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The direct detection of gravitational waves from binary mergers has been hailed as the discovery of
the century. In the light of recent evidence on the existence of gravitational waves, it is now possible
to know about the properties of matter under extreme conditions in compact astrophysical objects
and different dynamical spacetimes. The foremost theme of the present article is to bring out the
various features of the interaction between photons and gravitons that can be used in astrophysical
observations. The effective action of interacting photons containing light-matter coupling and self-
interaction term is constructed by eliminating the graviton degrees of freedom coupled to both matter
and photons. It is shown that the equation of state of matter can be probed from the dynamics
of light in this theory. The vacuum birefringence is also shown to be a generic property in this
theory that arises from the non-linear nature of the self-interaction between gauge fields. Further,
the non-local nature of quantum effective action with modified dispersion relation is also discussed
in great detail. The above results also open an alternate way to infer the properties of gravitational
waves without their direct measurement using the features of photon-graviton interaction.

I. INTRODUCTION

The existence of gravitation waves is one of the most important features of Einstein’s theory of general
relativity (GR) and was first predicted by Einstein. The discovery of gravitational waves can be seen as a test
to verify GR and also put constraints on alternate theories of gravity. Its discovery after a hiatus of almost
a century from its theoretical prediction is because of the extreme sensitivities of the measurements involved.
LIGO confirmed the first detection [1-6] through laser optical interferometry.

Among the four fundamental interactions in nature, the electromagnetic and gravitational interactions are
long-ranged and mediated by a spin-1 massless photon and a spin-2 massless graviton, respectively. This
property is useful and often used in order to probe different astrophysical observations. The success of LIGO
in detecting gravitational waves motivated suggestions for utilizing optical measurement techniques that would
incur lesser expense [7-15]. To make optical measurements, knowledge of the interaction of gravitational waves
(GW) with light would be required. This question has been first attempted in [16, 17] where different scattering
processes between gravitons and photons were studied [18, 19]. However, the problem with measuring such
scattering amplitudes or cross-sections is that their numerical values are extremely small. Measurement of a
single graviton is difficult with current technologies [20]. Nevertheless, it can capture useful physical information
of spacetime which could be probed through weak measurement techniques, as will be shown in this article. The
importance of studying the interaction between photons and gravitons has also been highlighted in [21, 22], in
a different context.

In this article, we show how certain features of graviton-photon interactions can be accessed through optical
measurements that indirectly confirm features of spacetime carried by gravitational waves. Throughout our
discussion, we also comment on massive gravity theory which is an alternate theory of GR, motivated for
solving the problem of Dark Energy and the current accelerated expansion of the Universe, among others. In
massive gravity theory [23, 24] (which are also ghost-free [25]), the infrared (IR) region of GR is modified by
the addition of a mass term leading to gravitons becoming massive and spin-2.

The extremely small numerical values of scattering amplitudes of the graviton-photon interactions would
suggest that a tool to amplify the signals involved would be very welcome. Such a scenario is facilitated by
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recent developments in the field of quantum optics, in particular, the weak measurement technique [26-32]. Weak
measurements is the name coined to a measurement scenario in quantum mechanics, wherein the empirically
measured value (called the weak value) of an observable can yield results beyond the eigenvalue spectrum of the
measured observable. This has lead to a number of interesting developments including weak value amplification,
useful for enhancing the sensitivity of specific detection schemes.

We briefly discuss the weak field limit of general relativity, followed by the Fierz-Pauli action of massive
gravity and Stueckelberg’s technique for restoring gauge symmetry to massive gravity action. This sets the
scene for the construction of an effective action for interacting photons that takes into account the interactions
between photons and gravitons. This is followed by some non-trivial features of on-shell equations obtained
from the minimization of the effective action. A few scattering amplitudes are next computed between photonic
states and it is shown that through weak measurement protocol these amplitudes can be amplified. Finally, one-
loop quantum corrections are taken into account in order to write quantum effective action for the interacting
photons, explicitly at the quadratic level. This leads to a modified dispersion relation for low-energy photons.
Further, effective interacting vertices at the quantum level between photons are obtained. The quantum effective
action for photons is shown to be non-local in nature, a generic property in this theory.

II. WEAK FIELD LIMIT OF GENERAL RELATIVITY
A. Free-field theory of massless gravitons

The weak-field limit of the Einstein-Hilbert action in the presence of matter, considering the first-order
correction to metric (g = n + h) is given by
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where the invariance of the action under the transformation h,,, — h, +0,&, + 0,§, can be checked explicitly.
The Lagrangian can be recast as

Lgr = %hwowpghm
SO O R 4 D).
The corresponding equation of motion becomes

0P,y = 82 GTH, (I1.3)

which implies 9,0#**#? = 0. Therefore, in momentum space the operator O**#7 is not invertible, and hence, we
can not have a corresponding Green’s function. That is expected because this is a gauge-invariant theory and
the gauge has not yet been fixed which is done in the next section.

B. Gauge-fixing
We introduce the following gauge fixing term, the de Donder gauge [24],
! 0,h? 16 OshH? 18“
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where « is known as gauge parameter. With this new term, the weak field lagrangian density becomes
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Therefore, after choosing the Feynman gauge o = 1, in momentum space, the Green’s function takes the

following form

)
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From now onwards O will be denoted as O for sake of convenience. Gauge fixing could also have been achieved
using the Faddeev-Popov Ghost [33, 34] method in the path integral formalism.

III. MASSIVE GRAVITY

The unique action that describes a massive spin-2 particle in flat spacetime in which field is described by a
symmetric rank-2 tensor is
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known as the Fierz-Pauli action [35-37]. Note that when m = 0 this becomes the linearized Einstein-Hilbert
action, invariant under the following gauge transformation

Ohyu = 04w + 0,8, (IT1.2)

The above action is not gauge invariant, but will be made so by using Stueckelberg’s trick [24, 38—40] to massive
gravity action in order to restore gauge symmetry. Introducing Stueckelberg’s auxiliary fields V#, ¢ with specific
gauge fixing terms
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the Fierz-Pauli action with a source can be written as (a detailed derivation is provided in the Appendix)
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For transverse and traceless energy-momentum tensor, the last three terms of the above action vanish. This
makes vector and scalar degrees of freedom completely decoupled from interaction with matter. The propagators
of hyy, Vi, ¢ in momentum space are now
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respectively. They all behave as p% for large momenta, implying that standard power counting arguments are
applicable.

