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100 + n years of General Relativity:

The curvature is determined from Einstein equation:

Rab −
1
2
R gab + Λ gab = 8πTab

The motion of the test matter in the curved geometry is described by the geodesic equation:

d 2xa

dτ 2
+ Γbc

a dx
b

dτ
dxc

dτ
= 0

The space time is a Lorentzian manifold M ,gab( )



Remarkable success of General Relativity:

The `classic’ tests:

1. Precession of perihelion of mercury.

2. Bending of Light.

3. Shapiro time delay and the speed of gravity.

4. Tests of Equivalence Principle 

The recent tests:

1. Gravitational Waves aka LIGO

2. Imaging the Event Horizon

All these tests show that the 
Post Newtonian parameters 
agree with the GR prediction 
with `good’ accuracy

3. Gravity Probe B experiments

All these tests show that the 
system is consistent with the 
prediction of GR!



Why do we still expect physics beyond GR:

General Relativity is `Perturbatively’ Non Renormalizable: It may make sense only an effective field  
theory, with new counter-terms and couplings at each new loop order. 

Higher curvature terms in action:

L = 1
16π

R +α  O(R2 )+ β  O(R3)+ ...( )
Point of View   : Stop at finite number of terms, treat this theory as a classical theory 
                          with new phenomenological constants with appropriate dimensions 
                          of length.

There is always a possibility of new degrees of freedom beyond the metric:
Scalar-Tensor Theories, Einstein-Aether theory, Non Minimal coupling between matter  
and geometry.

Exotic possibilities:
Violation of Lorentz invariance/equivalence principle. Massive graviton, Infinite derivative  
theories, non local action! 

But there are strong constraints on any extension of physics beyond GR. (BGR-Physics)



Constraints from Consistency!



Consider the challenges to Higher curvature theories:

General form of the Lagrangian:

L = 1
16π

R +α  O(R2 )+ β  O(R3)+ ...( )

In 4 dimensions, the most general quadratic Lagrangian is

L = 1
16π

R +α  R2 + β  R abR
ab( )

Unlike GR, this theory does not contain only the usual massless (long-range) spin-2  
graviton field but also, in general, two massive (short-range) fields with spins 0 and 2.

Expand the metric over the flat space: gab =ηab + χ  ηab + hab
(E ) +ψ ab
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ZG = g gF—(R),
where n, P are some coupling constants, g:= detg„, and
R = g R„.Finally the F in Eq. (3) is in principle an
arbitrary function of the curvature scalar R. However,
later on we will take F to dier only slightly from the
Einstein value R, that is, F = R+ nR with a[R~ (( l.
See Ref. [12] for a treatment of the F = R+nR2 theory in
vacuum and the Ref. [16] together with references therein
for generalizations to arbitrary F(R) in the presence of
particular forms of matter.
The structure of the paper is as follows. Section II

contains a brief review of higher-derivarive theories to
the extent needed in this paper. The field equations for
the theories in (1), (2) and (1), (3) are written down,
and their spectrum is explained. With the procedure
that enables the recasting of these field equations into
Einstein type ones we obtain the basic result that is used
in Sec. III for the comparison of the gravitational field
of global monopoles, cosmic strings, and domain walls in
Enstein's theory, and in the quadratic R + aRz theory
with n~R~ (( 1. Section III also contains at the beginning
a brief introduction to the topological defects. Finally in
Sec. IV we conclude with a brief summary and comments.
Throughout this paper we use the conventions 5 = c =

1, metric signature (—+ ++), Riemann tensor R b,d '.——
—Bgl g, +,and Ricci tensor R~g .= R'«g.

F'G„= rT„~ l + 2g~ (F—F'R —2F'„'".) +F', (6)

where F' = BF/BR and G„=R„—zg„R is the Ein-
stein tensor. The trace of this equation is

3F.'„&+F'a-~F = Kr~ ~. (7)

B. Spectrum of quadratic theories:
Weak gravitational limit

VA would like to stress here the fact that quadratic the-
ories do not contain only the usual massless (long-range)
spin-2 graviton field but also, in general, two massive
(short-range) fields with spins 0 and 2.
This spectrum can be easily recognized in the case of

ZG of Eq. (2) when one writes the field equations in the
linearized weak field limit using a convenient gauge (co-
ordinate system). Indeed following Teyssandier [17] we
have that g„can be decomposed in the weak gravita-
tional limit (where g& ——g& + h& with ~h& ~

(( 1) as
gpv = nI v + "„+Xgpv + Qpv (8)

with the field equations

( —mo)y = srT, m—o .——6m+ 2P,

( —mi)g„= 2r(T„—iTq„), mi:= —P,
and the gauge conditions

II. THEORIES WITH HIGHER DERIVATIVES

A. Field equations

(E)x&~)=0
(Q' —/pic ), b = 0.

(10)

We shall give now the gravitational field equations for
the higher-derivative theories given by Eqs. (1), (2) and
(1), (3). The field equations for g~ are obtained by
varying the action corresponding to Eq. (1) with respect
to g"" and contain derivatives of the metric up to the
fourth order. For the case of ZG of Eq. (2) they read

n,(1+2nR) R„,— g„R +—R—g~2 ) 2

2a. + — g„R,p'" —(2n + P)R,„( pl
2)

Here indices are raised and lowered with the Minkowski
metric tensor and the operator & is the Minkowskian one.
One recognizes in Eqs. (8)—(10) the usual Einstein con-
tribution h~~ l, that is, the graviton field, which has two
degrees of freedom; then, a scalar field y with mass mo,
which obviously has one degree of freedom and appears
as an overall conformal factor (in the considered approx-
imation); and finally, the massive tensorial field g„with
mass mi, which turns out to have five degrees of freedom
(note that in contrast with h~ its components satisfy
only one gauge condition) and thus possesses the stucture
of a massive spin-2 field. In order to keep the "mass" pa-
rameters mo, mi real we shall demand the no-tachyon
constraint

+PR~ p
~ R~qR~ ig„+2PR~qR~~ 3n+P ) 0, P(0.

Note that the trace of this equation is an inhomogeneous
massive Klein-Gordon equation for the curvature scalar
8

(6m+ 2P)R,„'"—R = r.T~

Finally, the field equations for the theory [(1) and (3)]
can be written as

We leave for the next subsection the case of the La-
grangian in Eq. (3) where we will go beyond the weak
gravitational limit and we will see that the spectrum of
this theory consists of a graviton and a massive interact-
ing scalar field.

C. Reformulation of quadratic theories

Interestingly enough, in addition to g„ there is an
alternative canditate for the metric field of the spacetime
[13,14], namely, the p„„,which is the inverse of p" where

The field equations can be expanded as, Audretsch et. al. PRD 1977,



The theory has ghosts unless:β < 0; 3α+β > 0

An interesting theory: L ~ R +α  R2 − 3R abR
ab( );  α  > 0

This is a theory which has no scalar mode, but has a massive graviton mode which is not a ghost

Important constraint: The Positive mass theorem, stability of the flat space! 

The Positive mass theorem in GR asserts that assuming the dominant energy condition, the mass of 
an asymptotically flat spacetime is non-negative; furthermore, the mass is zero only for Minkowski 
spacetime. Schoen, Richard; Yau, Shing-Tung 1979, Witten 1981

What is known about the Positive mass theorem of such higher curvature theories?



There is one old result for the theory: L ~ R + 1
2β 2  R2 Strominger PRD 1984

The theory have non-negative energy (both ADM and Bondi mass), provided there exists a spacelike 
hypersurface on which  R > −β 2

In fact, this is identical to the condition that the theory does not have any ghost!

