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We study exact impulsive gravitational waves propagating in anti—de Sitter spacetime in the context of
the ghost-free infinite derivative gravity. We show that the source-free theory does not admit any anti—de
Sitter wave solutions other than that of Einstein’s general relativity. The situation is significantly different in
the presence of sources. We construct impulsive-wave solutions of the infinite derivative gravity generated
by massless particles and linear sources in four and three dimensions. The singularities corresponding to
distributional curvature at the locations of the sources get smeared by the nonlocalities. The obtained
solutions are regular everywhere. They reduce to the corresponding solutions of general relativity in the

infrared regime and in the local limit.
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I. INTRODUCTION

Einstein’s general relativity (GR) has surpassed all
observations from Solar System tests to gravitational waves
so far [1]. However, it is not well constrained at short
distances, i.e., in the ultraviolet regime (UV). Newton’s
1/r-potential was experimentally tested up to approxi-
mately 5 ym [2], which corresponds to 0.001 eV. Beyond
these scales, gravitational interaction has not been con-
strained by direct experiments. Furthermore, as one
approaches the short distances, GR has several problems.
From the classical point of view, it suffers from the
presence of spacetime singularities [3]; at the quantum
level, it fails to be perturbatively renormalizable.

It has been known for a while that nonlocal terms actions
can improve UV behavior. Nonlocal theories containing
form factors with an infinite number of derivatives have
brought considerable interest in the context of quantum
field theories [4-11] and quantum gravity [12-16]. In
particular, it was shown that infinite derivative gravity
(IDG) may resolve cosmological [17] and black-hole
singularities [18]. In order to avoid introducing ghostlike
instabilities, the form factors are chosen as analytic
functions with no roots in the complex plane (i.e., expo-
nential of entire functions); see [12,13,18]. Moreover, the
form factor of such a nonlocal action emerges from the
world line approximation of one-loop amplitude in string
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theory [19,20]. There were also first attempts in studying
initial value problem of IDG using diffusion equation method
[21,22] and constructing perturbative Hamiltonian [23] using
nonlocal Hamiltonian formalism of [24,25].

Recently, there has been further progress in finding
solutions of linearized IDG. It was shown that IDG may
avoid not only black-hole type singularities [26-33], but
also topological defects such as p branes [34], cosmic
strings [35], and NUT-like singularities [36]. The exact
pp-wave solutions have been studied in [37].

In this paper, we study the nonexpanding gravitational
waves of the Siklos type in anti—de Sitter universe, the anti—
de Sitter (AdS) waves, which are generalizations of the so-
called pp waves in flat space in the context of the ghost-free
infinite derivative gravity presented in [38,39]. The main
focus of this work are the impulsive waves, which have
been studied extensively in GR with a cosmological
constant [40-46]. These solutions are generated by null
sources with Dirac-delta stress-energy tensor and belong to
the class of almost universal spacetimes [47,48]. The
impulsive-wave solution of IDG corresponding to a mass-
less point particle was obtained in [37]. Here, we follow-up
by extending the analysis to the AdS spacetime in four and
three dimensions. We illustrate how the nonlocality affects
the gravitational waves in AdS if the sources are absent or
present.

The layout of the paper is as follows: In Sec. II, we
briefly review the ghost-free infinite derivative gravity. In
Sec. III, we study the AdS wave solutions in the source-free
case. Sections IV and V are dedicated to the constructions of
the impulsive gravitational waves of IDG in 3 + 1 and

© 2020 American Physical Society
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2 4+ 1 dimensions, respectively. In Sec. VI, we conclude
with a brief discussion of our results. The Supplemental
Material is attached to the Appendixes.

II. INFINITE DERIVATIVE GRAVITY

The most general quadratic in curvature (parity-invariant
and torsion-free) theory of IDG in four dimensions with a
cosmological constant A [17,18,38,39] is given by the
Lagrangian densityl

=
R —2A R
L= 167zG[ +a.(RF (O

+ C;w/mf 3(

)R + R;WFZ(DX)RMD

O, )crre)), (2.1)

where G = M;Q is Newton’s gravitational constant,
O, =0/M?, and a, = 1/M?. The dimensionful constant
M is the scale of nonlocality at which nonlocal interactions
become manifest. In the local limit, My — oo, the theory
reproduces Einstein’s general relativity. The form factors
Fi(Oy) are analytic functions of d’Alembert operator
O= gWV"V”,

[Se] Dn
= Zfi,nmv (22)

n=0 §
where f;,, are dimensionless coefficients. The form factors
give rise to nonlocal gravitational interactions. They are
crucial to make the theory ghost-free, and the analyticity is
required for obtaining the low energy limit similar to that of
GR. The equations of motion for the action (2.1) are given
in Appendix A.