IV. PHOTON-GRAVITON INTERACTION

A. Introduction

Consider a source whose stress-energy tensor 7, ,E,C,) produces gravitational waves (GW) that travel through

spacetime to asymptotically flat spacetime and interacts with a medium of photons. Our expectation is that
the interaction between photons and gravitons captures the properties of the original source of GW.



The action for such a system would be
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where Kk = 87;%'%, F,, =0,A, —0,A, and TG=Drv ig the stress-energy tensor of photons. Therefore, the

generating functional can be written as
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By integrating out the graviton degrees of freedom, we obtain the following effective action for the photon
degrees of medium
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As can be seen from the above equation, the third piece is purely an interacting term, taking into account the
effective interaction between photons. For the time being, the interaction term is neglected; which is justified
for weak gauge fields, the action involves only quadratic or free part and reduces to
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where the last line follows from integration by parts.

B. Equations of motion
The Lagrangian density in (IV.4) can be expressed as
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Therefore, the corresponding equations of motion are given by
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where w,,, = 6“Da”, acts as a projection operator along longitudinal polarization of gauge fields. The above
equation can be expressed as
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which shows the absence of longitudinal degree of gauge field in the equation of motion. This can be checked
by decomposing the gauge field as A, = AZ + Oux where Ag is the transverse component of the gauge field
satisfying 8“145 =0, and x is the longitudinal component of the gauge field. Hence, the longitudinal degree of
the gauge field is non-dynamical and it does not play any role in the dynamics of this theory.



C. Features of equations of motion

The Sun of our solar system can be considered as a standard candle that acts as a source of a medium of
photons. The change in the polarization state of the light emitted from the Sun carries a signature of the GW
interacting with the solar photons ignoring the other light-matter interactions. In this section and later (in
section VII), we show that the photons interacting with gravitons are massive in nature. As a consequence,
under a general gauge transformation, the transversality condition is not satisfied by the polarization of the
light. Further, as shown below, the helicity of light is not conserved in a scattering process between the photons
coupled with GW in general. This principle can be used to detect GW using the polarization measurement of
the light emitted from the Sun before and after GW passes by. Here, we want to emphasize that the equations
of motion of photons interacting with GW carry the information of different properties of GW generating
sources that are captured by the stress-energy tensor of the sources, for example, for binary mergers one can
get information such as charge, spin, angular momentum and mass of these compact objects.

Another important feature that would help us to put constraints on the graviton mass and IR domain of GR
is that if we consider massive gravitons [24], the equations of motion simply turn into
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where m is the mass of gravitons which follows from the action (III.1). For photons, the stress-energy tensor
satisfies the following two important conditions

auT(szl);w =0, T(Szl) =0, (IVll)

which would kill the last three terms in the action (IIT1.4). This suggests that in the presence of photons, vector
and scalar degrees of freedom do not couple with photon degrees of freedom. Hence, they can be essentially
treated as free-fields separately. It follows that these degrees of freedom can be integrated out without having
any net effect on the effective action of photons, obtained earlier. Therefore, matching the data with (IV.10),
it would be possible to put a constraint on the mass of gravitons in a similar manner to the constraint put by
LIGO and others [41-48].

Consider a compact object, comprising an ideal fluid, emitting gravitational waves. Its stress-energy tensor is

T — (P + p)yuru” + Py, (IV.12)

where P, p are the pressure and the energy density of the matter inside the compact object. This kind of matter
could be considered for other gravitational wave sources, though the equation of states may be different. u*, a
time-like unit vector is the velocity of fluid w.r.t the observer. In this case, we obtain the following expression
for the term in the action that describes the interaction between photons and a classical source
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Hence, the action in (IV.4) becomes the following
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where A, = 5 [(P + p)uyu,] and A =n*”A,,,,. The equations of motion for the photon in this case are
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Since the action is gauge-invariant, hence, we fix a gauge 9, A" = 0. As a result of that, the above equation
becomes

— 04%(z) — F*(2)0,A" () + 4AP" (2)0, F"* (x) + AF"? (2) AE) (z) = 0, (IV.16)
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on the 4-momentum basis, the above equation can be expressed as
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a non-local integral equation in momentum space. Further, the above equation clearly shows that the dynamics
of a component of the gauge field depends on its other two components in general. The above on-shell relation
clearly suggests that k2 = 0 is not the dispersion of photons due to the presence of a non-local integral term.
Under a gauge transformation A, — A, + 0,¥, the polarization changes as €,(k) — €, (k) = €,(k) + ik, ¥ (k).
Since k2 = 0 is not the dispersion or on-shell relation, under an arbitrary gauge transformation transversality
condition is not maintained as k"¢, (k) # k"¢, (k), unlike free Maxwell field theory without gravitons. However,
it is always possible to choose a gauge in which the polarization satisfies the transversality condition as the
longitudinal polarization is not a dynamical component, shown in (IV.9). Since k% = 0 is not the dispersion of
the photons interacting with GW in this case, photons have three transverse polarizations in this case, unlike
the Maxwell field theory. This is also shown in section VII. The dimensionless functions and tensorial quantities
defined above depends on the functions P(z), p(x). Moreover, the non-locality of the above equation shows that
the amplitude of a mode at on momentum k depends on all the momentum modes. The non-locality property
of the equations of motion originates from the source functions P(z), p(x). From the equation (IV.15), we can
also write the following first-order coupled partial differential equation

oro”
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with the unknown function K(z). However, in 2 + 1-dimension, in principle, there could be another term in
r.h.s of the above equation which is of the form e#**\W(z).
Another point, we want to emphasize here is, the sign or rather the factor in front of the first kinetic term in
(IV.14) can be expressed as
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Considering the isotropic pressure, i.e., [P(k) +p(k)]k0:u€\ = [P(k) +p(k)]k0:7|];| that depends only on |k| then,
the above equation can be re-expressed as
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It can be seen that as r — oo, the above term in the parenthesis becomes one. On the other hand, for r — 0,
the above expression reduces to
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This factor essentially affects the vacuum permeability which follows from the structure of Lagrangian density
in QED. For the massive gravity theory, the equation (IV.20) becomes
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where wy = Vk2 + m?2 and m is the mass of gravitons. The above expression can also be expressed as
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D. Source free gravitons interact with photons and birefringence