For any f(R), it is possible to extend this result provided the condition f’(R) > 0 holds

Akash Mishra, Rajes Ghosh, SS, Upcoming

It will be interesting to understand if the positive mass theorem holds for

L ~ R +α  R2 − 3R abR
ab( );  α  > 0



But the equation of motion is still higher order!

In higher dimension there is a better candidate:

L ~ R +α  R2 − 4R abR
ab + Rabcd R

abcd( )

The Einstein Gauss Bonnet Gravity is free from ghosts, the field equation is of second order 
in time!

The are well studied black hole solutions. 

The entropy for these black holes are given by:

S = 1
4

1+ 2α D−2R( )∫ dA

It is possible to decrease this entropy in black hole mergers !   SS, Wall PRD 2010

The theory only make sense as an effective theory! Saugata Chatterjee, Maulik Parikh CQG 2013



Even perturbatively, there are bounds on the coupling constant

λGB <
9
100

λGB = 2α / l
2

Consider GB black holes in asymptotically AdS spacetimes:

f r( ) = k + r2

4α
1− 1− 8α

l2
1− r0

r
⎛
⎝⎜

⎞
⎠⎟
4⎛

⎝⎜
⎞

⎠⎟
⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥ k = 0,±1

Validity of the second law requires:

This coincide with the avoidance of causality violation in the boundary theory.

Hofman et. al. PRD 2008, Brigante et. al. JHEP  2008, Buchel et. al. PRD 2010, 

Fairoos C, Avirup Ghosh, SS PRD 2018

There may be similar bounds on higher Lovelock theories!



There are more stringent bounds

In GR, light going near a massive body would suffer a time delay relative to the flat space.  

In Gauss Bonnet gravity, we can have either time delay or time advancement irrespective of  
the sigh of higher curvature coupling.  

The delay for gravitational perturbations in a shock wave background is given by:

b⃗. In conclusion, for either choice of the sign of α̂2, there is a choice of polarization that

can lead to time advance.

Thus, if we require the theory to be causal, we see that α̂2 should be set to zero. More

precisely, it should be small enough so that the computation we did above breaks down

for some reason. An example of a theory where the coupling in (2.13) arises at tree level is

bosonic string theory [38,39]. We will see later that in string theory the potential causality

problem is fixed by the presence of extra massive states.

As another example, let us consider the Gauss-Bonnet theory. This consists of the

usual gravity action plus a specific R2 interaction of the form

S =
1

16πG

∫
dDx

√
−g
(
R + λGB

[
RµνρσR

µνρσ − 4RµνR
µν +R2

])
. (2.17)

The term in brackets is a topological invariant in D = 4, but it is not topological for

D > 4. This theory has been extensively studied because it has the nice feature that the

equations for small fluctuations around any background are second order [40].

As explained in [34] the shock wave solution (2.1) is also an exact solution in the

Gauss-Bonnet theory as well. We can consider propagation of a gravitational perturbation

through the shock wave background. Before and after the shock the graviton moves as in

flat space. All we need to know is what happens when it crosses the shock.

We consider a high-energy graviton δhij that propagates in the v direction with mo-

mentum pv and traceless polarization in the transverse plane. Near the shock we approx-

imate the equations as

∂u∂vδhij + (δik + 4λGB∂i∂kh) ∂
2
vδhkj = 0 (2.18)

Using (2.18) we can find the time delay which takes the following form

∆v = [1 + 4λGB
ϵikϵjk∂bi∂bj

ϵ.ϵ
]
4Γ(D−4

2 )

π
D−4

2

G|Pu|
bD−4

=
4Γ(D−4

2 )

π
D−4

2

G|Pu|
bD−4

[
1 +

4λGB(D − 4)(D − 2)

b2

(
(ϵ.n)2

ϵ.ϵ
− 1

D − 2

)] (2.19)

Again, by choosing different polarizations we can get time advance for b2 ∼ |λGB| for
any sign of λGB . Notice that the formula for the time delay is very similar to the ones

discussed in the context of energy correlators in AdS/CFT with the parameters depending

on the impact parameter of scattering b (see e.g. [41]). We will see below that in the case

12

Camanho at. al. JHEP 2014

We can create time advancement when impact parameter b ~ λGB



Using two such shock waves, we can then prepare a time machine violating causality.

separated by distance r in the transverse plane. The first shock is localized around u = 0

and the second one around v = 0. We would like the separation to be such that r ≫ rS,

namely we are in the regime where the black hole formation does not occur

rD−3 ≫ rD−3
S = G

√
s. (G.1)

Next we would like to consider a test particle that propagates through both shocks in

such a way that it ends up at the same position where it started, thus, forming a closed

time-like curve.

Fig. 13: a) We imagine a background that consists of two shock waves located at

u = 0 and v = 0 widely separated in the transverse directions which is not presented
on the figure.The arrows show the motion of the probe massless particle projected

on to the u, v plane. b) Same motion but projected on the transverse plane. The

two background shocks are separated by r and the probe passes at a short distance
b from each of them. The vertical region of the path in (a) corresponds to the

horizontal motion in (b). We can build a closed time-like curve as depicted on
the picture by crossing this pair of shocks if time advances are allowed. We need

mirrors to reverse the motion in the transverse plane as we pass through the shocks.

The situation is depicted on fig. 13. When the test particle crosses each of the shocks

it gets shifted by ∆v = ∆u ∼ G
√
s

bD−4 . Between the shock the particle travels the distance of

order r. Thus, we want the time shift to be G
√
s

bD−4 =
(
rS
b

)D−3
b ∼ r ≫ rS which becomes

(rS
b

)D−4
≫ 1. (G.2)

66

Closed time like curve without any violation 
of the energy conditions!

Claim: Finite truncation does not lead to a viable classical theory.  

All possible terms to all orders are necessary, including higher spin fields.  
This may be equivalent to String Theory! 

Objection: It may not be possible to create such shock wave spacetimes from generic initial data  
                  on an initial spacelike Cauchy surface. Papallo & Reall, PRD 2015



There are many interesting features of this time machine construction:

Even in GR, it is possible to have time advancement but only in four dimension.

Shock wave solution in GR in D = 4:

of the photon modes as they scatter from the shockwave. Here, we complement this ap-

proach by using the Shapiro time advances in the e↵ective theory to engineer potential

time machines in a spacetime describing the collision of two shockwaves [1, 2, 14]. We

will show explicitly how causality problems emerge and are resolved in these scenarios.

The propagation of a massless particle in a gravitational shockwave background is

of considerable importance in its own right as a model of Planck energy scattering. The

scattering of particles at ultra-high energies is dominated by graviton exchange and is

therefore an important theoretical laboratory to test fundamental ideas in quantum

field theory, string theory and quantum gravity (see refs. [15–27] for a selection of

papers). The results derived here for the energy-dependence of the phase shifts for a

photon propagating in the shockwave background can therefore be directly translated

to the amplitudes for Planck energy scattering. The interpretation of our results in

terms of Planck energy scattering in QFT and associated issues involving causality and

unitarity are the subject of a companion paper [28].

The relation of IR and UV theories may also be studied directly using dispersion

relations, especially the Kramers-Krönig identity which relates the phase velocity, or

refractive index, of photons at high and low frequency. Indeed, the conventional flat-

space Kramers-Krönig relation, with the usual analytic properties of the relevant Green

functions, would imply that the UV theory necessarily inherits the causal problems of

the low-energy theory. However, in our previous work [5, 10], we have shown how

the novel analytic structure induced by geometric properties of the curved spacetime

background imply a re-interpretation of the usual flat-space dispersion relations, with

important consequences for causality and the optical theorem. In another paper in this

series [29], we return to these issues and present a new analysis of dispersion relations

for QFT in curved spacetime. In that work, we will show how the dispersion relation is

violated by non-analyticity in the upper-half plane. In flat space, that would imply a

breakdown of micro-causality , the non-vanishing of the retarded Green function outside

the backward lightcone. But in curved space the shape of the lightcone is non-trivial

and this allows for upper-half-plane non-analyticity whilst preserving micro-causality.