III. ADS WAVE SPACETIMES IN IDG

The field equations of the infinite derivative gravity are
very complicated [49], so a mere attempt of finding exact
solutions to the theory is an extremely daunting task. To
handle the situation, we focus on the AdS wave metric
ansatz, which can be written in the Kerr-Schild form,2

(3.1)

where g, denotes the AdS background metric, and H is a
scalar function that satisfies ﬂ”al,H = 0. Here, /1,, is a
nonexpanding, nontwisting, and shear-free null vector
satisfying

9w = g/w =+ 2H’1;4’1w

M, =0, Vi = &) s =0, (3.2)

where &, is a vector in the transverse direction. Due to the
fact that the curvature scalar R is constant, there is no

We use mostly positive metric signature, (—, +, +, +).
*For detailed properties of AdS waves and the Kerr-Schild
metrics, we refer the reader to [50-53].

contribution from the nonlocal form factor RF(CJ,)R to
the field equations except a constant term. In addition, the
Ricci tensor becomes [53-55]

3
Rﬂl/ - = Eg;w + ﬂﬂj‘l/OHﬂ

(3.3)

where 7 is the AdS radius and O denotes the operator

O=- (El + 2840, + %5”5,, - %) ) (3.4)

Furthermore, one should note that the traceless Ricci tensor
takes the form

S = 4A,0H, (3.5)
which is of the type N in the aspect of null alignment

classification [56,57]. Moreover, one can derive the follow-
ing formulas for the (repeated) action of the d’Alembert

operator [54]:
2
. (o T 7) H

— 27\n
0"S,, =0"S,, = (-1)"4,4, (O +f2> OH, (3.6)

O(4,AH) =0A,AH) = =A,A

where 0 = gV, V, is the AdS background d’Alembert
operator. Throughout the calculations, one needs to use the
following identity of higher-order derivative of the Weyl
tensor:

V,V, et — % (D + g) (D - g) SP. (3.7

By using the recursive relations above, one can easily

convert the field equations of the IDG for the AdS wave
metric to a rather simple form,

(o2 e 2

(D+ )]:Q(D )

) (B ) s o

The trace part of the equation determines the cosmological
constant in terms of the AdS radius,

+2F, <EX (3.8)

3

(3.9)

Note that (3.8) reduces to the field equations for pp waves
on Minkowski background [37] in the limit £ — o
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(i.e., A — 0). The traceless part of the field equations yields
nonlocal equations,

12 = 2 =
|:] +a. |:_f2 <2f1’() +f§,()) + (D+f2>f2(|:|‘)

+27 (0 - 3) (3 + )|

_ 2
x (D + ) LA H = 0. (3.10)

52

It is important to stress here that the full equations for AdS
waves (3.10) are equivalent to the linearized field equations
for the Kerr-Schild perturbations i, = g, — G, = 2HA,4,.
Therefore, the solutions of the full equations that we obtain
below are also solutions of the linearized equations for the
transverse-traceless fluctuations around AdS background.

To ensure that the theory has no extra degrees of freedom
and no ghosts on the AdS background, we choose the form
factors® [39],

fl(Ds) = ‘7:2(59) =0,

_(Dﬁ’%)
le o — 1
FHO)=c——7o—. 3.11
e (3.11)
The AdS wave equation (3.10) then turns into
@42 [— 2
¢ e (D + ﬁ> LA H=0.  (3.12)

Let us write AdS wave metric [59] using the null coor-
dinates, u = (x —t)/v/2 and v = (x +1)/V/2,

bﬂZ
ds* = — (2dudv + dy* + dz*) 4+ 2H(u.y, z)du*, (3.13)
Z

where z = 0 corresponds to the conformal infinity of AdS
spacetime [60]. In these coordinates, &, = 22_15j, and,
thus,

2

— 4z — 22 27 47>
O:—<D+fzaz—bﬂz>, D:ﬁ62—ﬁaz—?auam

(3.14)

where we introduced §? = 92 + 2.
Employing the first formula of (3.6), the field equa-
tions (3.12) reduce to

FLet us remark that this choice of F 3(oy) is non-analytic. An
alternative analytic choice F3(m,) =1 (e_(nﬁﬁ) -1)/(og +
ﬁ) (discussed in [58]) would only affect the overall constant
L and L, by the factor e*/**: without changing our conclusions.

20242:0,-2
- 272
e M2

(2207 +220,-2)H =0.  (3.15)
This equation can be solved using the eigenvalue method
described in [61]. Let us consider the eigenvalue problem
of the operator in the round brackets,

(20> +2z0. - 2)H,, = —w*H,,, (3.16)
where H,, are eigenfunctions and w are the corresponding

eigenvalues. By acting with the full nonlocal operator on
H,,, we obtain

2024220, -2
- 2,72
e M2

W2
(220> + 220, - 2)H,, = —e"s"w?H,,.  (3.17)
The general solution H of the linear equation (3.15) is a
superposition of such functions H, for which
eV /M2 — (. Since the exponential has no roots in
the complex plane, the only solution is the function H,,
(the eigenvalue w = 0). Therefore, the original equation
effectively reduces just to the equation
(z20* + 220, —2)H = 0. (3.18)
In other words, the only AdS wave solutions of the source-

free theory are those of the Einstein’s general relativity.4
The solutions of (3.18) are well known [52,62],

H(1.y.2) = 3o [(62) + oKy (C)]sin(Cy+¢). (3.19)

where ¢ and c; are functions of the null coordinate u. The
functions /3, and K3, are modified Bessel functions of the
first and second kinds, respectively.

In fact, this result is expected since the source-free theory
is not affected by nonlocalities if the equations of motion are
linear, which is exactly the case of the field equations with the
AdS wave metric ansatz. In order to see the nonlocal effects,
we need to consider the field equations with a nonzero
source. The equations derived above remain intact in the
presence of nonzero null sources 7', dx*dx" = Tuuduz.5

IV. IMPULSIVE WAVES IN 3 +1 DIMENSIONS

In this section, we will search for impulsive gravitational
waves® that are generated by massless sources in IDG.
Since we put a nonzero stress energy on the right-hand side
of equations of motion, we can expect that the resulting

*This is true also in the Minkowski background, which was
studied in [37]. The source-free solution presented in [37] is
incorrect because of a mistake in the Fourier transform.

