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In this paper, we propose a wider class of symmetries including the Galilean shift symmetry as a
subclass. We will show how to construct ghost-free nonlocal actions, consisting of infinite derivative
operators, which are invariant under such symmetries, but whose functional form is not simply given by
exponentials of entire functions. Motivated by this, we will consider the case of a scalar field and discuss
the pole structure of the propagator which has infinitely many complex conjugate poles, but satisfies the
tree-level unitarity. We will also consider the possibility to construct UV complete Galilean theories by
showing how the ultraviolet behavior of loop integrals can be ameliorated. Moreover, we will consider
kinetic operators respecting the same symmetries in the context of linearized gravity. In such a scenario, the
graviton propagator turns out to be ghost free and the spacetime metric generated by a pointlike source is
nonsingular. These new nonlocal models can be seen as an infinite derivative generalization of Lee-Wick

theories and open a new branch of nonlocal theories.
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I. INTRODUCTION

Back in the fifties, when the renormalizability of
quantum electrodynamics was still not totally established,
physicists were also trying to improve the UV behavior of
the loop integrals by introducing nonlocal form factors in
the Lagrangians [1]. It was observed that integrals could be
made more convergent by using nonpolynomial differential
operators, and infinite order derivative' actions with such
form factors were also studied from a pure mathematical
and axiomatic point of view [2].

However, only in the last three decades infinite derivative
models have aroused much interest and have been widely
investigated [3—14]. Important results have been found
especially in the context of string-field theory and p-adic
string [15-21], and for quadratic (in the curvature) theories
of gravity around Minkowski [7-9], deSitter, and anti-
deSitter backgrounds [22].

Infinite derivative gauge theories and their UV behavior
were first studied in Refs. [3,5,6], where the authors
computed the propagator and noticed that the presence of

'In this paper, we will use both the expressions “nonlocal” and
“infinite derivative” to mean the same thing.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

2470-0010/2019,/100(2)/026019(15)

026019-1

exponentials of entire functions does not introduce any new
poles other than the local ones. Subsequently, the same
results were also obtained in the context of gravity [7-9],
where it is possible to formulate an infinite derivative theory
whose action is of higher order in the curvature invariants but
still free from ghost fields, therefore unitary at the quantum
level [21,23-25]. Such theories are also often called ghost-
free infinite derivative field theories. An important point to
note here is that the infinite order derivatives make the
interaction nonlocal; indeed the interaction vertex is
smeared out in the momentum space.

In ghost-free infinite derivative gravity, the propagator has
been computed around maximally symmetric backgrounds
[9,22]. It was shown that no other dynamical degree of
freedom (d.o.f.) is introduced besides the massless graviton
of general relativity (GR) [3,8,9,22]. At the classical level,
the nonlocal gravitational interaction can solve blackhole
[8,9,22,26-40] and cosmological singularities [7,41-44].
Infinite derivative gravity in three dimensions has been
recently studied, in both massless and massive cases; see
Ref. [45]. Ataquantum level, there are hints to show that the
UV behavior of the theory is ameliorated [4,6,8,10,46,47].
Furthermore, in Ref. [48], it was noticed that the  function
vanishes in the UV regime, i.e., for energies beyond the scale
of nonlocality, p> > M2. Infinite derivative Lagrangians
were also studied in the context of thermal field theory [49—
51], inflationary cosmology [52], supersymmetry [53,54],
and applied to the study of the Casimir effect in curved
background [55]. Recently, it has also been pointed out that
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in the presence of multiparticle interactions, such as muti-
particle scattering, the nonlocal scale can be transmuted
from the UV to the IR depending on the number of particles
involved in the scattering process. The emergence of such a
new scale in the IR is an interesting result which demon-
strates the existence of some complementarity principle in
infinite derivative theories [56].

So far, we have only mentioned nonlocal theories whose
Lagrangians are constructed in terms of analytic operators.
It is worthwhile to mention that nonanalytic operators like
1/00 and In(0J) naturally emerge from one-loop quantum
corrections to the effective action of quantum gravity
[57-60] and also in causal-set theory [61].

In this paper, our aim is to understand if there exist
nonlocal actions which exhibit some special symmetries. In
particular, we will ask whether we can enlarge the Galilean
symmetry [62], 0,¢p — 0,¢ + b,, which is typical of the-
ories with some specific derivative self-interactions and is
often taken as a fundamental guiding principle to construct
and constrain the interaction Lagrangians in both flat [62,63]
and curved backgrounds [64-71]. A very interesting aspect
of higher derivative theories with Galilean symmetry is that
the field equations are second order in the derivatives, thus
no instabilities arise [62]. However, we now wish to
generalize to actions with derivatives of infinite order.