A central role in our work is therefore played by the Aichelburg-Sexl metric [4],

ds
2 = �2du dv + f(r)�(u)du2 + dx

2

1
+ dx

2

2
, (1.1)

which describes a shockwave localised on the lightcone u = 0 and satisfies the Einstein

equations

Ruu = 8⇡GTuu = �
1

2
�f(r) . (1.2)
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�vAS = �4Gµ log
b

r0

b
uv x

i

Figure 1. The geodesic of the massless particle involves an instantaneous shift in the null coordinate
�vAS as it passes the shockwave at u = 0 as well as a deflection in the transverse space.

For an ultra-high energy particle as the source, Tuu = ⇢(r)�(u) with ⇢(r) = µ�
2(x),

which gives the profile function2

f(r) = �4Gµ log(r/r0)
2
. (1.3)

The null geodesics for a massless particle propagating in the opposite direction

to the shockwave, initially with v = 0 and impact parameter r = b, are well known.

Explicitly,

v =
1

2
f(b)#(u) +

1

8
f
0(b)2u#(u) ,

r = b+
1

2
f
0(b)u#(u) . (1.4)

In Aichelburg-Sexl coordinates, therefore, the photon experiences a discontinuous jump

in the null coordinate v,

�vAS =
1

2
f(b) = �4Gµ log

b

r0
, (1.5)

which is negative, since b > r0, and so backwards in time. The fact that this jump

in the null coordinate �vAS is negative, that is a Shapiro time advance, is the first

indication that issues regarding causality are subtle in shockwave spacetimes. This is

one reason why the shockwave provides a perfect stage on which to confront issues with

causality in QFT with gravity.

2Here, r0 is some UV cut o↵ scale. One way to understand this is to smear the particle energy
density in the transverse directions over a scale r0. This gives rise to the “beam” shockwave [30],
which is described in detail in section 3. Then f(r) as above describes the geometry outside the beam
r > r0.
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Geodesic of a masses particle with time  
advancement.

But, in 4D, this can not be used to create a time  
machine, the massless particle will be absorbed 
by the either of the shocks.
Hollowood & Shore JHEP 2016



The time advancement from shock wave scattering may be understood as the higher derivative 
corrections to the graviton three-point coupling.

We like to understand what happens to the classical argument for theories for which there is 
no correction to the graviton three-point coupling.

L ~ R +α  R2 − 3R abR
ab( );  α  > 0

field, namely ✷hµν = 0, ∂µhµν = 0 and the tracelessness condition h = 0. Expanding the
curvature terms in equation (1) in terms of h, the first non-vanishing contributions arise at
the 3-point level [7]. These are

√
gR|h3 = hµν (h,

µνh) + 2hµν ,
σ hνρ, µ hρσ

→ (k2ϵ
1k2)(ϵ

2ϵ3) + 2(k3ϵ
2ϵ3ϵ1k2) + cyclic perm. (2)

√
gRµρν

σRµρν
σ|h3 = hµν ,ρ

λ hρσ h
σλ,µν

→ (k1ϵ
3k1)(k3ϵ

2ϵ1k3) + cyclic perm. (3)

where the notation (h, µν h) = (∂µ∂νhρσ) hρσ has been used. We have also introduced the
tranformation to the momentum space, replacing i∂ → k, and replaced hµν → ϵµν , where
ϵµν is the graviton polarization tensor. Note that this polarization tensor satisfies the same
differential and tracelessness conditions as hµν . Unfortunately, the kinematic structure of
RµνR

µν and R2 are such that they must vanish when expanded in hµν to the 3-point level.
That is √

gRµνR
µν |h3 =

√
gR2

∣

∣

∣

h3
= 0 (4)

Therefore, a 3-point string amplitude with three on-shell external gravitational vertex op-
erators can produce only the first two terms of the effective Lagrangian L. The other two
terms may exist in the effective Lagrangian, but this cannot be determined at the 3-point
level. Fortunately, at the level of 4-point amplitudes (and higher), the Ricci squared and
curvature scalar squared terms no longer vanish. That is, at the level of 4-point amplitudes√
gRµνR

µν
∣

∣

∣

h4
and

√
gR2

∣

∣

∣

h4
are non-zero. In the expansion up to order h4 of the curva-

ture squared terms, it is sufficient for our purposes to isolate only certain terms, which are
particular combinations of the polarization tensors, namely

√
gRµρν

σRµρν
σ|h4 =

(1

8
u2 +

3

2
s2

)

E2 +
(1

8
t2 −

1

4
s2

)

E1 + · · · (5)

√
gRµνR

µν |h4 =
1

4
s2E2 +

( 1

16
t2 +

1

8
s2

)

E1 + · · · (6)

√
gR2

∣

∣

∣

h4
=

9

16
s2E1 + · · · (7)

where s = −2k1 · k2, t = −2k1 · k3 and u = −2k1 · k4 are the Mandelstam variables and we
introduce E1 = (ϵ1 ϵ2)(ϵ3ϵ4) and E2 = (ϵ1ϵ2ϵ4ϵ3), using the matrix notation (ϵ1ϵ2) = ϵ1µνϵ2

µν .
At tree level, both the 3- and 4-point graviton amplitudes for the heterotic string in d = 4

have already been studied in e.g. [7],[12],[17],[8]. The O(k2) part of the 3-point tree level
amplitude corresponds to the curvature scalar R and, therefore, reproduces the Einstein-
Hilbert action. Additionally, it gives the relation 2κ2 = g2sα

′ beween the gravitational and
string coupling constants. The O(k4) terms in the 3-point amplitudes can only give rise to
one of the curvature squared terms, as discussed above, so we won’t discuss them here. All
three curvature squared terms arise at order O(k4) in the four-graviton amplitude. If we
again restrict ourselves to only the terms involving the particular polarization combinations
E1 and E2, the O(k4) contribution of the 4-point amplitude is found to be

Atree
4g = 3g2s

{(

−
1

2
s2 + t2

)

E1 + u2E2

}

≡ 3g2sK
tree
4g (8)

2
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The theory has an exact shock wave solution

and the only non–vanishing components of the Ricci tensor for metric (2.1) is

Ruu = Guu = −
1

2ρ
∂ρ (ρ∂ρH(u, ρ)) =

1

2β
HQ(u, ρ) . (2.19)

It then follows that components of the Riemann tensor like

Rv
ρuρ = ∂2ρH(u, ρ) , Rφ

φuu = −
1

2ρ
∂ρH(u, ρ) , Rρ

ρuu =
1

2
∂2ρH(u, ρ) , (2.20)

will diverge logarithmically as ρ→ 0. This can be classified [29] as a “parallelly propagated
curvature singularity”. However, we note here that the singularity is notably milder than
the 1/ρ2 for General Relativity.

III. GENERALIZATIONS

Many of the present candidates to unify gravity with other interactions consider D, the
dimensionality of the spacetime, bigger than four. Since Eq. (2.11) can be extended to any
dimension, we find that the D–dimensional generalization of Eq. (2.16) is given by

f(ρ) = −
16πGp

ΩD−3

⎡

⎣

(−2β)2−D/2

Γ(D/2− 1)

(

ρ√
−β

)2−D/2

K2−D/2

(

ρ√
−β

)

+
1

(4−D)

(

ρ

ρ0

)4−D
⎤

⎦ . (3.1)

where ΩD−3 = 2πD/2−1/Γ(D/2− 1) is the area unit in the D− 3 sphere and Gp carry units
of lengthD−4.