A feasible way of such a source is to consider a nonminimally
coupled scalar field with a certain potential [63,64].

For the details on the impulsive gravitational waves in GR
with a cosmological constant, see [40—46].
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solutions will be affected by the presence of nonlocal form
factors with infinite derivatives.

A. Massless pointlike source
Let us begin with the impulsive AdS wave metric,

2

ds? = f—z (2dudv + dy? + d2?) + 28(u)H(y, )dui®, (4.1)
and consider a massless point particle traveling in the
positive x direction with momentum p* = E(5; + &).
Such a particle is described by a source with stress-energy
tensor T, = Ez3¢726(u)8(y)8(z — z9). The AdS wave
equation then reads

2024229, -2

e M7 (204220, —2)H(y,z) = —L8(y)6(z — z),
(4.2)

where we introduced the constant L = 16z7GEz3. Let us
recall that the homogeneous solution is given by (3.19).
Since it is the same for the local as well as nonlocal theory,
we will focus on finding a particular solution only.

In order to solve (4.2), we first take the Fourier transform
in coordinate y,7

2 dg +2z0; —k2;2-2
- 272
e M2e

= —\/Lz_ﬂé(z - Z)-

Using the substitution H(k,z)
rewrite this equation as

(2202 + 220, — k22> = 2)H(k, z)

(4.3)

=V(k,z)/\/z, we can

L./zy
e ANME A(R)V (k,z) = — 8(z—2z). (44
(K)V (k. z) Ner: (z=2), (44)
where we introduced the k-dependent operator

A(k) = 220% + 220, — k*22 -2 (4.5)

Similar to the homogeneous case, we will first study the
eigenvalue problem for this operator. Assuming k > 0, one
can show that
AKKy(ka) = (B + /9K p(ka).  (4.6)
where K;; are modified Bessel functions of imaginary
order. In order to make further progress, it is essential to

7 . . .
Our convention for the Fourier transform is

flk) = \/%A dx f(y)e ™, ) = \/%A dk f(k)e'.

FIG. 1.

The function H(y,z) forzg=1,G=1,E=1,¢=1,
and M, = 4. The meshed red surface represents the solution of
IDG, and the gray surface depicts the corresponding solution
of GR.

express the right-hand side of (4.4) in terms of the
eigenfunctions K 4(kz). Fortunately, this is possible thanks
to the identity presented in [65],

5z - 20) = ﬂ%o / ® 4B psh(zp)K y(kzo)Kop(ke).  (4.7)

for arbitrary k > 0. Thus, we can write

B L\/gefl(k)/M%f2
V(k, Z) = —ﬁw5<z - Z())

VAL [o  e-F+om/mie
B ﬂ%\/z—ol p*+9/4
X K1ﬂ<kZO)K1ﬂ(kZ)

Bsh(np)
(4.8)

After taking the inverse Fourier transform, the particular
solution of (4.2) takes the form of the integral

16GEZO —(p*+9/4) /M2 ¢*
H(y, dk h
(r.2) = / / T 7 19/d psh(zp)
x Kiﬁ(|k|ZO> p(kl2)e™. (4.9)
where we also employed the fact that H(y, z) = H(-y, z),

as it follows from (4.2). This integral does not seem to have
a closed form, but we can evaluate it numerically as shown
in Fig. 1.

044016-4
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The GR solution can be obtained by taking the local limit
M, — oo of the integrand in (4.9). Using the identity [66],

©  fsh(zp) % I5([K|2) K ([K|zo).
df———Ks(|k|z9)Kis = R
/0 ﬂﬂz+9/4 ﬁ(| |20) p %I%(|k|ZO)K%(|k|Z),

(4.10)

which holds for z < z; and z > z, respectively, we arrive
at the function

2GE 4zz
Hor="5—|(y*+7*+23)lo <1+4> —4zz }
GR 2 [(Y 0)log y2+(z—zo)2 0

(4.11)

This GR solution represents an impulsive gravitational
wave that is generated by a massless particle; see, for
example, [40,42,67].

It is clear that the impulsive-wave solution of GR
diverges at the location of the particle, where it has
distributional curvature. On the other hand, the nonlocal
impulsive-wave solution of IDG is regular everywhere due
to the improved behavior of the propagator in the UV scale.
Let us remark that we could replace §(u) by a more realistic
smooth regularization of Dirac-delta §,(u) thanks to the
linearity of equations and the independence of the coor-
dinate v [derivative J, in (3.14) never applies]. In this
sense, all curvature tensors can be considered as regular.
Near the conformal infinity z = 0, the nonlocal solution
approaches GR.

B. Massless linear source

Let us consider a specific example of a null matter
distribution, T,, = Ezo¢26(u)é(z — z5), for which one
can find an impulsive-wave solution in a closed form.
This particular stress-energy tensor describes a linear null
source that moves in x direction with momentum p* =
E(8) + &) and extends to infinity in y direction. The
trajectory of this surface is visualized in the Poincaré
spherical model of Lobachevsky space in Fig. 2. Details
of this representation are reviewed in Appendix B.