If we now consider the source free gravitons interacting with photons then, 7(©* = 0 in (IV.3), leading to
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and the equations of motion become
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and the quantity jJr, = %2(8HSW) can effectively be treated as a source current. The equation (IV.26) is
similar to Maxwell’s equation in the presence of a conserved current which originates from the coupling of gauge
field with matter fields. However, in the equation (IV.26), the conserved current Jef depends only on the gauge

field. This current vanishes in the absence of gravity (k — 0). Using the deﬁnltlons of electric and magnetic
fields FY = E* and F¥ = ¢“*B* it can be shown that
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This brings out the first set of modified Maxwell’s equations in the presence of gravitons, which follows from
(Iv.28)
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The above set of equations bring out that in the presence of the gravitons, the photon medium gets polarized

with S and gains magnetization, denoted by S. These are non-linear features that could be useful for detecting
GW. On the other hand, in the case of massive gravitons, each % term gets modified to D%mz. This set
of non-linear Maxwell equations can put further constraints on the mass of graviton by a comparison of the
experimental data with the theoretical prediction.

In a birefringent medium, uniform plane waves can be decomposed into two orthogonal polarization states
that propagate at two different speeds. These two states develop a phase di_fference as they propagate, which

alters the total polarization of the wave. In this case, both the vectors S . S depend on electric and magnetic
fields (F, B) nonlinearly. As a result, the permittivities, permeabilities, and refractive indices of this anisotropic



medium strongly depend on the E, B fields non-linearly. This characterizes the birefringence property of the
vacuum [49-52]. In the case of non-vanishing sources, these quantities also carry information about the physical
properties of the compact objects, as discussed above (this follows from the linearity property of the on-shell
equation (IV.9) and (IV.10)). Therefore, the above set of equations can be used not only in the detection
process but also to extract information about compact objects like neutron stars, White—dwarfs binary mergers.
Since in the case of massive gravity theory, the mass of the graviton is involved in the j'', current, hence,
the permittivities, refractive indices, and permeabilities depend on the mass of gravitons. 1{5 a result of this,
measurements on these quantities put a bound on the mass of gravitons.

V. SCATTERING PROCESS BETWEEN PHOTONS IN THE PRESENCE OF GRAVITONS
A. Action in momentum space

Since the detection of a single graviton is very challenging from the perspective of the present technology,
our approach of integrating out the graviton degrees of freedom and writing an effective action for photons
that takes into account the interactions between photons and gravitons would be helpful since there have been
impressive advances in the field of photon detection. Now our aim is to write down the interacting part of the
action in momentum space from which the scattering amplitudes can be calculated. Here also we do not assume
any external source producing GW. The interaction part of the action in momentum space takes the following
form
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Here we compute the scattering amplitudes using perturbative technique around the free-field theory, namely the
free Maxwell theory in which photons are massless. Hence, the scattering amplitudes are computed considering
two polarization states of photons. Let us denote the polarization tensors of the photons as ¢; = e(k;, \;), where
i € {1,2} which satisfy

A (A ktkI
T W <aij - ) . (V.3)

A=1,2

However, if we take into account the quantum corrections by considering one-loop self-energy diagrams (shown
in section VII), then we need to consider the massive spin-1 degrees of freedom in the scattering amplitude
computation.

B. Vacuum to 4-photons scattering amplitude

In this section, we compute the scattering amplitude of a process in which from the vacuum, four photons
are produced with the same polarization A = 1. The scattering amplitude is defined by (f| S™ |i) with S
interaction term in the action and |i) = |0) is the initial state and the final state is H?:l at(ki, A;)|0) and the
polarizations A1, A2, A3, A4 can take any value. The corresponding scattering amplitude would be
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C. Scattering amplitude of decay process

Now we consider 1 — 3 particle decay process where initial state is [i) = a(k1, A1) |0) and final state is
|f) = al(ko, Ao)al (k3, A3)at (ka, As) |0), for which we can write (f| S™V) |i) = M where

4
M= Y /Hd4pz‘VWpa(p1,pz,p37p4)5”(1717)\1)5”(]92,)\2)5”(1037)\3)50(]?47/\4)
A Az Az Ay T 1=l

x l‘l[ D 6@ (p1 — k)6 (p2 — kp(2))6™ (ps — kp(3))8™ (pa — kp))05, 3 0525, 0% Ao O%a A

PeSs
4
> 0 —kn)d Dk —pa)ds, 0 05 T 0w = pa)ds W)
m,n=2 m’#m,n'#n€{1,2,3}
— 305, 5,0 (p1 — pz)[ Y S 0W ks = k) (65,5, 6@ (1 = ms)b5, 60 (03— mo)
m=2,3,4
+ 6}\3,)\,” 6(4) (p3 - m>)55\4,)\7n< 5(4) (p4 - m<)):|
205, Alé( (p1 =3 [ Z 021 A 5( km)(‘sh,xm ot (pa — m>)55\2,>\m< o (p2 —m<)
m=2,3,4
03, 00 (02 = m2)05, 0D (o1 = mo))]
SRS S0 - ) (03,0, 0@ (02 = )05,y 6D (o1 —me)
m=2,3,4

m\w

V2w; (2

where if m = 2 then m« = 3,m> =4, if m = 3 then m« =2, ms =4 and if m =4 then m. =2, m> =3 and
m/,;n’ can take one value at one time only.