In the case the source term is extended, but keeps its axial symmetry, i.e. σ(x⊥) = σ(ρ)
we have

f(ρ) = fGR(ρ) + 16πGx2−D/2
∫ x

∞

{

K2−D/2(x)ID/2−2(r)− ID/2−2(x)K2−D/2(r)
}

rD/2−1σ(r)dr

(3.2)

where as before the index GR reffers to the solution of the problem in Einstein theory and
x = ρ/

√
−β. When the source has a θ dependence, we can Fourier transform it as well as

the solution and it will look like Eq. (3.2) with the index of the Bessel functions being l now
(in D = 4 and where l refers to the corresponding Fourier mode in θ).

An interesting example of extended source easily solvable is the boosted straight string
[22]. In four dimensions Eq. (2.11) becomes an ordinary fourth order differential equation
with constant coefficients and a δ(y)–like source. The profile function takes then the form

f(y) = −8πGp
[

√

−βe−|y|/
√

−β + |y|
]

(3.3)

where y refers to the perpendicular distance to the string measured on the plane u = 0. One
can check that this exactly corresponds to a particle in D = 3 dimensions from expression
(3.1).

One can also see the problem of quadratic theories as giving a correction to the energy–
momentum tensor (as in the semiclassical approach to quantum gravity) and think of the
problem as one for Einstein gravity with an effective source. Then, from Eq. (2.12) we have
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of fourth-order theories. In Refs. [10] we have developed a perturbative method to find
solutions of the field equations (1.2), given a solution to the general relativistic problem (see
also Refs. [11,9]). The method essentially consists of writing the higher derivative terms as
derivatives of the matter energy-momentum tensor Tµν . One obtains a series development
around the General Relativity metric in powers of the coupling constants α and β. We have
thus studied the α and β corrections to the Reissner-Nordström and straight cosmic string
metrics [12].

Our perturbative approach, evidently, gives no corrections when the matter energy-
momentum tensor vanishes. In other words, the method confirms that vacuum solutions
(including Λ ̸= 0) of General Relativity are also solutions of higher order theories. However,
the converse is in general not true. Higher order theories have a richer set of vacuum
solutions than General relativity. If we call this set ΣV HO and the set of vacuum solutions
of General relativity ΣV GR, its difference, Σ∆V = ΣV HO − ΣV GR, is in general a non–empty
set. From the above described inability of the perturbative approach to find solutions in
Σ∆V , we can deduce that such solutions, if they exist, have to be non–perturbative around
α and β equal to zero.

For black hole [13] and de Sitter [14] solutions one can extend the no-hair theorems valid
for General Relativity to fourth order theories in the case β = 0. From where we can infer
that Σ∆V black holes will have the form of the Kerr metric plus non–analytic corrections in
β only. The perturbative corrections in powers of β to the Reissner-Nordström metric have
been given in Refs. [15,10].

In Sec. II we introduce the gravitational shock waves, a special case of pp–waves solution
of Einstein equations with a delta like source term. We analyze its extension to fourth
order gravity and find the corresponding solution which is an exact proper solution of field
equations (1.2). In Sec. III we generalize this exact solution to D dimensional spacetime,
extended sources, and theories of order higher than the fourth. We finally, in Appendix A,
deal with the problem of the scattering of a scalar field by these shock wave geometries and
compute the S–matrix for the case of a source obtained by boosting to the speed of light
the Kerr metric.

II. GRAVITATIONAL SHOCK WAVES

As pointed out by ’t Hooft [16], at energies of the order or higher than the Planck scale
the picture of particles propagating in flat spacetime ceases to be a good approximation.
Interestingly enough the curved metric generated by such particles has a remarkable simple
form

ds2 = −du dv +H(u, x⊥) du
2 + dx2

⊥ , (2.1)

where

H(u, x⊥) = f(x⊥) δ(u) , u = t− z , v = t+ z . (2.2)

This metric represents an impulsive gravitational wave localized in the plane u = 0, i.e. along
the motion of the particle. The shock wave is accompanying the particle, both traveling
at the speed of light. The profile function f(x⊥) is the only quantity depending on the
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3The time machine construction in this theory will be interesting…..
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Observational Constraints



Test of the Newtons Law:

A theory of the form: L = 1
16π

R +α  R2 + β  R abR
ab( )

Produces generic correction to the Newton’s law. These lead to the strongest bound of the 
couplings:

15

TABLE I. Orbital properties of the eight major planets and Pluto. We take the semimajor orbital axis to be the flat-space
distance r, not the coordinate r̃. The eccentricity is not used in calculations, but is given to assess the accuracy of neglecting
terms O(e2).

Semimajor axis [101] Orbital period [101] Precession rate [102] Eccentricity [101]
Planet r/1011 m (2π/ω0)/yr ∆ϖ ± σ∆ϖ/mas yr−1 e
Mercury 0.57909175 0.24084445 −0.040 ± 0.050 0.20563069
Venus 1.0820893 0.61518257 0.24 ± 0.33 0.00677323
Earth 1.4959789 0.99997862 0.06 ± 0.07 0.01671022
Mars 2.2793664 1.88071105 −0.07 ± 0.07 0.09341233
Jupiter 7.7841202 11.85652502 0.67 ± 0.93 0.04839266
Saturn 14.267254 29.42351935 −0.10 ± 0.15 0.05415060
Uranus 28.709722 83.74740682 −38.9 ± 39.0 0.04716771
Neptune 44.982529 163.7232045 −44.4 ± 54.0 0.00858587
Pluto 59.063762 248.0208 28.4 ± 45.1 0.24880766

TABLE II. Bounds calculated using uncertainties in planetary perihelion precession rates. Υ must be greater than or equal to
the tabulated value, |a2| must be less than or equal to the tabulated value.

Using σ∆ϖ Using 2σ∆ϖ

Planet Υ/10−11 m−1 |a2|/10
18 m2 Υ/10−11 m−1 |a2|/10

18 m2

Mercury 52.6 1.2 51.3 1.3
Venus 25.3 5.2 24.6 5.5
Earth 19.1 9.1 18.6 9.6
Mars 12.2 22 11.9 24
Jupiter 2.96 380 2.87 410
Saturn 1.69 1200 1.63 1200
Uranus 0.58 9800 0.56 11000
Neptune 0.35 28000 0.33 31000
Pluto 0.26 49000 0.25 55000

the upper range of the LISA frequency band [13, 14] or in
the LIGO/Virgo frequency range [8–10]. The constraints
are not as tight as those which could be placed using
gravitational-wave observations. However, as we will see
in Sec. VIII C, it is possible to place stronger constraints
on Υ using laboratory experiments.

C. Fifth-force tests

From the metric (100) we see that a point mass has a
Yukawa gravitational potential [82, 83, 86]

V (r) =
GM

r

[
1 +

exp(−Υr)

3

]
. (153)

Potentials of this form are well studied in fifth-force
tests [1, 3, 4] which consider a potential defined by a
coupling constant α and a length-scale λ such that

V (r) =
GM

r

[
1 + α exp

(
−
r

λ

)]
. (154)

We are able to put strict constraints upon our length-
scale λR, and hence a2, since our coupling constant αR =
1/3 is relatively large. This can be larger for extended
sources: comparison with (105) shows that for a uniform
sphere αR = Ξ(ΥL) ≥ 1/3.