This choice of the source allows the profile function H to
be independent of y. Thus, the field equation takes a
simpler form

20242:0,-2

e M7 (128%+22(9z—2)H(Z) =—L,6(z—2z0),

(4.12)

where L, = 167GEz,. Thanks to the absence of d,, this
equation can be solved directly using the heat-kernel
method [26]. After transforming the equation to the
coordinate w = logz and defining H(w) = H(e"), we
can write

FIG. 2. The trajectory of the source at z = z, represented in
Poincaré spherical model of the Lobachevsky space. The solid
lines correspond to the location of the source at a given time 7.
They extend from y = O (at the dashed line) toward y = +o0 (at
the conformal infinity).

~ e(avzv+awv_2)/MA2‘f2

H(W) = —L4e_WOW5(W — W())

(o9
=L,e™ / ds e‘¥(33+0w—2)5(w —wp)
1/ M2

(s
2
=Lje™" / dse 2 esMs(w—wg+s)
1/ M2

(w—ﬁ/)2

e8] e &
=L e dse‘zs/dﬂ/ S(Ww—wy+s),
! //Mft’z R Vars ( 0+s)
(4.13)

where we applied the shift operator ¢*? on the third line and

expressed the action of e using the heat kernel on the
fourth line. This integral can be easily found. Returning back
to the variable z, we obtain the particular solution of (4.12),

87GE 3 M/ [z
H(z) = ——— | 23 erf _ 5 e =
© =32 [ZO e <2M A R (Zo) )

3 M.C z
3 rf s 1 -
)|

which is plotted in Fig. 3.
By taking the local limit M; — oo, we can recover the
GR solution,

(4.14)

i
2

). (4.15)

As can be easily seen, this GR solution has a discontinuity
and distributional curvature at the location of the source

044016-5
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H(2)
20
local
————— non-local
15+
10} ST Tl
5,
05 1.0 15 2.0°
5l
FIG. 3. The function H(z) for zp=1,G=1, E=1, £ =1,

and M = 4. The dashed red curve denotes the solution of IDG,
and the solid black curve represents the corresponding
solution of GR.

z = z¢, while the IDG solution is completely smooth
everywhere. This is again caused by the fact that the form
factor with infinite number of derivatives effectively smears
the delta-like distributions in the stress-energy tensor. As
before, the non-local solution approaches the GR solution
near the conformal infinity z = 0.

V. IMPULSIVE WAVES IN 2 +1 DIMENSIONS

Now that we have discussed gravitational waves in 3 + 1
dimensions, let us study the solutions in 2 + 1 dimensions.
In this section, we will not repeat details that remain almost
the same, but focus on the important differences from the
four-dimensional case.

Since the Weyl tensor is identically zero in 241
dimensions, the IDG action contains only the form factors
of F,(Oy) and F,(O,). Traceless part of the source-free
field equations in three dimensions is reduced to

{l—l—ac[ 12 <f10+f§°) <D+;2>;E2(DS)H
x <E + %) A H = 0.

Furthermore, one needs to set the form factor F, ([J;) to be
in the following form in order to avoid ghostlike degrees of
freedom [68]:

(5.1)

o OhEa)
Fo(ty) =C—=——5— (5.2)
0, + M2f2
where we denoted C = 1 + th(M;2£72). It is also impor-
tant to note that the field equation is independent of the
form factor (). We refer the reader to [68] for the

explicit form of F(CJy).

The AdS wave metric in 2 + 1 dimensions is

KZ
ds* = =2 (2dudv + dz?) + 2H (u, z)du®.  (5.3)
A similar arguments to those in Sec. III could be used to
show that there are no new solutions of the homogeneous
equation. In the next section, we focus on particular
solutions in the presence of the nonzero source.

A. Massless pointlike source

Consider a pointlike particle moving in the positive x
direction with the momentum p* = E(8, + &) with the
stress-energy tensor T, = Ez3¢725(u)8(z — 7). This
source together with the impulsive-wave profile H =
5(u)H(z) leads to the equation

2024320,
¢ (2024 320)H(2) = ~Lad(z - z0).  (5.4)
where L; = 167G3Ez}/C. )
By introducing w = log z, H(w) = H(e"
ing the heat-kernel method, we find

), and employ-

o(02420,) /M3

02 +20,

—L3e W0/ /dW
1/ M3 ¢?

which can be easily calculated. The resulting particular
solution of (5.4) is
4nG3Ez 1 M£ Z
H(z) = ——=Y | 72 erf s =
@="cp {Zoe C(Msf 2 0g<Zo> )
1 Ml z
MZ 2 g 20 '

This function is depicted in Fig. 4.
By calculating the local limit M, — oo, we can arrive at
the GR solution,

H(w) = —Lze™ S(w—wy)

(w—i)

5(W wo + 25),

(5.5)

+ ZZerfc ( (5.6)

2

Z Z
Hor = 4nG3E20<1 +Z—3— g

Z—2> (5.7)

-3

Unlike the four-dimensional GR solution of a pointlike
massless particle, which diverges, this three-dimensional
GR solution is regular but has a discontinuity at z = z,
[46]. This discontinuity is again cured by infinite deriva-
tives. The IDG impulsive-wave solution is smooth every-
where. The full solution (with the homogeneous part
/7> + ¢,) approaches the GR solution at the conformal
infinity z = 0. Note that the metric of the GR solution is
actually just the AdS metric. This is a consequence of the

044016-6
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H(2)
30¢

local

————— non-local

25

20r

. . . Lz
0.0 0.5 1.0 1.5 2.0

FIG. 4. The function H(z) forzo=1,G3 =1, E=1, ¢ =1,
and M, = 4. The dashed red curve represents the solution of IDG,
and the solid black curve depicts the corresponding solution of GR.

fact that the three-dimensional GR has no local degrees of
freedom [69,70]. The spacetime, however, differs from an
empty AdS by the presence of nontrivial (global) topo-
logical defects that causes distributional curvature, which is
not present in the nonlocal case.

