of the mass.

CONSTRAINING THE GRAVITON CHARGE

Assumptions on B and λB

It is apparent from Eq. (11) and Eq. (13) that the
bounds on qg will become tighter with increasing B and
λB. While the value of B and λB is not known, many
observations have placed lower limits on these parameters
(see [34, 35] for a review). For instance, Ref. [36] obtained
a lower limit on B exploiting the non-observation of GeV
gamma-ray emission from the electromagnetic cascade
initiated by TeV gamma-rays (from blazars) to be B >
3 × 10−16 G while being coherent over Mpc scales [36].
More specifically, these constraints state,

B >

3 × 10−16
(

λB
1 Mpc

)−1/2
G , λB ≤ 1 Mpc

3 × 10−16 G , λB > 1 Mpc
(14)

While there have been some improvements to these con-
straints over the years, for our analysis we choose we
shall make a conservative choice B = 3 × 10−16 G and
λB = 1 Mpc for our results.

Results

We use the posterior on the mass of the (uncharged)
graviton combined over GWTC-3 events by LVK collabo-
ration [12] and reinterpret it in the context of a charged
massive graviton as discussed above. We report con-
straints on the joint mg— qg parameter space, with results
shown in Fig. 3. As we see, the isoprobability contours

0.0 0.5 1.0 1.5 2.0 2.5

mg [eV/c2] ×10−23

0

1

2

3

4

5

6

q g
/e

×10−34

0 1 2 3 4

qg/e ×10−26

0

1

2

3

4

5

6
P

D
F

×1025

Figure 3. (Top) Joint posterior on mg and qg/e parameter
space as inferred from GWTC-3 data. The colour corresponds
to the probability density—darker colour signifies a higher
probability density. Since the measurement of qg and mg are
degenerate following Eq. (10), we see that the isoprobabil-
ity contours are ellipses in this two-dimensional mg — qg/e
plane. The black dashed line is the 90% isoprobability con-
tour. Marginalizing over mg, we infer a 90% upper limit of
|qg|/e < 3 × 10−34. (Bottom) Posterior probability distribu-
tion on qg/e as estimated from the measured phase difference
between LIGO-Hanford and LIGO-Livingston for GW190814.
At 90% CL, we place an upper limit of 2 × 10−26 on qg/e.
Although weaker than the constraints obtained from reinter-
preting the graviton mass constraints, these constraints are
independent and are not degenerate with constraints on the
graviton mass.
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in the image form ellipses, which follows directly from
Eq. (11). We also show the ellipse corresponding to the
90% contour. Under the aforementioned assumptions on
B and λB , the charge of the graviton is constrained to be

|qg|/e < 3 × 10−34 . (15)

For a different value of B and λB , these bounds will scale
trivially as (BλB)−1. We should note that these bounds
assume a flat prior on meff . One could alternatively
recalculate the bounds with individually flat priors on mg

and qg, which induces a prior π(meff) ∝ meff . Since this
prior is quite different from a flat prior, obtaining results
with it would require rerunning the parameter inference
on each event to effectively sample the parameter space.
At most, we expect these results to change by an O(1)
number, and refrain from carrying out this exercise.

We will next constrain the charge independently of the
mass using Eq. (13). This method obviously has the ad-
vantage that we make no reference to the constraints on
the graviton mass since the Aharonov-Bohm type phase
shift can only occur in the presence of a non-zero charge.
Even though this method is independent, the constraints
are in general weaker than the one obtained using GW de-
phasing. As mentioned earlier, the measurement of phase
difference between GW detectors can only be achieved
with events that have significant higher harmonic con-
tent, failing which the phase difference measurement is
exactly degenerate with the measurement of the coales-
cence phase of the binary ϕc. We hence place bounds on
qg using GW190814 [37], an asymmetric mass binary that
showed significant evidence for higher-mode content in the
signal. Although GW190814 was detected as a coincident
signal by LIGO-Hanford, LIGO-Livingston, and Virgo
detectors, we only use data from the LIGO detectors for
our constraint due to the relatively low SNR in the Virgo
detector2. We estimate the posterior on ∆ϕ using the
bilby [38] software package, using the nested sampler
dynesty [39] to sample the posterior distribution. We
use the waveform approximant IMRPhenomXPHM [40]
implemented in lalsuite [41], and use the same standard
priors as used in Ref. [37] along with a flat prior on ∆ϕ
in the range [−π, π]. We use the relative binning likeli-
hood [42–44] implemented in bilby [45] to speed up the
parameter inference3, and use bilby_pipe [46] to stream-
line the inference runs. We obtain ∆ϕ = −0.05+0.2

−0.25 at

2 While we have used only the phase difference between two detec-
tors for our constraints with GW190814, this prescription can be
easily generalized to multiple detectors by parametrizing all the
relative phase differences through qg .