The best constraints at short distances come from the
Eöt-Wash experiments, which use torsion balances [103,
104]. These constrain λR ! 8× 10−5 m. Hence we deter-
mine |a2| ! 2 × 10−9 m2. A similar result was obtained
by Näf and Jetzer [83]. This would mean that the cut-
off frequency for a propagating scalar mode would be
" 4 × 1012 s−1. This is much higher than expected for
astrophysical objects.
Fifth-force tests also permit λR to be large. This de-

generacy can be broken using other tests; from Sec. VII
we know that the large range for λR is excluded by plan-
etary precession rates. This is supported by a result of
Näf and Jetzer [83] obtained using the results of Gravity
Probe B [6].
While the laboratory bound on λR may be strict

compared to astronomical length-scales, it is still much
greater than the expected characteristic gravitational
scale, the Planck length lP. We might expect for a nat-
ural quantum theory that a2 ∼ O(l2P); however l2P =
2.612 × 10−70 m2, thus the bound is still about 60 or-
ders of magnitude greater than the natural value. The
only other length-scale that we could introduce would be
defined by the cosmological constant Λ. Using the con-
cordance values [47] Λ = 1.26× 10−52 m−2; we see that
Λ−1 ≫ |a2|. It is intriguing that if we combine these two
length-scales we find lP/Λ1/2 = 1.44 × 10−9 m2, which
is of the order of the current bound. This is likely to be

The torsion balance experiments give: λ ≤ 8×10−5m

For our theory, the form will be:

The Newtonian limit of metric gravity theories with quadratic Lagrangians 12

GI(x,x′), depending on the choices of the coefficients a2 and b1 (with a fixed sign
of a1). The various modalities in which we obtain the Green functions are due to the
various sign combinations of the arbitrary constants. In general, the parameters λ1,2

indicate characteristic scale lengths where corrections to the Newtonian potential can
be appreciated. It is worth noticing that, thanks to the forms of the Green functions
(see Table 2), the Newton behavior is always asymptotically recovered. When one

Cases Choices of a2, b1 Green function GI(x,x′)

viii
b1 < 0

3a2 + b1 > 0

√

π
18

Y −1
I

|x−x′|

[

λ2
2−λ2

1

λ2
1λ

2
2

− e−λ1|x−x
′|

λ2
1

+ e−λ2|x−x
′|

λ2
2

]

ix
b1 > 0

3a2 + b1 < 0

√

π
18

Y −1
I

|x−x′|

[

λ2
1−λ2

2

λ2
1λ

2
2

+ cos(λ1|x−x
′|)

λ2
1

− cos(λ2|x−x
′|)

λ2
2

]

x
b1 < 0

3a2 + b1 < 0

√

π
18

Y −1
I

|x−x′|

[

λ2
1+λ2

2

λ2
1λ

2
2

− e−λ1|x−x
′|

λ2
1

− cos(λ2|x−x
′|)

λ2
2

]

Table 2. The complete set of Green functions for equations (42). The scale
lengths are: λ1 := |a1/b1|1/2, λ2 := |a1/2(3a2 + b1)|1/2. It is possible to have a
further choice for the scale lengths which turns out to be dependent on the two
knows length scales. In fact, if we perform the substitution λ1 ! λ2, we obtain
a fourth choice. In addition, for a correct Newtonian component, we assumed
a1 > 0. In fact when a2 = b1 = 0 the field equations (31) and (32) give us the
Newtonian theory of gravity if a1 = 1.

considers a point-like source, ρ ∝ δ(x), and by setting Φ(x) = 0 the potentials (44)-
(45) are proportional to GI(x,x′). Without losing generality we have:

U(x) ∼
U0

|x|
+ U1

e−λ1|x|

|x|
+ U2

e−λ2|x|

|x|
, (51)

where U0, U1, U2 are some integration constants. An analogous behavior is obtained
for the potential V (x). We note that in the vacuum case we found a Yukawa-like
corrections to Newtonian mechanics but with two scale lengths related to the quadratic
corrections in the Lagrangian (30) (see also the above expressions (49)). This behavior
is strictly linked to the sixth order of (42), which depends on the coupled form of the
system of equations (31)-(32). In fact if we consider the Fourier transform of the
potentials U and V :

U(x) =

∫

d3k

(2π)3/2
ũ(k) eik·x , V (x) =

∫

d3k

(2π)3/2
ṽ(k) eik·x , (52)

the solutions of equations (31)-(32) are

U(x) =

∫

d3k

(2π)3/2
4πG[a1 + (8a2 + 3b1)k2]ρ̃(k)eik·x

k2(a1 − b1k2)[a1 + 2(3a2 + b1)k2]
, (53)

V (x) =

∫

d3k

(2π)3/2
4πG[a1 + (4a2 + b1)k2]ρ̃(k)eik·x

k2(a1 − b1k2)[a1 + 2(3a2 + b1)k2]
, (54)

λ1
2 = − 1

β
λ2
2 = 1
2 3α + β( )

Setting β = 0,we get a bound: α ≤ 2×10−9m2

C. D. Hoyle et all, PRD 2004,  
Berry et. al. PRD 2014 



Remember the Planck Length: lp
2 ~ 10−70m2

α / lp
2 ~ 1060 !

There is something apparently interesting at the current limit!

lp
Λ1/2

~ 10−9m2 !

The local experiments based on the Newton’s law can not bound the individual couplings!

Can we find a testable effect which is sensitive to individual couplings?

L = 1
16π

R +α  R2 + β  R abR
ab( ) O(β )+O(α 2 )+O(αβ )Effect ~



Gravitational Time delay!



In general relativity, all massless fields follow the same light cone!

Gravity travels at the speed of light!

In a generic theory of modified gravity, this is no longer true, about a curved background, 
the light cone structure depends on the helicity of the propagating modes.

Gravity and light see different background metrics!

Consider the propagation of GW and EMW from a distance source in a FRW universe

EMW travels along the null geodesic of the background metric:ar
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Constraints on higher curvature gravity from time delay between GW170817 and
GRB 170817A

Avirup Ghosh1,∗ Soumya Jana2,† Akash K Mishra1,‡ and Sudipta Sarkar1§
1 Indian Institute of Technology, Gandhinagar 382355, India and

2Physical Research Laboratory, Ahmedabad 380009, India

General relativity may be an effective theory with higher curvature correction terms in the action.
Inclusion of these terms leads to exciting new possibilities, e.g., gravitational and electromagnetic
perturbations following different geodesics, leading to a time delay. Such a time delay was observed
between the gravitational wave event GW170817 and its electromagnetic counterpart GRB 170817A.
We describe how this effect can be used to constrain the coupling of the higher curvature term. Our
method is sufficiently general and applicable to any higher curvature theory.

I. INTRODUCTION

The recent detection of gravitational waves (GWs) by
the LIGO Collaboration [1, 2] provides an unprecedented
opportunity to test the theories of gravity beyond general
relativity (GR). So far, no significant deviation from GR
has been found in the weak-field regime, through several
precision tests [3]. But, the gravitational wave astronomy
allows us to test GR at the cosmological scales [4] as
well as in the strong gravity regime. There are already
interesting model-independent constraints on deviations
from GR based on the observation of GW signals from
compact black hole binaries [5].
Among the observed GW signals at LIGO-Virgo,

GW170817 [2] is the only binary neutron star merger
event with an electromagnetic counterpart, the gamma-
ray burst GRB 170817A [6]. It opened up the window
for multimessenger astronomy, leading to exciting physics
such as constraining the theories beyond GR [7–9] as well
as probing the presence of extra dimensions [10]. The
source was localized at a luminosity distance of 40 Mpc
at redshift z ∼ 0.0099. Interestingly, the electromag-
netic (EM) signal was observed ∼ 1.7 s after the GW
signal. The time delay can be explained as the difference
in speeds of GW and EM signals constraining it to less
than 10−15c [6]. Using this bound, constraints on several
theories beyond GR were also obtained [7, 8]. The pos-
sibility of explaining such a time delay by gravitational
lensing was discussed in [11].
There are several motivations to seek physics beyond

general relativity. The classical theory is perturbatively
nonrenormalizable and therefore may make sense only as
an effective theory, with new higher curvature correction
terms in the low-energy effective action [12]. The higher
curvature gravity is the simplest possible modification of
GR, and there is already a vast literature on the aspects
of higher curvature gravity [13]; some theoretical con-
straints on the higher curvature couplings are also known