4
+ 6A1, 5(4) (p1— m>)5i4,,\m< 5(4)(174 - m<))H X (27T)45(4) (p1 —p2 — D3 —Da H
=1

D. Features of scattering amplitudes

Up to one-loop, all scattering amplitudes shown above are proportional to k2 = wc—ZG which is O(107%3).
This is very small in magnitude for measurement in any scattering experiment. However, using weak value
amplification [53-55] this magnitude can be amplified through suitable pre-selected and post-selected scattering
states, shown below.

Another interesting aspect of these scattering processes is that the helicity of photons through these processes
is not conserved. This was first shown in [16], and the reason behind this will be discussed below.

The other feature found is that the vertex function Vs (k1, k2, k3, ks) contains a factor of m which

shows an IR pole at ks + k4 = 0 that can be avoided by adding soft photons [56, 57]. This also happens in QED,
although their vertex function does not have any poles in momentum space. Note that this feature is in-built
in photons due to interaction with massless gravitons since asymptotically the interaction term in the action
is non-zero for soft gravitons, but this is not the case for massive gravitons. Therefore, one would expect the

absence of the IR pole for massive gravitons. This is indeed the case as there we need to replace W by

1
(k3+ka)2+m?2 "

E. Duality symmetry

One of the beautiful features of Maxwell equations in free-space is that it has the symmetry of exchanging
electric and magnetic fields. Maxwell equations in free-space are symmetric under the following continuous
transformation, known as dual transformation [58-62]

—

E — Ecosf + Bsinf, B — Bcosf — Esin, (V.6)

where 6 is an arbitrary angle.
A concrete analysis of conserved quantity (Noether’s charge) corresponding to this continuous symmetry
revealed that the pertinent pseudo scalar integrated over a spatial hypersurface represents the difference between
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the number of left- and right-hand circularly polarized photons which is nothing but optical helicity. Hence,
this duality symmetry leads to the conservation of helicity of light [63-67].
In standard Maxwell’s electromagnetism

1 1, =
L=— FapF = J(E - B?), (V.7)
corresponds to free Maxwell equations
1
0aF?% =0, 0o x F* =0, PP = Se*F,. (V.8)

It is important to note that coupling of matter with photon breaks this symmetry. If Lagrangian acquires a
term j¢A, which implies equations of motion become

OuFP = —jP 0y x F*P = —j5  (magnetic current). V.9
B M

Now we define two Lorentz invariant quantities

1 L - 1 Lo
I, = —§FaﬁFa5 =E*-B% I, = —5 F*PF,5 =2E.B, (V.10)

which are important for the subsequent discussion. Note that

Lovee = %m(é.ﬁ) - %11. (V.11)
Under the dual transformation
Iy =11 cos20 + I5sin 260, Iy — I cos 20 — I sin 20, (V.12)
the Lagrangian density transforms as
Ltree — Liree €08 20 — i * FOPF,5sin 20. (V.13)

Although the above transformation changes Lagrangian density, the Maxwell equations remain unchanged since
x FOPFo5 = 20,(xF*P Ap), (V.14)

where we have used the on-shell relation 9, * F'“? = 0 for free-space. Considering the infinitesimal version of
the transformation (V.13)

»Cfree — »Cfree - eaa(*FaﬁAﬁ)a (V15)
it can be seen that Lgee changes only by a total derivative which therefore is a symmetry transformation and
J¥ = xFPAg, (V.16)

is the corresponding conserved charge in the absence of sources. In the presence of sources,

1
Do J® = Do x FOP A5 + 5 ¥ FoPF,4

= it A — Iy #0.

(V.17)

J® is no longer a conserved current. In the presence of gravitons we have a non-zero source which is
2 =

jgff = 50,8", (see (IV.26)), which guarantees that E.5 # 0, thereby bringing out the violation of helicity

conservation [68, 69].

VI. WEAK MEASUREMENTS

Each physical quantity A in quantum mechanics can be described by a Hermitian operator A in the Hilbert
space of a quantum system S. Ideal (or projective or strong) measurements of that system S are known as the

projection postulate. An arbitrary state of the system is in general not an eigenstate of the observable A, but
rather a linear superposition of a complete orthonormal basis states |a,) with [¢)) = >~ ), |ay). The interaction

Hamiltonian is H = Xp ® A with the interaction strength |x| < 1, where p is the momentum operator of the
device and A is the operator whose expectation value needs to be measured. An ideal measuring device possess
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well-defined initial (p;) and final (py) values of momentum with Ap as the width (described by a gaussian state
|¢i)). The difference (py — p;), is the device’s pointer reading, which indicates the value of A. If Ap is much
larger than the spread of the eigenvalues {a,} then it is in the “weak measurement” domain [70-74]. Aharonov,
Bergmann, and Lebowitz defined pre- and post-selected measurements. An ensemble of quantum systems is
pre-selected in the state |¢;). All ensemble members have gone through a measurement of the observable A
and it may be a weak or strong measurement. Finally, a projective strong measurement is performed on the
ensemble. The final measurement is projective of a variable with a discrete, non-degenerate spectrum. That final
measurement leaves the system in one of the orthogonal states. Hence, the possible outcome of the measurement
A is a function of both the pre- and post-selected states of the system. This measurement procedure is known
as a pre- and post-selected (PPS) measurement.
After post selection with the pre-selected state |¢;) = " 1y, |an), the state of measuring device will be:

16s) ~ (b [a) / e XA |y (VL1)

The device measures the quantity (A),, = %, known as the weak value [75, 76] where (4), < % and

[¢f) is the post-selected state. This is the Aharanov-Albert-Vaidman (AAV) limit.