VI. CONCLUSIONS

In this paper, we studied the nonexpanding gravitational
waves of the Siklos type solutions of the ghost-free infinite
derivative gravity in anti—de Sitter spacetime with the main
focus on the impulsive waves which are generated by
Dirac-delta source. We argued that the source-free infinite
derivative gravity does not admit any new AdS wave

G 4 Ag + 5 4GP F((D)R+gPRF (D)R—4(V*VI —g

solutions other than that of Einstein’s general relativity.
It was demonstrated that the nonlocality described by form
factors with the infinite number of derivatives plays a role
only in the presence of a nonzero source.

We found the exact impulsive waves corresponding to
massless pointlike and linear sources propagating in four-
and three-dimensional anti—de Sitter spacetimes. It turned out
that the nonlocalities smear all the divergences and disconti-
nuities (corresponding to distributional curvature) that are
present in the local impulsive-wave solutions. The obtained
solutions of the infinite derivative gravity are regular every-
where. They reduce to the impulsive-waves solutions of
general relativity in the local limit M; — oo and in the
infrared regime (near the conformal infinity of AdS). Simply
put, the solutions get modified due to the nonlocal effects
only in the ultraviolet regime, but not in the infrared regime.
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APPENDIX A: EQUATIONS OF MOTION OF IDG

The equations of motion following from the action given
(2.1) were found in [49]. Using a common notation for a
power of d’Alembert operator, LI"X7 = X (), they can
be written as

PO F (O)R=2Q7 + g (Q,5+Q,) +4R*, F, (L) R

— PR AFH(O)R,? =4V, VA (F(O)R) +20(F (O)RY) + 240V, V, (F(O)R™) =2Q% 4 g Q.+ Q) —4AY

— g€ F5(0) G+ 4C% 0 FA (D) O —A(R,

HUpo

where the symmetric tensors are

0 n—1
= Z;fl’n Z VeR(WAR(=1-1)
aﬁ_ZfZ ZRMG’ Ruﬁ(nll)
=1
a/i Zf Z Cﬂyp

n—1

[R, /(1) Rt (n=1=1)

vpaﬂ n—I— 1)

1 0
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FIG. 5.

APPENDIX B: POINCARE SPHERICAL MODEL

Poincaré spherical model is a compactified representa-
tion of the Lobachevsky space,

2

4
ds* = — (dx* + dy* + d2?), (B1)
z

Surfaces of constant x, y, and z coordinates of the Lobachevsky space depicted in the Poincaré spherical model.

which is a spatial part of the AdS metric. The surface of the
sphere is the conformal infinity. The standard conformally
flat coordinates x, y, and z are visualized in Fig. 5.

[1] C. M. Will, The confrontation between general relativity and
experiment, Living Rev. Relativity 17, 4 (2014).

[2] D.J. Kapner, T.S. Cook, E. G. Adelberger, J. H. Gundlach,
B. R. Heckel, C. D. Hoyle, and H. E. Swanson, Tests of the
Gravitational Inverse-Square Law Below the Dark-Energy
Length Scale, Phys. Rev. Lett. 98, 021101 (2007).

[3] S. Hawking and G. Ellis, The large scale structure of space-
time, https://doi.org/10.1017/CBO9780511524646.

[4] G. V. Efimov, Non-local quantum theory of the scalar field,
Commun. Math. Phys. 5, 42 (1967).

[5] G. V. Efimov and S.Z. Seltser, Gauge invariant nonlocal
theory of the weak interactions, Ann. Phys. (N.Y.) 67, 124
(1971).

[6] G. V. Efimov, On the construction of nonlocal quantum
electrodynamics, Ann. Phys. (N.Y.) 71, 466 (1972).

[7]1 N. V. Krasnikov, Nonlocal gauge theories, Theor. Math.
Phys. 73, 1184 (1987).

[8] J. W. Moftat, Finite nonlocal gauge field theory, Phys. Rev.
D 41, 1177 (1990).

[9] D. Evens, J. W. Moffat, G. Kleppe, and R.P. Woodard,
Nonlocal regularizations of gauge theories, Phys. Rev. D 43,
499 (1991).

[10] E. T. Tomboulis, Nonlocal and quasilocal field theories,
Phys. Rev. D 92, 125037 (2015).

[11] L. Buoninfante, G. Lambiase, and A. Mazumdar, Ghost-free
infinite derivative quantum field theory, Nucl. Phys. B944,
114646 (2019).

[12] E. Tomboulis, Renormalizability and asymptotic freedom in
quantum gravity, Phys. Lett. 97B, 77 (1980).

[13] E. Tomboulis, Superrenormalizable gauge and gravitational
theories, arXiv:hep-th/9702146.

[14] L. Modesto, Super-renormalizable quantum gravity, Phys.
Rev. D 86, 044005 (2012).

[15] A. A. Tseytlin, On singularities of spherically symmetric
backgrounds in string theory, Phys. Lett. B 363, 223 (1995).

[16] W. Siegel, Stringy gravity at short distances, arXiv:hep-th/
0309093.

[17] T. Biswas, A. Mazumdar, and W. Siegel, Bouncing uni-
verses in string-inspired gravity, J. Cosmol. Astropart. Phys.
03 (2006) 009.