∗ avirup.ghosh@iitgn.ac.in
† sjana@prl.res.in
‡ akash.mishra@iitgn.ac.in
§ sudiptas@iitgn.ac.in

[14]. Tests based on the modification of Newton’s law
at short length scales and other astrophysical tests from
compact objects led to several stringent bounds [15]. The
gravitational wave observations provide another critical
window to study the effect of higher curvature gravity at
the cosmological scales.
In this paper, we provide a general formalism to

constrain higher curvature gravity using the observed
time delay. In a generic higher curvature gravity, the
graviton and photon follow different paths (geodesic)
while propagating on a curved background [16]. This
phenomenon may lead to a delay between gravitational
and electromagnetic radiation. We study this effect and
find an expression for the time delay. We discuss how
assumptions related to the intrinsic delay at the event
can influence the constraints. Our method is sufficiently
general so that it can be used to study the time delay
in any higher curvature modification of general relativity.

II. TIME DELAY BETWEEN GW AND EM

SIGNALS: GENERAL SETUP

We assume the homogeneous and isotropic FLRW line
element as the background spacetime metric. The elec-
tromagnetic signal travels along the null geodesics of the
metric,

ds2 = −dt2 + a2(t)
(

dr2 + r2dΩ2
)

. (1)

The background spacetime is a solution to the field equa-
tions of the underlying gravitational theory. The basic
causal properties of such a theory are described by the
characteristic hypersurfaces of the field equations. In
GR, a hypersurface is characteristic if, and only if, it is
null. As a result, the gravitational wave also follows the
null geodesics of the metric given by Eq. (1). However,
in higher curvature gravity, the study of characteristics
of the perturbation equation shows that the gravitational
radiation follows the null geodesic of an ‘effective metric’
instead of the actual physical metric in Eq. (1) [16]. The
effective metric for GW is of the form

ds2eff = −U(t)dt2 + a2(t)V (t)
(

dr2 + r2dΩ2
)

, (2)

But GW travels along the null geodesic of a different metric:
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ray burst GRB 170817A [6]. It opened up the window
for multimessenger astronomy, leading to exciting physics
such as constraining the theories beyond GR [7–9] as well
as probing the presence of extra dimensions [10]. The
source was localized at a luminosity distance of 40 Mpc
at redshift z ∼ 0.0099. Interestingly, the electromag-
netic (EM) signal was observed ∼ 1.7 s after the GW
signal. The time delay can be explained as the difference
in speeds of GW and EM signals constraining it to less
than 10−15c [6]. Using this bound, constraints on several
theories beyond GR were also obtained [7, 8]. The pos-
sibility of explaining such a time delay by gravitational
lensing was discussed in [11].
There are several motivations to seek physics beyond

general relativity. The classical theory is perturbatively
nonrenormalizable and therefore may make sense only as
an effective theory, with new higher curvature correction
terms in the low-energy effective action [12]. The higher
curvature gravity is the simplest possible modification of
GR, and there is already a vast literature on the aspects
of higher curvature gravity [13]; some theoretical con-
straints on the higher curvature couplings are also known
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at short length scales and other astrophysical tests from
compact objects led to several stringent bounds [15]. The
gravitational wave observations provide another critical
window to study the effect of higher curvature gravity at
the cosmological scales.
In this paper, we provide a general formalism to

constrain higher curvature gravity using the observed
time delay. In a generic higher curvature gravity, the
graviton and photon follow different paths (geodesic)
while propagating on a curved background [16]. This
phenomenon may lead to a delay between gravitational
and electromagnetic radiation. We study this effect and
find an expression for the time delay. We discuss how
assumptions related to the intrinsic delay at the event
can influence the constraints. Our method is sufficiently
general so that it can be used to study the time delay
in any higher curvature modification of general relativity.

II. TIME DELAY BETWEEN GW AND EM

SIGNALS: GENERAL SETUP

We assume the homogeneous and isotropic FLRW line
element as the background spacetime metric. The elec-
tromagnetic signal travels along the null geodesics of the
metric,

ds2 = −dt2 + a2(t)
(

dr2 + r2dΩ2
)

. (1)

The background spacetime is a solution to the field equa-
tions of the underlying gravitational theory. The basic
causal properties of such a theory are described by the
characteristic hypersurfaces of the field equations. In
GR, a hypersurface is characteristic if, and only if, it is
null. As a result, the gravitational wave also follows the
null geodesics of the metric given by Eq. (1). However,
in higher curvature gravity, the study of characteristics
of the perturbation equation shows that the gravitational
radiation follows the null geodesic of an ‘effective metric’
instead of the actual physical metric in Eq. (1) [16]. The
effective metric for GW is of the form

ds2eff = −U(t)dt2 + a2(t)V (t)
(

dr2 + r2dΩ2
)

, (2)
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where U(t) and V (t) come from the higher curvature
terms. In the GR limit U, V → 1.
Suppose the EM signal is emitted from the source at

the time tE and is observed at tO. Let the time delay
between the observation of GW and EM signal be δtO
and let δtE be the intrinsic delay in the emission of the
GW at the source. It is expected that such an intrinsic
delay must be present due to the difference in emission
processes of GW and EM radiations. The extent of the
intrinsic delay will play a significant role in constraining
the physics beyond general relativity. In our convention,
if the graviton arrives earlier then δtO is negative, while
if it is emitted later then δtE is positive. Using the null
geodesics of the background and the effective metric, one
arrives at the following expression relating the time de-
lays:
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√
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V

)
∣

∣
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∣

∣
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δtO −
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)
∣
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tE

δtE

=

∫ tO
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(
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√

U

V

)

dt. (3)

We set the scale factor to be one at the present epoch,
a(tO) = 1 and a(tE) = (1 + zE)−1, where zE is the red-
shift of the merger event. Transforming the time integral
in Eq. (3) into a redshift integral, we get

δtO = δtE (1 + zE)

√

UEVO

UOVE

+

√

VO

UO

∫ zE

0

dz

H(z)

(

1−

√

U(z)

V (z)

)

, (4)

where we use the notations U(tE) = UE , V (tE) = VE ,
U(tO) = UO, and V (tO) = VO. The Hubble parameter
H(z) is defined as ȧ(t)/a(t) expressed as a function of the
redshift z. It is easy to check that in the GR limit, the
observed time delay is equal to the redshifted intrinsic
delay.
Equation (4) is our main expression which will be used

to constrain the modification of GR. We need to calculate
the functions U(z) and V (z) for a specific theory and
compare with the observations. We consider the theory
described by the Lagrangian

L = R+ aR2 + bRabR
ab + cRabcdR

abcd. (5)

In four dimensions, using the Gauss-Bonnet theorem, we
can relate the last term with the previous two terms.
Also, a pure Ricci scalar2 term does not change the causal
structure of the theory. As a result, we only need to
consider the following theory:

L = R+ αRab R
ab. (6)

The higher curvature coupling α has the dimension of
length2. Any higher curvature theory, such as above
has many pathological features. For example, in four
dimensions, every higher curvature theory suffers from

perturbative ghosts [17] (see [18] for a new perspective).
The initial value formalism may not be well defined.
As a result, we will treat the higher curvature term
only as the first correction term of an effective theory.
Therefore, we will expand everything till the first order
in α, neglecting the higher-order contributions. The
time delay will be determined up to the first order in α,
neglecting O(α2) terms, and it will then be compared
with the observational result. It will also be evident that
the same procedure can be repeated for any theory of
gravity that is a small deviation from GR.