A. DMeasuring scattering amplitudes using weak measurement protocol

In the scattering amplitudes we are interested in measuring the quantity (f|¢) where |i) is the initial state
at past infinity ¢ — —oo and |f) is the final state at future infinity at ¢ — oo or in the Schrédinger picture

(fl e~ifAT i) |70 = (f] S|i). Therefore, if we choose the operator A in weak measurement protocol to be

the scattering matrix S, and choose the initial state to be a many-particle state |i) = |k1,k2,...,kn,) and a
post-selected state |f) = (1 —¢€) |l1,...,ln) + V2€|k1, ka, ..., k) such that € < 1, we have

(L= (s os | STk k) + V26t k| SRy Eim)

(A)y = (S)w =
) v2e (VL2)
=~ ﬁ<l1,...,ln|8‘]{11,...7k‘m>,
which is a scattering amplitude of m-particle state with momenta k1, ..., k,, to n-particle state with momenta
li,...,1, and an amplifying factor \/% This facilitates the measurement of scattering amplitude or cross-

sections of any process in the theory through the weak measurement protocol by suitably choosing a channel
with a collection of particular initial and post-selected states. Using the cascaded weak measurement strategy
[77], (S)w can be amplified by O(10'2). The above weak-amplification holds as long as the pre- and post-
selected states are not completely orthogonal to each other, as mentioned above. Thus, separating out such
pre- and post-selected states play a vital role in weak-measurement. Because of this amplification of scattering
amplitudes due to the weak measurement, probing the features of scattering processes becomes relatively easier.
Hence, the weak measurement of scattering amplitudes in the scattering processes between photons would be
useful in the detection of GW interacting with light [78]. The crucial role of GW in probing Cosmology was
pointed out in [79, 80]. This puts into perspective our proposal that weak measurements on astrophysical and
cosmological photons interacting with GW improve the detection of GW significantly.

VII. EFFECTIVE ACTION

In order to take into account the quantum corrections, quantum effective action is obtained here by a one-loop
computation.

A. Self-energy of photons

Figure.l depicts the one-loop self-energy diagram, computed using Feynman diagrammatic techniques and
equal to

. d*k n'r
=i | og Viwpo (0, K kD) 75—, (VIL1)
(2m) k% 4+ p
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FIG. 1: 1-loop self-energy diagram

where p is mass-regulator of photons. This implies that the diagram can be mathematically represented by the
following expression

, 'k 1 1
—ir? / ( B [— (0-k)* Mo — " kb + Pk, +p"€p#’“"}

2m)A k2 4+ p? (p+ k
(i + w(0)> /01 dr 2 (1 L (p%(l - Z)J\f(l — x))> (VIL2)

(2] [ st (1 (PO ]

where T', ¥ denote Gamma and Euler’s function, respectively. A is the momentum scale (effective scale) up to
which this theory is valid and e =4 — D.

We can now safely take p = 0 since there is no IR divergence when p = 0. From the above expression,
the divergent part can be omitted by adding suitable counterterms and we are left with a finite part whose
contribution is

1
= —52[(172)277#0 - P2Pupa] W

1 1 2 0 1
_52[(])2)277”0 _ pZPMPU}W (C —3 In 47]:/\2) , C= ? — % + 1. (VH.3)

Therefore, the quadratic part of the effective Lagrangian density of photon degrees of freedom (after integrating
out the graviton degrees of freedom) up to one-loop becomes

r® __EF FHEY 4 2 AR _d1 il 0o, o, — _dl —o 02| A¥
ers =~ Fm K a—a'ln— .00 a—a'n—s | N
(VIL4)

0O -0
A, (O — 970" + 52[ (a —a'In 47TA2> ao*o” — <a —a'ln 47TA2> nWDZ}

1
54 A,

Note that taking into account the quantum correction of photons up to one-loop generates the non-local In ﬁ
1

term in the quadratic part of the effective action with a = # and o/ = PIerH (follows from transversality
condition). A similar kind of non-local term is recently found in effective field theory GR in [81, 82].

We now calculate the dispersion relation (on-shell) due to quantum corrections which take into account
effective interactions with gravitons. But before that, we need to choose a gauge and in this case, we choose

the Lorentz gauge 0, A" = 0, due to which the effective Lagrangian density up to quadratic part becomes

1
CQ

@ = A,. (VIL5)

D,r};u/ _ Ii2 a—ao ln —U anDQ
4T A2
Therefore, the dispersion relation of photons becomes

k2
k> (1 + K2 <a —a'In 47TA2) k2) =0, (VIL6)

which has 2 branches. One of them is usual photon dispersion relation in free-field theory k? = 0 and other is
the non-trivial scale dependent dispersion relation

k‘2
1+r%(a—a'l k* = 0. VIL7
+K <a o'ln— A2> ( )
Thus, the above dispersion relation becomes

k? = 4rA2e2 Ve (5 ), (VILS)
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where Wy (x) is the W-Lambert function, which has a non-zero imaginary part that shows that photon am-
plitude decays exponentially in time. A similar dispersion relation for gravitons in the effective field theory of
GR was recently found in [81], [82]. The existence of massive photons is shown here without the non-minimal
coupling of photons to curvature or dark-energy [83]. Scale dependence of this dispersion in low-energy theory
implies large-scale anomalies that are consistent with the observations [84, 85]. Further, the non-zero imaginary
part of Wy (x) implies that photons are unstable in nature and decay into other photons which explains why
the CMB spectrum would not fit the near-perfect thermal curve [86]. Further, the real part of Wi4(z) also
implies that photons interacting with gravitons, also have longitudinal polarization.

However, the presence of graviton mass gives one additional scale which is completely independent of the
Planck length scale x and this new scale depends on the Cosmological constant [87, 88]. In principle, this could
also come self-energy contribution to the graviton field from the inflaton field [89, 90] which leads to inflation
of the Universe at a very early stage. In order to see how this new scale emerges into effective action at the
quadratic level, we need to replace in (VIL.2) (p + k)% — (p + k)? + m? which modifies (VIL.3), the finite part

1 |5 1 3m? 3m* m° p? 4+ m?
21 2)2 2
=~k [(P°) Nuo — P pupo](47r)2 lC— (2 + ﬁ + w T 2p6> In <471'A2>

+3m2 1 m? L1) 4+ 3m? 1 m? n 1 n 1mS 1 m?
—(In| ——= —(In| ——= - ——In|——=
2p? 4 A2 2p* 4 A2 3 2 pb 4m A2

where p* = (p?)2, p% = (p®)% and C = C — %;w(l). The above expression leads to the inclusion of following
non-local term in the action (in momentum space representation)

(VILY)