[18] T. Biswas, E. Gerwick, T. Koivisto, and A. Mazumdar,
Towards Singularity and Ghost Free Theories of Gravity,
Phys. Rev. Lett. 108, 031101 (2012).

[19] S. Abel and N. A. Dondi, UV completion on the worldline,
J. High Energy Phys. 07 (2019) 090.

[20] S. Abel, L. Buoninfante, and A. Mazumdar, Nonlocal
gravity with worldline inversion symmetry, J. High Energy
Phys. 01 (2020) 003.

[21] G. Calcagni, L. Modesto, and G. Nardelli, Non-perturbative
spectrum of non-local gravity, Phys. Lett. B 795, 391
(2019).

[22] G. Calcagni, L. Modesto, and G. Nardelli, Initial conditions
and degrees of freedom of non-local gravity, J. High Energy
Phys. 05 (2018) 087.

[23] I. Kolar and A. Mazumdar, Hamiltonian for scalar field
model of infinite derivative gravity, Phys. Rev. D 101,
124028 (2020).

[24] J. Llosa and J. Vives, Nonlocal Lagrangians and Hamil-
tonian formalism, Int. J. Mod. Phys. D 03, 211 (1994).

[25] J. Gomis, K. Kamimura, and J. Llosa, Hamiltonian formal-
ism for space-time noncommutative theories, Phys. Rev. D
63, 045003 (2001).

044016-8


https://doi.org/10.12942/lrr-2014-4
https://doi.org/10.1103/PhysRevLett.98.021101
https://doi.org/10.1017/CBO9780511524646
https://doi.org/10.1007/BF01646357
https://doi.org/10.1016/0003-4916(71)90007-8
https://doi.org/10.1016/0003-4916(71)90007-8
https://doi.org/10.1016/0003-4916(72)90127-3
https://doi.org/10.1007/BF01017588
https://doi.org/10.1007/BF01017588
https://doi.org/10.1103/PhysRevD.41.1177
https://doi.org/10.1103/PhysRevD.41.1177
https://doi.org/10.1103/PhysRevD.43.499
https://doi.org/10.1103/PhysRevD.43.499
https://doi.org/10.1103/PhysRevD.92.125037
https://doi.org/10.1016/j.nuclphysb.2019.114646
https://doi.org/10.1016/j.nuclphysb.2019.114646
https://doi.org/10.1016/0370-2693(80)90550-X
https://arXiv.org/abs/hep-th/9702146
https://doi.org/10.1103/PhysRevD.86.044005
https://doi.org/10.1103/PhysRevD.86.044005
https://doi.org/10.1016/0370-2693(95)01228-7
https://arXiv.org/abs/hep-th/0309093
https://arXiv.org/abs/hep-th/0309093
https://doi.org/10.1088/1475-7516/2006/03/009
https://doi.org/10.1088/1475-7516/2006/03/009
https://doi.org/10.1103/PhysRevLett.108.031101
https://doi.org/10.1007/JHEP07(2019)090
https://doi.org/10.1007/JHEP01(2020)003
https://doi.org/10.1007/JHEP01(2020)003
https://doi.org/10.1016/j.physletb.2019.06.043
https://doi.org/10.1016/j.physletb.2019.06.043
https://doi.org/10.1007/JHEP05(2018)087
https://doi.org/10.1007/JHEP05(2018)087
https://doi.org/10.1103/PhysRevD.101.124028
https://doi.org/10.1103/PhysRevD.101.124028
https://doi.org/10.1142/S0218271894000319
https://doi.org/10.1103/PhysRevD.63.045003
https://doi.org/10.1103/PhysRevD.63.045003

IMPULSIVE WAVES IN GHOST FREE INFINITE DERIVATIVE ...

PHYS. REV. D 102, 044016 (2020)

[26] V.P. Frolov, A. Zelnikov, and T. de Paula Netto, Spherical
collapse of small masses in the ghost-free gravity, J. High
Energy Phys. 06 (2015) 107.

[27] V.P. Frolov and A. Zelnikov, Head-on collision of ultra-
relativistic particles in ghost-free theories of gravity, Phys.
Rev. D 93, 064048 (2016).

[28] J. Edholm, A.S. Koshelev, and A. Mazumdar, Behavior
of the Newtonian potential for ghost-free gravity and
singularity-free gravity, Phys. Rev. D 94, 104033 (2016).

[29] E. Kilicarslan, Weak field limit of infinite derivative gravity,
Phys. Rev. D 98, 064048 (2018).

[30] L. Buoninfante, G. Harmsen, S. Maheshwari, and A.
Mazumdar, Nonsingular metric for an electrically charged
point-source in ghost-free infinite derivative gravity, Phys.
Rev. D 98, 084009 (2018).

[31] L. Buoninfante, A.S. Koshelev, G. Lambiase, and A.
Mazumdar, Classical properties of non-local, ghost- and
singularity-free gravity, J. Cosmol. Astropart. Phys. 09
(2018) 034.

[32] L. Buoninfante, A. S. Cornell, G. Harmsen, A. S. Koshelev,
G. Lambiase, J. Marto, and A. Mazumdar, Towards non-
singular rotating compact object in ghost-free infinite
derivative gravity, Phys. Rev. D 98, 084041 (2018).

[33] J. Boos, J. P. Soto, and V. P. Frolov, Ultrarelativistic spin-
ning objects (gyratons) in non-local ghost-free gravity,
Phys. Rev. D 101, 124065 (2020).