III. TIME DELAY IN HIGHER CURVATURE

GRAVITY

Next, we present the analysis of time delay in the
context of higher curvature theory described by the
Lagrangian in Eq. (6). In this theory, the components
of the effective graviton metric are [19]

U =
1

1 + αH2
(

−3(1 + z)HH′

H2 + 5
) ,

V =
1

1 + αH2
(

−(1 + z)HH′

H2 + 5
) , (7)

where everything is written as functions of the redshift
z and the prime here denotes derivative with respect to
z. To obtain the time delay, we use the effective graviton
metric coefficients from Eq. (7) and expand it as a power
series in α. At each order in α, the coefficients are func-
tions, which can be obtained as perturbative solutions to
the Friedmann equation of the theory in Eq. (6). At this
point, it is necessary to point out certain technical details
of the perturbative expansion. Since the redshift z is an
observable, we will take it as our variable to express var-
ious quantities. Hence, we rewrite the Friedmann equa-
tion completely in terms of z and then find its solution
order by order in α. We will assume that the Hubble
parameter H(z) has the following expansion:

H(z) = HG(z) + αh(z) +O(α2). (8)

The zeroth-order solution HG(z) is nothing but the
solution obtained for GR. The first-order perturbation,
h(z) can be determined by solving the field equations
of the theory in Eq. (6). The boundary condition for
such a solution can be chosen such that the correction
h(z) is equal to zero at z = 0. This is equivalent to the
assumption that the theory we are looking at, today, is
predominantly GR and that the higher curvature effects
are dominant at high redshifts. Most importantly, this
guarantees that the present day density parameter for
dark energy (ΩΛ) is equal to 0.7 with that of matter
(Ωm) taken to be 0.3. Such a boundary condition is only
a particular choice. But, since we are only interested in
results up to the linear order in α, we will not require
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observable, we will take it as our variable to express var-
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order by order in α. We will assume that the Hubble
parameter H(z) has the following expansion:
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The zeroth-order solution HG(z) is nothing but the
solution obtained for GR. The first-order perturbation,
h(z) can be determined by solving the field equations
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such a solution can be chosen such that the correction
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are dominant at high redshifts. Most importantly, this
guarantees that the present day density parameter for
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series in α. At each order in α, the coefficients are func-
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point, it is necessary to point out certain technical details
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parameter H(z) has the following expansion:
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The zeroth-order solution HG(z) is nothing but the
solution obtained for GR. The first-order perturbation,
h(z) can be determined by solving the field equations
of the theory in Eq. (6). The boundary condition for
such a solution can be chosen such that the correction
h(z) is equal to zero at z = 0. This is equivalent to the
assumption that the theory we are looking at, today, is
predominantly GR and that the higher curvature effects
are dominant at high redshifts. Most importantly, this
guarantees that the present day density parameter for
dark energy (ΩΛ) is equal to 0.7 with that of matter
(Ωm) taken to be 0.3. Such a boundary condition is only
a particular choice. But, since we are only interested in
results up to the linear order in α, we will not require



In the quadratic gravity, we can not solve the Friedmann equations

So, let us try for a perturbative approach, we expand in terms of the higher curvature 
couplings:

Interestingly, for pure Ricci^2 gravity: U =V

dseff
2 =U (t)ds2

For full quadratic theory: L = 1
16π

R +α  R2 + β  R abR
ab( )

U =V +O(β )+O(αβ )

This is exactly what we want to constrain an individual coupling 
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the explicit form of h(z). The final O(α) result can be
expressed by using the GR solution HG(z) only. We
need not solve the actual Friedmann equations of the
higher curvature theory.

The dimensionless small parameter in our expansion is
η = αH2

G
(0) in natural units. In GR, we have η = 0 and

any nonzero value of η measures the contribution of the
higher curvature coupling α in terms of the characteristic
size of the background universe. We hope to constrain
this by the time delay observation.
The intrinsic delay may also depend on the higher cur-

vature coupling. Assuming that δtO and δtE have series
expansions in terms of α and equating terms of the same
order, obtained from Eq. (4), one arrives at the following
expressions:

Order η(0) : δt(0)
O

= δt(0)
E

(1 + zE)

Order η(1) :

δt(1)
O

= −

∫ zE

0
(1 + z)H ′

G dz + δt(1)
E

(1 + zE)

+ δt(0)
E

(1 + zE)

(

H ′
G(zE)HG(zE)−H ′

G(0)HG(0)

)

,

(9)

where the numbers in superscripts imply perturbation
order. The O(η0) equation is the GR case when there
is no contribution from the higher curvature terms, and
the observed delay is equal to the redshifted value of the
intrinsic delay. The O(η) equation gives the first-order
correction to the GR result. As we mentioned before,
the net observed delay in the observation of the EM sig-
nal can come from two sources. The first one is purely
astrophysical and depends on the detailed mechanism of
gamma ray bursts (GRBs). The other is either from a
modification of the theory of gravity, lensing, or Shapiro
delay. To discuss the first, one must note that the emis-
sion mechanism for GRBs is not completely understood.
There are several models, out of which the relativistic
fireball model is the most accepted one. In this model,
a fraction of the gravitational energy released during the
merger is assumed to be utilized to form a fireball con-
stituted of e±, gamma rays, and baryons. The fireball
must also expand relativistically with a high Lorentz fac-
tor (Γ), with respect to the central engine, to avoid de-
pletion due to γγ interactions [20, 21]. Due to this, the
emission of gamma rays can occur from a position away
from the central object. This distance appropriately con-
verted to time, corrected by the Lorentz factor Γ, can
attribute to the time delay [22]. If the outflow is in the
form of a narrow jet, then this is further affected by the
angle between the line of sight and the jet, as well as by
the opening angle of the jet. There can also be a time
offset between the emission of gravitational waves and
the ejection of the outflow itself [22].
Due to the absence of an independent estimate of the

delay due to the astrophysical effects, we have assumed

that it can be completely accounted for, by a term like
δtE in Eq. (11) and concentrate more on the part of
the delay arising from the modification of the gravity
theory. Nevertheless, the intrinsic delay term cannot be
completely segregated from the delay arising due to the
modification of gravity. This is because the intrinsic de-
lay itself undergoes a redshift that depends on the grav-
ity theory. To obtain an initial estimate, we will assume
that the intrinsic delay does not dependent on the higher
curvature coupling α. This will be the case if the astro-
physical effects discussed above are independent of the
underlying theory of gravity. Then, we have a simpler
equation for the observed time delay,

δtO = δtE(1 + zE) [1 + α (H ′
G(zE)HG(zE)

−H ′
G(0)HG(0))]− α

∫ zE

0
(1 + z)H ′

Gdz. (10)

Given the intrinsic delay δtE at the source, the above
equation can be used to determine the quantity η. On
substituting HG(z) = HG(0)

√

Ωm(1 + z)3 + ΩΛ and
putting the various parameters for the merger event, we
obtain,

η =
δtO − 1.0099 δtE

0.00904275 δtE − 0.00451145 tH
, (11)

where the quantity tH = 1/HG(0). If there is no prior
knowledge or estimate of the intrinsic time delay, we can
only get an estimate of η for various trial values of δtE .
In particular, let us first assume δtE = 0, which will give
us an estimate of the upper bound for η. Then, using the
appropriate factors for the speed of light c, one obtains

η =
αH2

G
(0)

c2
≤ 8.5× 10−16. (12)

This upper bound on η translates into an upper bound
on the higher curvature coupling as α ≤ 10 36m2 which
is obviously a weak bound. The other tests have more
stringent bounds on various models of higher curvature
gravity [15]. A similar weak bound was also obtained
from the bound on the GW speed for another type of
alternative gravity, possessing a nonlinear matter-gravity
coupling instead of having higher derivative terms [8].