9

1 5 1 3m? 3m* mS —O0+m?
2 AMIO _ 0l |- (=== =2 7 _—_ 7
KA 00,8y = My ](47r)2 ¢ (2 oot oo 2D3>ln( 4 A2 )
3m? ! m? L)+ 3m* I m? n 1 1m61 m? » (VIL10)
——|In|{ —= — |In{ — — |l —==In|——= .
20 47 A2 2002 47 A2 3 203 4m A2
However, choosing 9, A* = 0 gauge leads to the following contribution
1 5 1 3m? 3m* mb —O0+m?
2 2
—k“A,0 —|lz-———+— = |In| ——
T )2 [C <2 oot oo 2D3> n( A7\ )
II.11
et (o (L (N 1y _amt cwN]
20\ \ 47A2 202 \"\4xa2) T 3) 208 7V \4nA? '
Taking into account this quantum correction gives the following on-shell condition
1 5 1 3m? 3m* mb p? +m?
2 2 4
o2 2 T g (R
PR e [C <2+ 2 ot +2p6) n( ArA? )
+377n? In m72 +1 +ﬁ In m72 +1 +1m761n m72 —
2p? 4m A2 2p* 4m A2 3 2 pb 47 A2
1 |5 (3m? 3m* mS p? +m? 1 p? +m? 3m?  m*
2 2, 4
= +—+—]In[|——— ) — =1 — | =0.
T Gy [C (2;02 Ty +2p6) n< m? > 2 n( drA? )+ 27 oyt | 7
(VIL12)

Although, we do not give an analytic expression of the dispersion relation, however, it can be easily checked
that apart from tree-level dispersion p? = 0 there exists another dispersion relation for photons, shifted in the
complex plane to a point which depends on the ratio of k,m? to A% (see examples of higher derivative gauge
invariant theories in [91, 92] containing massive spin-1 particles).

The above expression also suggests that after considering one-loop correction, the propagator of pho-
tons would be ﬁ(zﬂ)’ where Y(p?) is the self-energy of the photon. A nice property of the the-
ory, apart from IR modification, is that in the UV limit the propagator essentially becomes %
W. This shows that the degree of superficial divergence of any Feynman diagram is reduced by
A ey
(2 x number of photon propagators in that diagram). Hence, taking into account quantum corrections at the
one-loop level modifies both the UV and IR limit of the theory significantly.
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FIG. 2: 1-loop vertex diagram

B. Effective interaction Vertex

Figure 2 depicts the one-loop vertex diagram, which is computed next. The diagram corresponds to

d*k n nPo
- (27’()4 ? (p — k)2 Vuuaﬂ(plap% k7p - k)v’yﬁpa(kap - kap3ap4)a (VIIlS)

where p = p1 + p2 = p3 + ps4. Therefore, we need to compute the following expression

10" Vywap(p1,p2, k. p — k) Vysp0 (k. p — K, p3, pa)
= [p1 P2k (p = E)nun® = prpanuwk® (0 — k)T = k.(p — K)n"° prupau
+ P12k’ (p — k)Y = pr.pak.(p — k)8705 + p1.pad) kS (p — )y + p1.p26k,(p — k)7
— 102k (p — k)y + k.(p — k)07 pruph — p2.(p — k)8 p1uk® — prupdku(p — k)
+ p2-(p — k) °proky + k.(p — k)30 p] pay — P2k’ (p — k) — p1.kS)pau(p — k)7

(p—
+ 1.k oy (p — k) — k.(p — k)1pipS + pa-(p — k)0l K + p1kn,pd(p — k)?
2

VIIL.14
— N’ p1.kpa.(p — k)| =5 7 ( )

K
X —5 | k.(p — k)P3.panysTps — k(P — k)Ny6P30Pap — P3-Patlpoks(p — k)~ + ks(p — k)4 D30Dap
— k.(p — k)p3-panypnise + k.(p — k)nypp3epas + k.(p — k)Nsop3ypap — k-(p — k)Npop3ypas

+ p3.panpks(p — K)o — (0 — k). panypkspse — ks(p — k)op3yPap + (0 — k).panpoksDsy
+p3~p47750/€p(29 - k)’y - kp(p - k)’yp30p46 - k«PB%a(P - k)’yp4p + k~p377pa(p - k)'yp45

— p3-Patlyskp(p — K)o + (P — k).panyskppso + k.p3nye(p — k)opap — nyenpek-ps(p — k)m} :
The computation of each integral coming from such a large expression would be very cumbersome. Therefore, we

compute the integral of the most general term from which, in principle, all the above terms could be computed
by contractions. The most general form of the integral that we need to compute is of the following form

D
/ (;lﬂ_)kD kg(pl_ k)gkakb(p - k)c(p - k)d

—papbpcpd/ dPk /1 a:2<1—a:)2 _dr +p / dPk /1dx (1 —z)2k°k?
@2m)P Jo [k +pPx(l- @2mP Jo K +pPx(1l —2)]?

D 1 o a,b b c cd Dp. 1 apbrcird
/(dk/dxx(l ) (kpb + kbp )(kp+pk /d) /dx[ KOk ke
0 0

2m)P (k2 + p?x(1 — z)] 2m)P k2 + p2x(1 — )2

b de, 1 2krkd
TP / <2w>D/o d”“[kup?x(lfm)]?’

where D = 4 —¢ in dimensional regularization. Computing each integral separately and taking only finite pieces,
it can be shown that above expression takes following form

(VIL15)

[pap pcpdl-(hnlte) + (pcpdnab + papbncd>z2(ﬁnite) + Iiﬁnite) _ Iéﬁnite)]’ (VIIlG)
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where

I(ﬁnite) _ 1 [¢(0) B i]n p2 ﬂ} (finite) _ nabp2 B i N p2 E

! (4m)2L 30 30 4mp2 ' 90017 2 80(47)2 10 4mp? 75

stmite) _ 0P 40" p"pe + 0" pp? + " ppt p? {i _l P ﬂ}

3 4 (4m)2 130 15 4mwp2? - 450

1 WP 00 1 ; o (VIL17)

gifinite) _ L abcd | oac bd , ad bey \P _ P il

4 U e (T30 T 15 M ame oo

2]74 ab, cd ac, bd ad, bc 1 1 p2 47

. A C c N[ — - —In _ =
(M ) 55 - s 50 )

and « is just a numerical coefficient. In the effective action, in place of p?, one just needs to write —O and

each p® term must be replaced by —i0d®*. This shows that the quantum correction of the 4-point vertex in the

effective action also contains non-local terms because of the presence of In ﬁ7 where p is the momentum scale

up to which this theory is valid in a perturbative manner.