The paper is organized as follows.

(1) In Sec. II, we will find nonlocal operators which are
invariant under a larger class of transformations
containing the Galilean transformations as a subclass.

(i1) In Sec. III, we will introduce a new nonlocal field
theoretical model motivated by such a new sym-
metry; we will compute the propagator and discuss
the pole structure, by showing tree-level unitarity.
We will show that the UV properties of one-loop
integrals are ameliorated by the presence of deriv-
atives of infinite order. Furthermore, we will notice
that such nonlocal models can be seen as an infinite
derivative generalization of the Lee-Wick theories,
since the propagator possesses infinite complex
conjugate poles.

@iii)) In Sec. IV, we will consider the same class of
nonlocal operators in the context of linearized
quadratic gravity, and also in this case we will
compute the propagator by showing tree-level uni-
tarity. Very interestingly, we will notice that it is
possible to enlarge the class of nonlocal form factors
which make the graviton propagator ghost free at the
tree level, without restricting ourself to exponentials
of entire functions. Moreover, we will show that the
linearized spacetime metric generated by a pointlike
source is nonsingular.

(iv) In Sec. V, we will discuss our results and draw the
conclusions.

(v) Inthe Appendix, we will discuss another larger class
of transformations containing the shift transforma-

tions as a subclass, and consider a natural nonlocal
extension of the Dirac action, which can be gauge
invariant.

Throughout the paper, we will work with the mostly

positive metric signature (— + ++), and we use natural
units 72 =1 = c.

II. ENLARGING THE GALILEAN SYMMETRY:
FROM LOCAL TO NONLOCAL OPERATORS

In standard local field theory, Lagrangians are con-
structed in terms of polynomials of fields and polynomials
of derivatives of fields since one is interested in observables
at low energies; therefore, the order of derivatives is always
finite,

L=L(p,0p. 0%, ..., "), (1)

where 7 is a positive finite integer and ¢(x), in principle,
can be any kind of tensorial field. It is often very important
to ask what kind of transformations leave a Lagrangian
(action) invariant, especially in order to find symmetries
and conserved quantities. In particular, we are interested
here in the Galilean shift symmetry in the Minkowski
spacetime, defined by the following transformation:

0,p(x) = 0,(x) + b, (2)
which is also equivalent to
d(x) = ¢p(x) + b, x* +a, (3)

where {b,, a} are five constant parameters which generate
the whole Galilean symmetry. Lagrangians invariant under
the above transformations can be constructed, in terms of a
massless scalar field ¢(x), where only specific derivative
self-interactions are present. For example, the following
Lagrangian exhibits such a symmetry [62]:

1 1
L= 5400~ 5 000,00 )+ . (4)

where A can be, for example, a cutoff energy scale above
which an effective field theory description may break
down. A more general form of the Lagrangian in Eq. (4)
can be found in Ref. [62]. By integrating by parts, it can be
easily shown that the Lagrangian (or, more rigorously, the
action) in Eq. (4) is invariant under the Galilean trans-
formation in Egs. (2) and (3).

We now wish to understand whether we can enlarge the
Galilean symmetry while working with nonlocal differ-
ential operators. First of all, for the sake of clarity, let us
mention that a nonlocal Lagrangian is a function which can
be also made up of nonpolynomial differential operators,
like, for instance,
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L=L <¢,a¢,32¢,...,an(p,égb,ln(D/M§)¢,eD/M?¢, )
(5)

where the nonpolynomial operators contain infinite order
covariant derivatives; M is the energy scale of nonlocality
beyond which new physics should manifest and observ-
ables at high energy can be computed, and it is math-
ematically needed to make the arguments of logarithm and
exponential dimensionless. For example, in the case of the
exponential of the d’ Alembertian, we can write the operator

. &1 /Oy
= ZE(E) , (6)

n=0

where the derivative order n goes up to infinity. As also
mentioned above in Sec. I, exponentials of entire functions,
like the one in Eq. (6), have been used previously in the
context of infinite derivative field theory and gravity
[3.4,6-9,14].