[34] J. Boos, V. P. Frolov, and A. Zelnikov, Gravitational field of
static p-branes in linearized ghost-free gravity, Phys. Rev. D
97, 084021 (2018).

[35] J. Boos, Angle deficit & non-local gravitoelectromagnetism
around a slowly spinning cosmic string, arXiv:2003.13847.

[36] I. Kolar and A. Mazumdar, NUT charge in linearized infinite
derivative gravity, Phys. Rev. D 101, 124005 (2020).

[37] E. Kilicarslan, pp-waves as exact solutions to ghost-free
infinite derivative gravity, Phys. Rev. D 99, 124048 (2019).

[38] T. Biswas, A. S. Koshelev, and A. Mazumdar, Gravitational
theories with stable (anti-)de Sitter backgrounds, Fundam.
Theor. Phys. 183, 97 (2016).

[39] T. Biswas, A.S. Koshelev, and A. Mazumdar, Consistent
higher derivative gravitational theories with stable de Sitter
and anti-de Sitter backgrounds, Phys. Rev. D 95, 043533
(2017).

[40] M. Hotta and M. Tanaka, Shock wave geometry with
nonvanishing cosmological constant, Classical Quantum
Gravity 10, 307 (1993).

[41] J. Podolsky and J.B. Griffiths, Impulsive gravitational
waves generated by null particles in de Sitter and anti-de
Sitter backgrounds, Phys. Rev. D 56, 4756 (1997).

[42] J. Podolsky and J. B. Griffiths, Impulsive waves in de Sitter
and anti-de Sitter space-times generated by null particles
with an arbitrary multipole structure, Classical Quantum
Gravity 15, 453 (1998).

[43] J. Podolsky, Exact impulsive gravitational waves in space-
times of constant curvature, in Gravitation: Following the
Prague Inspiration (A Volume in Celebration of the 60th
Birthday of Jiri BiCdk), edited by O. Semerak, J. Podolsky, and
M. Zotka (World Scientific, Singapore, 2002), pp. 205-246.

[44] J. Podolsky and J.B. Griffiths, Nonexpanding impulsive
gravitational waves with an arbitrary cosmological constant,
Phys. Lett. A 261, 1 (1999).

[45] J. Bicak and J. Podolsky, Gravitational waves in vacuum
space-times with cosmological constant. 1. Classification
and geometrical properties of nontwisting type N solutions,
J. Math. Phys. (N.Y.) 40, 4495 (1999).

[46] R. G. Cai and J. B. Griffiths, Null particle solutions in three-
dimensional (anti-)de Sitter spaces, J. Math. Phys. (N.Y.) 40,
3465 (1999).

[47] S. Hervik, V. Pravda, and A. Pravdova, Type IIl and N
universal spacetimes, Classical Quantum Gravity 31,
215005 (2014).

[48] M. Kuchynka, T. Malek, V. Pravda, and A. Pravdova,
Almost universal spacetimes in higher-order gravity theo-
ries, Phys. Rev. D 99, 024043 (2019).

[49] T. Biswas, A. Conroy, A. S. Koshelev, and A. Mazumdar,
Generalized ghost-free quadratic curvature gravity,
Classical Quantum Gravity 31, 015022 (2014).

[50] R.P. Kerr and A. Schild. Some algebraically degenerate
solutions of Einstein’s gravitational field equations, Proc.
Symp. Appl. Math. 17, 199 (1965).

[51] T. Malek and V. Pravda, Kerr-Schild spacetimes with (A)dS
background, Classical Quantum Gravity 28, 125011 (2011).

[52] I. Gullu, M. Gurses, T. C. Sisman, and B. Tekin, AdS waves
as exact solutions to quadratic gravity, Phys. Rev. D 83,
084015 (2011).

[53] M. Gurses, T. C. Sisman, and B. Tekin, New exact solutions of
quadratic curvature gravity, Phys. Rev. D 86, 024009 (2012).

[54] M. Gurses, T. C. Sisman, and B. Tekin, AdS-plane wave and
p p-wave solutions of generic gravity theories, Phys. Rev. D
90, 124005 (2014).

[55] M. Gurses, T.C. Sisman, B. Tekin, and S. Hervik, AdS-
Wave Solutions of F(Riemann) Theories, Phys. Rev. Lett.
111, 101101 (2013).

[56] R. Milson, A. Coley, V. Pravda, and A. Pravdova, Align-
ment and algebraically special tensors in Lorentzian geom-
etry, Int. J. Geom. Methods Mod. Phys. 02, 41 (2005).

[57] A. Coley, S. Hervik, G. O. Papadopoulos, and N. Pelavas,
Kundt spacetimes, Classical Quantum Gravity 26, 105016
(2009).

[58] K. Sravan Kumar, S. Maheshwari, and A. Mazumdar,
Perturbations in higher derivative gravity beyond maximally
symmetric spacetimes, Phys. Rev. D 100, 064022 (2019).

[59] S.T.C. Siklos, in Galaxies, Axisymmetric Systems and
Relativity, edited by M.A.H. MacCallum (Cambridge
University Press, Cambridge, United Kingdom, 1985).

[60] J. Podolsky, Interpretation of the Siklos solutions as exact
gravitational waves in the anti-de Sitter universe, Classical
Quantum Gravity 15, 719 (1998).

[61] N. Barnaby and N. Kamran, Dynamics with infinitely many
derivatives: Variable coefficient equations, J. High Energy
Phys. 12 (2008) 022.

[62] A. Chamblin and G. Gibbons, Supergravity on the Brane,
Phys. Rev. Lett. 84, 1090 (2000).