VIII. CONCLUSION

The principal aim of the present article has been to bring out the various features of the interaction between
photons and gravitons that can be used in astrophysical observations. The effective action for photons, developed
here, captures possible interactions between photons and gravitons at the quantum level. Furthermore, it is
shown that through the weak measurement protocol one can enhance the strength of the scattering amplitudes
or cross-sections of the scattering process between multiple photons which would make it possible to be measured
in the laboratory. Polarization measurement of photons will also be able to capture this interaction, an idea
also suggested in [93, 94]. Though S-matrix elements of photon-graviton interaction were calculated before in
[95-97], here we have used a different approach in which instead of measuring gravitons directly, inferences can
be drawn from measurements on photon states, a task comparatively easier to achieve in current experimental
scenarios.

We have also shown how Maxwell’s equations get modified in the presence of gravity. This can capture the
properties of the source of GW, such as compact objects, binary mergers, in terms of their stress-energy tensors.
Vacuum birefringence property [49-52] is seen to have emerged from the modified Maxwell’s equations where
polarizability and magnetization non-linearly depend on the electric and magnetic fields. The results due to
gravitons from GR were consistently compared with massive gravity theory which is an IR modified version of
GR. This will put a bound on the mass of gravitons, and by studying graviton-photon interaction using photon’s
effective action in (IV.4), one can suitably modify the IR domain of GR.

Finally, the modified dispersion of photons has been computed by taking into account one-loop quantum
corrections both in the case of massive and massless gravitons. This dispersion is shown to be scale-dependent
(these scales are basically Planck length scale or Planck mass and graviton mass scale), coming from the presence
of non-local terms in the quantum effective action at the quadratic level. Tt is also shown in (IV.17) that the
light-matter coupling gives a non-trivial dispersion of photons that depends on the details of the stress-energy
tensor of GW sources.

The backreaction, the effect of the stress-energy of quantum fields on the curvature of the background space-
time on which fields are propagating is described by the semiclassical Einstein equation G, = (: T, :) [98]
where : : is the normal-ordering operation. In the present discussion, we do not consider the backreaction since
we restricted our discussion to the low energy theory. This follows from the fact that the higher-order interaction
terms between gravitons and photons are omitted from the action as the mass-dimension of the gauge fields is
one. In our construction of this low energy theory, the relevant degrees of freedom of the system are identified
along with the interactions that are compatible with the expected symmetries. However, at low energies, the
most important terms in the action are those that are least suppressed by powers of the scale .
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X. APPENDIX
A. Free Fierz-Pauli Action

The Fierz-Pauli action that describes a massive spin-2 particle in flat spacetime by a symmetric rank-2 tensor
is

1 1 1
S = /d%[ - 5amWaAhW + 0, hyn 0" B — 8,0 8, h + §8Ah8Ah - §m2(hwh‘“’ —h?)|. (X.1)

Note that when m = 0 it becomes the linearized Einstein-Hilbert action which is invariant under the following
gauge transformation

6huu = ugu + 8V€H' (XQ)

Though the above action is not gauge invariant, using Stueckelberg’s trick, it can be made gauge invariant.

B. Equations of motion and Degrees of freedom

The equations of motion corresponding to the action (X.1) is
Ohy — 030uh™, — O60uh™, + 0w Ox0s ™ + 8,0y h — 1 Oh = m? (b — Ny h). (X.3)

The l.h.s of the above equation consists of the linearized form of the Einstein tensor G, = R, — %gWR and
has zero-divergence. Hence, acting 0* on it, we obtain

m?(O"h,,, — Oyh) = 0. (X.4)
Since m # 0, we obtain the following constraints
0"hy, = Oyh. (X.5)
Plugging (X.5) into (X.3) gives the following equation
Ohyy — 0,0 h = m2(hW — Nuh). (X.6)
Trace of the above equation gives
Oh —Oh = -3m*h=0 = h =0, (X.7)

which means h,,, is traceless and transverse. Further, using traceless and transverse property of h,,, we obtain
the following equation of motion

(O-— m2)hm, =0. (X.8)

Therefore, the equations of motion give us ten wave equations and five constraints. Hence, in four dimensions,
we have five degrees of freedom; these degrees of freedom are nothing but the massive spin-2 gravitons.

C. Propagator
In order to find the propagator of massive gravitons, we express the Fierz-Pauli action in the following form
S = / d%%hu,owﬁhw, (X.9)
where

Ow:xﬁ = (77(377”[3 - 77””7]04/3)(5 - m2) - 28(“8((1771%) + auaynaﬁ + aaaﬂn“”~ (XlO)

Therefore, the propagator denoted by Dy, is defined in the following way

O P D o = 5 (8455 + 5503, (X.11)
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As a result, in momentum space the propagator takes the following form
i

1 1
Dap.ox = TR m? [5(7)&073@ + ParPso) — 5PapPoxr|; (X.12)

3

where

PaD
Pap =Tl + 5 (X.13)

It shows that in high energy limit (large momenta limit), the graviton propagator behaves as

1 papspepr _ P*
Daﬁ70')\ = p2 T m2 ma = ma (X14)

which implies that standard power counting rules are no longer valid. This seems to suggest that the renor-
malizability of this theory is not guaranteed. However, it is not true which can be shown explicitly using
Stueckelberg’s trick.