Our result is important due to following reasons:
This is a bound from cosmological considerations, which
constrains the coupling α compared to the scale of the
Universe, whereas most of the other constraints are from
local tests. For example, the Newtonian limit of higher
curvature terms in the Lagrangian introduces an extra
Yukawa-like term in the gravitational potential. The
Eöt-Wash experiment tries to verify such a Yukawa-like
additional term by measuring departures from the
Newtonian potential. In fact, the RabRab theory also
introduces a similar additional term [23]. Such an

For the quadratic gravity, it becomes:

3
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G
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E
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alternative gravity, possessing a nonlinear matter-gravity
coupling instead of having higher derivative terms [8].

Our result is important due to following reasons:
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constrains the coupling α compared to the scale of the
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+O(αβ )+O(β 2 )

β

β

The time delay provides a tool to bound the coefficient    only!β

Such a time delay is indeed observed:

Binary Neutron Star Merger: GW170817 and GRB 170817A APJ 2017

Observed Time Delay: +1.74 ± 0.05 Seconds 



Part of this time delay (or entirely) could be due to astrophysical reasons, but part of this could 
also be due to violation of GR 

Setting the intrinsic delay to zero, we can get a upper limit

βH0
2

c2
≤ 8.5×10−16

This is a very weak bound on the higher curvature coupling compared to the local tests, 
but the situation is expected to be much better with more such sources!

But, let us remind ourselves the condition of the higher curvature coupling from 
theoretical considerations:

The observed time delay can be written as a perturbative expression:

δ to = fδ tE −
3βH0

2z  Ωm

2
+O(αβ )+O(β 2 )

β < 0



In the absence of intrinsic delay, we must have: δ to > 0

This implies that we should see EMW first and then GW. We see exactly the opposite!

So, there must be a lower limit to the intrinsic delay of 1.7 seconds!

This is an important information which can provide constrains on the GRB physics!

As an example, this provides an intriguing limit on the size of the prompt  
emission region of GRB 170817A.
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4993 ofD = 41±3.1 Mpc (DGW = 43.8+2.9
�6.9 Mpc) [11], we

can set new stringent limits on the size of the gamma-
ray emission region, GW propagation speed, and pro-
vide new tests on e↵ects of the gravitational time delay.
In the latter, we will examine the impact of modeling
the Milky Way’s gravitational potential on these limits,
thus extending and refining the initial analysis made in
Ref. [13].

II. IMPLICATIONS FOR THE GAMMA-RAY
EMISSION SITE

First, we consider the astrophysical time delay with
�tnon�GR = 0 in Eq. (1). The assumption of �tast = 0
is not realistic because the emission region is far from of
the central object – a black hole or neutron star. There
is the so-called compactness problem, in which gamma
rays cannot escape from the too compact region due to
�� ! e

+
e
�. In the context of gamma-ray bursts [20],

this can be solved when the source moves relativistically.
Assuming that the source, which is likely to be a relativis-
tic jet, moves with the velocity vj , and the gamma-ray
emission occurs at the radius rem, the time delay between
GW and gamma rays is given by

�tast =
rem

vj

⇣
1� vj

c
cos ✓ob

⌘
, (2)

where ✓ob is the angle between the jet axis and line of
sight to the source. Knowing the size of the emission re-
gion is important to understand the physical mechanism
of prompt emission [21, 22]. For a top hat jet with a
finite opening angle with ✓j ⇠ 10�, we may replace ✓ob

with ✓ob � ✓j .
With ✓ob . ✓j , the time delay be is given by �tast =

rem/(2�2
j c), where �j is the jet Lorentz factor. While

low-luminosity SGRBs cannot be excluded only by the
observation of the prompt emission, the possibility of
on-axis, highly relativistic jets with ✓ob . ✓j is con-
strained by x-ray and radio observations [8, 10, 12]. With
�tast  2 s and ✓ob�✓j ⇠ 20� [8–10], which is consistent
with the late-time afterglow data, the emission radius is
constrained to be

r . c�tast(1� cos ✓ob)
�1 ' 9.9⇥ 1011 cm. (3)

Note that the above constraint is applied if the emis-
sion comes from the jet. This upper limit can be com-
patible with the photospheric radius. With a typical
isotropic-equivalent luminosity of Liso ⇠ 1050.5 erg s�1

and �j ⇠ 100, the photospheric radius is estimated to be
rph = Liso�T /(4⇡�3

jmpc
3) ' 3.7 ⇥ 1011 cm. However,

as long as we consider a top hat jet, the o↵-axis emis-
sion from a highly relativistic jet is highly suppressed for

✓ob ⇠ 30�. Thus, in order to explain the observed lu-
minosity, L� ⇡ 1.1 ⇥ 1047 erg s�1, a structured jet with
a slow jet component with a wide opening angle may
also be invoked. In addition, more realistically, the jet
may propagate with a subrelativistic or mildly relativistic
speed in the merger ejecta [23], and makes a contribution
to the time delay. Also, the jet formation has not been
clearly seen yet in the latest numerical relativity simula-
tions [24, 25], and there could be a time o↵set between
the jet launch and GW emission at the coalescence, which
can also cause an additional time delay.

Based on the constraints we obtained, we suggest the
emission from the jet-induced breakout emission from
the merger ejecta as one of the possible scenarios (see
also [12, 26]). Note that the observed duration of the
gamma-ray spike is �t ⇠ 0.5 s, which was found in Fermi-
GBM [6]. If the e↵ective jet speed in the ejecta is subrel-
ativistic, given that the merger ejecta is launched with
a subrelativistic velocity, V ⇠ 0.3 c, the emission radius
can be rem ⇡ V�tast ' 1.7 ⇥ 1010 (V/0.3c) cm, which
may lead to emission with a duration of ⇠ rem/c ⇠ 0.6 s.
This radius should be regarded as the minimum radius,
and a larger radius is favored to avoid the compactness
problem for gamma rays. Also, the outer envelope of the
merger ejecta is usually extended to larger radii. In more
realistic situations, the emission region may be more
mildly relativistic with �c ⇠ 2, and for a quasi-isotropic
outflow we may use the on-axis relationship, �tast ⇡
rem/(2�2

c c). Then, the size of the emission region is es-
timated to be rem ⇡ 2�2

c�tast . 4.8 ⇥ 1011 (�c/2)
2 cm,

which can be compatible with the observations of gamma
rays. The latter case is expected for the cocoon breakout
(e.g., [26]) or trans-relativistic ejecta that is formed by a
choked jet (e.g., [27, 28]).

Note that the assumptions that the outflow is launched
at the same time of the GW emission and vj ⇡ c are
rather conservative. If the observed time delay is ex-
plained by astrophysical e↵ects, in principle, we could
improve the bounds on non-GR e↵ects in the GW prop-
agation, which we discuss below.

III. BOUNDS ON THE PROPAGATION SPEED
OF GRAVITATIONAL WAVES

In GR, GWs propagate with a speed of cgw = c, but
the time di↵erence can be expected in some modified GR
theories. It was recently pointed out that even in the ab-
sence of an EM counterpart, the speed of GWs can be
bounded using the timing information between widely
spaced detectors [29]. Using the first three GW detec-
tions from BH mergers, they found 0.55c < cgw < 1.42c.

Assuming that GWs and gamma-rays are emitted at
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Assuming that GWs and gamma-rays are emitted at

rem ≥

This is a crucial input to test the standard GRB paradigm, the relativistic fireball model 



Conclusions:

Physics beyond GR is constrained from various theoretical and observational tools

Aspects like black hole second law, causality & Positivity of ADM mass are important 
criterion to test any alternative gravity theory

Gravitational wave observations provides a new window to BGR physics



Thank U