3 While the relative binning implementation in bilby is strictly
optimal for signals dominated by the quadrupolar mode of GW
radiation, we have verified that the likelihood errors introduced
by the non-optimality are small for our purposes. This is also in
agreement with results of Ref. [45].

90% CL which we consequently use to place an bound

|qg|/e < 2 × 10−26 (16)

at 90% CL—eight orders of magnitude weaker than the
constraints we obtained before. This bound is driven
mainly by the O(0.1) uncertainty in the measurement of
∆ϕ.

CONCLUSION

In this paper, we considered the possibility of a
graviton endowed with a non-zero U(1) charge. In the
light of the Weinberg-Witten theorem, a non-zero U(1)
charge may make sense if the graviton is massive. A
non-zero magnetic field will affect the trajectory of
a charged graviton; we use this fact to compute the
correction to the GW phasing that arises due to a
non-zero charge. Our analysis points at a degeneracy of
the graviton mass bounds from [12] with the possible
graviton charge. Using the LVK bounds on the mass of
the graviton, we can impose an upper bound on the U(1)
charge of a graviton in terms of the electron charge as
|qg|/e < 3 × 10−34.

In addition to the above bound, we also use the
total phase difference between the GW detections at
LIGO-Hanford and LIGO-Livingston for the event
GW190814 to find another independent upper bound
of the graviton charge. This is done by identifying the
phase difference with the possible Aharonov-Bohm phase
shift experienced by a U(1) charged graviton [17, 18].
This provides us a novel bound on the graviton charge
independent of its mass as |qg|/e < 2 × 10−26. Similar
to the bound obtained on the charge of a photon, the
derivation of this independent bound on the graviton
charge assumes the quantum phase difference arising due
to a non-zero charge coincides with the classical phase
difference of the two separate GW detections through
the correspondence principle.

In the near future, the constraints on qg will improve
thanks to the larger baseline d afforded by the addition of
LIGO-India [47, 48] to the GW detector network. These
constraints will also improve by a few orders of magni-
tude with even larger baselines and/or sensitivities af-
forded by the next generation of ground-based (Cosmic
Explorer [49], Einstein Telescope [50], etc.) and space-
based (LISA [51], DECIGO [52], etc.) detectors. Ad-
ditionally, detections of more binaries with significant
higher harmonics, eccentricity, and orbital precession will
help in the measurement of the relative phase difference
between detectors, hence also providing better constraints
on qg. Our analysis uses conservative estimates for the
intergalactic magnetic field strength and the correlation
length given by Ref. [36], and will improve once the lower
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bounds on these quantities becomes stricter, or if conclu-
sive measurements of these quantities are made.
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Appendix A: Calculation of phase at detector.

The total additional time that a charged massive gravi-
ton would take to propagate from the source to the detec-
tor can be calculated by plugging in δtmfe,fe′ and δtqfe,fe′

of Eq.(8) and Eq.(9) in Eq.(7) resulting in

∆to ≈ ∆te +
DLc

3m2
g

2h2

(
1
f2
e

)
+ 2

3
cDLλ

2
BB

2q2
g

4!h2

(
1
f2
e

)
− L(fe′)

(17)
where,

L(fe′) =
DLc

3m2
g

2h2

(
1
f2
e′

)
+ 2

3
cDLλ

2
BB

2q2
g

4!h2

(
1
f2
e′

)
.

Next, we may observe that the GW phasing in the fre-
quency domain at the detector frame can be expressed as
the following integral [25, 26]

ψ(f) = 2π
∫ f

f ′
(t− tc) df + 2πfetc − ϕc − π

4 . (18)

The contribution of the charge and the mass of a graviton
on the GW phase can be obtained by replacing t− tc with
∆to from Eq. (17) and carrying out the integral. Under
the assumption that the effect of the propagation over
the large distance DL will dominate the corrections due
to the back reaction in the modified theory [13, 27], we
will get

ψ(f) =2πf t̃c − Φ̃c − π

4 +
∑
n

αnf
2n
3

−

{
πm2

gc
3

h2 +
(

2
3B

2λ2
B

) 2πq2
gc

4!h2

}
DL

f
.

(19)
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