D. Stueckelberg’s trick

Here we briefly review the technique introduced by Stueckelberg to the massive gravity action with a source
in order to restore the gauge symmetry. For the sake of simplicity, we write massless terms in the Lagrangian
density separately

1
S = / d%{cmzo - §m2(hm,h”” — h?) + kh, TH . (X.15)

It is well-known that the massless gravitons have gauge symmetry which is broken due to the presence of a mass
term in the above action. Now we introduce a new field V,,, known as the Stueckelberg field using the following
field redefinition

By = My + 0V + 0,V (X.16)

Note that under this field redefinition, £,,—o remains invariant as it is invariant under the infinitesimal diffeo-
morphism (X.2), however, the other terms do change and we obtain

S:/d‘lx

1 1 .- -
= / d*x [£m=o - §m2(hwh’“’ — h?) —2m?2(h,, 0" VY — hd, V) — §m21~1wFW + Khy, TH — 2mvﬂayTW],

1
Lm0 — 5m2 [(hw + 0,V + 0V, (WY + 0"VY + 0" VH) — (h +20,V*)? | + kh TH — 26V,,0,TH

(X.17)
where
F.=0,V, —0,V,. (X.18)
Note that the above action (X.17) has the following gauge symmetry
huw = hyw + 0py + 00 €, Vi = Vi — & (X.19)

We can fix it to V, = 0 and recover the original action. Therefore, both the actions (X.15) and (X.17) are
equivalent. It is important to note here that if we try to take the m — 0 limit, it does not go smoothly as one
degree of freedom is lost. Hence, we need to do a similar kind of transformation one more time. This is of the
following form

Vi =V, +0ué. (X.20)
With the above transformation, the previous action (X.17) becomes
1 1 5- -
S = / d4x[ﬁm:0 - §m2(hw,h“” —h?) - imQFWFW —2m?(h, 0"V — ho, VH)

(X.21)
— 2m?(hy, 00" ¢ — hOB) + Kby, T — 26V,0,TH + 25(;56#8,,T“”} :
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The resultant action has two independent gauge symmetries

hpw = by + 0,60 + 0,6, V= V=&,

X.22
Vi—=V,+0u\, ¢ = ¢—A. ( )

As before, we can fix the gauge ¢ = 0 and recover back the action (X.17) which implies that the action (X.21)
is equivalent to the action (X.17). Hence, with the new additional fields and gauge symmetries, the new action
does the same job as the original one in (X.15).

Using the following set of scalings

1 10)
V.o =V I X.23
H m‘“¢ m?2’ ( )

the action (X.21) can be expressed as

1 1
S= / d* [ Lo - 52y = ) = SF PP = 2m(hy, 0" VY = ho, V")
i} § (X.24)
= 209" ¢ — hOG) + Ky T =2V, 0,7 + QWQZ)@M&,T‘“’} :

with the following gauge symmetries

hpw = Py + 0,60 + 0,6, V=V —mé,

) (X.25)
Vi = Vi +moA, ¢ = ¢ —m A

Since the stress-energy tensor of the source is conserved 9,7%" = 0, in m — 0 limit, we obtain the following
expression for the resulting action

S = / d*x {cmzo - %FWFW — 2(hy, 00" ¢ — hO@) + Kh,, TH|. (X.26)

In order to count the total number of degrees of freedom, we make a conformal transformation which is of the
following form

(mw + h/w) = Q(nuu + h;w) = (1+1I) (n;w + h:w)
=N + h;w + Hn;w (X27)
— h/'“’ = h;,”/ + HT]W,,

where II is another scalar. Hence, this is nothing but the redefinition of the field A,,. Under this transformation,
the massless Lagrangian £,,—¢ becomes

Lim—oh] = Ly—o[W] — O\IO h' — 20,TIOM + 20, TIO\W'** + 0, TTOMTT — 9, IO b/
— 40, W" 9,11 — 40, TIOMTT + 40\ TTOMH + 8O\TTOMI + wIIT (X.28)

= Lol +2[0,0" 1 — O, 9,11 + gaunaun} + KIIT,

whereas the action in (X.26) becomes

S:/d‘laﬁ

1
= 5B B = 2(1y,, 010”6 — 1'DG) + 61106 + ki, T + wTIT

Lon=olW] +2[ 0,01 = 0,1 0,11 + gaunaun}

(X.29)

Further, considering IT = ¢ cancels all the coupled tensor-scalar terms. An integration by parts, yields the
following action

1- = 1 1
5= / A [Lpmoll) = FEu B = 50,608 + b, T + %QZ)/T}, (X.30)

with the following two independent gauge symmetries

h:LV - h;;v + 8/151/ + auﬁ#

L (X.31)
V= V) + 9.,
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where V, =V = VaVi,, 6= ¢/ = /40,

Hence, in four dimensions, we have one massless graviton which possesses two degrees of freedom, one massless
vector field which also possesses two degrees of freedom, and one massless scalar, in total making 5 degrees of
freedom.

If we now consider the massive action (X.24) and make the same transformation (X.27), we obtain the
following action

S = / d*z [gmzo[h’] - 1m2(h;uh’w — %) - %FWFW +3¢(0 4 2m*)¢ — 2m(h},, 0" V" — K9, V")

2 ) ) (X.32)
+3(2mgd, V" + m2h ) + kb, T + kT — —kV,d,T" + —2@6#3,1“”} .
m m
The gauge symmetries now read
oh,, = 04y + 0,€ + mAn,,, 0V, = —m&, + A (X.33)
oV, =0,A, 0¢ =mA.
We now add two gauge fixing terms to the action
1 2 1 2
SGFl = —/d4$ <6yhluy — iaﬂh/ + mVM> 5 SGF2 = —/d4$ <8HV“ +m <2h/ + 3¢))> . (X34)
Introduction of these gauge fixing terms make the action diagonalized
1 1
S+ Sar1+ Sar2 = /d4x|:§h;“,(|:| —m®)h/* — Zh/(D —m*)h + V(3 —m?)V* 4 3¢(0 —m?)¢
(X.35)

2 2
+ khy,, T + k¢T — EKV/‘&’TW + WK@‘%&/TW )

I

This is the Eq. (III.4) in the main text. As a consequence, the propagators of R

space become,

Vi, ¢ in the momentum

L + = ) b w1 (X.36)
P2+ m2 2\ mellB T luplve = uvllag )y =5 5 e 6(p? +m?)’ '

which all behave as 1% for large momenta. Therefore, the standard power counting arguments can be used in
order to renormalize this theory.
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