[63] E. Ayon-Beato and M. Hassaine, Exploring AdS waves via
nonminimal coupling, Phys. Rev. D 73, 104001 (2006).

[64] E. Ayon-Beato and M. Hassaine, Higher-dimensional AdS
waves and pp-waves with conformally related sources,
Phys. Rev. D 75, 064025 (2007).

[65] S. Murashima and T. Kiyono, Modified Bessel functions of
purely imaginary order K, (x), I;(x) and their related func-
tions, Res. Rep. Kagoshima Univ. Faculty Eng. 15,91 (1973).

044016-9


https://doi.org/10.1007/JHEP06(2015)107
https://doi.org/10.1007/JHEP06(2015)107
https://doi.org/10.1103/PhysRevD.93.064048
https://doi.org/10.1103/PhysRevD.93.064048
https://doi.org/10.1103/PhysRevD.94.104033
https://doi.org/10.1103/PhysRevD.98.064048
https://doi.org/10.1103/PhysRevD.98.084009
https://doi.org/10.1103/PhysRevD.98.084009
https://doi.org/10.1088/1475-7516/2018/09/034
https://doi.org/10.1088/1475-7516/2018/09/034
https://doi.org/10.1103/PhysRevD.98.084041
https://doi.org/10.1103/PhysRevD.101.124065
https://doi.org/10.1103/PhysRevD.97.084021
https://doi.org/10.1103/PhysRevD.97.084021
https://arXiv.org/abs/2003.13847
https://doi.org/10.1103/PhysRevD.101.124005
https://doi.org/10.1103/PhysRevD.99.124048
https://doi.org/10.1007/978-3-319-31299-6
https://doi.org/10.1007/978-3-319-31299-6
https://doi.org/10.1103/PhysRevD.95.043533
https://doi.org/10.1103/PhysRevD.95.043533
https://doi.org/10.1088/0264-9381/10/2/012
https://doi.org/10.1088/0264-9381/10/2/012
https://doi.org/10.1103/PhysRevD.56.4756
https://doi.org/10.1088/0264-9381/15/2/018
https://doi.org/10.1088/0264-9381/15/2/018
https://doi.org/10.1016/S0375-9601(99)00524-1
https://doi.org/10.1063/1.532981
https://doi.org/10.1063/1.532900
https://doi.org/10.1063/1.532900
https://doi.org/10.1088/0264-9381/31/21/215005
https://doi.org/10.1088/0264-9381/31/21/215005
https://doi.org/10.1103/PhysRevD.99.024043
https://doi.org/10.1088/0264-9381/31/1/015022
https://doi.org/10.1090/psapm/017/0216846
https://doi.org/10.1090/psapm/017/0216846
https://doi.org/10.1088/0264-9381/28/12/125011
https://doi.org/10.1103/PhysRevD.83.084015
https://doi.org/10.1103/PhysRevD.83.084015
https://doi.org/10.1103/PhysRevD.86.024009
https://doi.org/10.1103/PhysRevD.90.124005
https://doi.org/10.1103/PhysRevD.90.124005
https://doi.org/10.1103/PhysRevLett.111.101101
https://doi.org/10.1103/PhysRevLett.111.101101
https://doi.org/10.1142/S0219887805000491
https://doi.org/10.1088/0264-9381/26/10/105016
https://doi.org/10.1088/0264-9381/26/10/105016
https://doi.org/10.1103/PhysRevD.100.064022
https://doi.org/10.1088/0264-9381/15/3/019
https://doi.org/10.1088/0264-9381/15/3/019
https://doi.org/10.1088/1126-6708/2008/12/022
https://doi.org/10.1088/1126-6708/2008/12/022
https://doi.org/10.1103/PhysRevLett.84.1090
https://doi.org/10.1103/PhysRevD.73.104001
https://doi.org/10.1103/PhysRevD.75.064025

DENGIZ, KILICARSLAN, KOLA#, and MAZUMDAR

PHYS. REV. D 102, 044016 (2020)

[66] I.S. Gradshteyn and I. M. Ryzhik, in Table of Integrals,
Series, and Products, Tth ed. edited by A. Jeffrey and D.
Zwillinger, (Academic Press, New York, 2007).

[67] X.O. Camanho, J.D. Edelstein, J. Maldacena, and A.
Zhiboedov, Causality constraints on corrections to the grav-
iton three-point coupling, J. High Energy Phys. 02 (2016) 020.

[68] A. Mazumdar and G. Stettinger, New massless and massive
infinite derivative gravity in three dimensions and

perturbations around Minkowski and in (A)dS, Nucl. Phys.
B956, 115024 (2020).

[69] S. Deser, R. Jackiw, and G. ’t Hooft, Three-dimensional
Einstein gravity: Dynamics of flat space, Ann. Phys. (N.Y.)
152, 220 (1984).

[70] S. Deser and R. Jackiw, Three-dimensional cosmological
gravity: Dynamics of constant curvature, Ann. Phys. (N.Y.)
153, 405 (1984).

044016-10


https://doi.org/10.1007/JHEP02(2016)020
https://doi.org/10.1016/j.nuclphysb.2020.115024
https://doi.org/10.1016/j.nuclphysb.2020.115024
https://doi.org/10.1016/0003-4916(84)90085-X
https://doi.org/10.1016/0003-4916(84)90085-X
https://doi.org/10.1016/0003-4916(84)90025-3
https://doi.org/10.1016/0003-4916(84)90025-3