In order to satisfy the Galilean shift symmetry in Eqgs. (2)
and (3), we need to construct other nonlocal operators
which are different from the ones already known in the
literature. Further note that second order derivative oper-
ators, containing terms like the ones in Eq. (4), are invariant
under the Galilean transformation in Eqs. (2) and (3). It is
easy to understand that if [J¢ is invariant under the Galilean
transformation, then any power [1"¢ will be also invariant,
which in turn implies that the following nonlocal operator
is also invariant under the Galilean transformation:

> - O\ "
Oy = (eIM — 1) = Z% <_ A/12> 6. (1)
n=1"" s

which is slightly different from the one in Eq. (6).

We now wish to ask the following question—is there any
function y(x), such that the transformation ¢(x) — ¢(x) +
w(x) leaves invariant the nonlocal operator in Eq. (7), but
not the local one? Or, in other words, can we find a function

w(x) such that (e”2/™ — 1)y = 0, but Oy # 0?

A. 1D case

Let us start considering a one-dimensional (1D) case as a
warm-up exercise, namely let us find solutions to the
following nonlocal differential equation:

(e /M — Dy (x) = 0 & e /My (x) = y(x), (8)

which also means to find the eigenfunctions y of the

operator e~%/M: of unit eigenvalue. First of all, note that

the following property holds:

_ e—aﬁ/M§+i2nk = 692’ (9)

where k is an integer number and we have defined the
differential operator

%
0, := e + i27k. (10)

N

Thus, we need to find solutions for the equation
Orw(x) =0,

5 .
Ory(x) = =2 sy (x) + 2zky(x) = 0 = yi(x)

= Cke(l-ﬁ-i)\/iﬁMsx 4 Dke—(l-k—i)\/ﬂMsx’ (11)

where C; and D, are two integration constants, which need
to be fixed by imposing that for k£ = 0, then we recover the
Galilean shift symmetry in Egs. (2) and (3). Indeed, by
choosing

B B
Ck:ﬁ’ Dk:—ﬁ—f—a, (12)
we obtain
B . )
pi(x) = ﬁ(e(lﬂ)\/ﬁMxx _ e—(1+z)\/EMJx)
+ ae—(l+i)\/i§Msx’ (13)

which in the limit k — 0 gives w((x) = bx + a,

lim E (e(1+i)\/lﬁM\.x _ €—<1+i)li‘x)
k—0+/k

=2(1+i)By/zaM x = bx, (14)

where b = 2(1 + i)B\/zM,. The solutions in Eq. (13) are
valid for positive integer, k > 0, while in the case of k < 0,
the solutions read

iB

Wk(x) - _ (e(i—l) wlk|Mx _ e—(i—l) ﬂ|k\M:x)
Val4
+ ae~ =V AkIM,x, (15)
B. 4D case

We can now apply the same procedure to the 4D case.
Also, in this case we will find a larger class of solutions
which are eigenfunctions of the differential operator

e”I/M with eigenvalue equal to one,

(e — Dy (x) = 0 & Moy (x) = y(x), (16)

and such that Cy(x) # 0. We can write
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—I:I/M? _ e—D/M§+i2nk = % (17)

where we have now defined
[
92 = —W-f—lzﬂ'k. (18)

We can show that the solutions of the differential equation
O,y (x) = 0 are given by

B ; .
l//k(x) _ _<e(1+1)\/EMSC,,x“ _ e—(l—H)\/EMSC”x”)
Vk
4 ae—(1+i)\/ﬂ_/<Msc#x“’ (19)

where ¢? = ¢, = 1; the analog solution for k < 0 can be

easily found too, as done above for the 1D case. In the limit
k — 0, we obtain

hmy/k( ) =2(1+i)BVaMc,x* +a=b,x"+a, (20)

k—0

which recovers the Galilean shift symmetry in Eq. (3), with
b, =2(1+i)B\/aMc,, where the integration constant
can be also written as B = /b, b*/(2(1 + i)/zM). Note

that we can now rewrite the functlon v in Eq. (19) in a
more compact form as follows:

2B . (Vk o
wi(x) = ﬁsmh (ﬁ bﬂx"> + ae b (21)

Hence, we have explicitly shown that by working with the
nonlocal, infinite derivative operator introduced in Eq. (7),
we can enlarge the Galilean shift symmetry, which now
becomes a subclass of a wider class described by the
following family of parameters:

{a.b,.k}. (22)

Thus, the Galilean transformations correspond to the
subfamily {a,b,,0}. In other words, the Galilean shift
symmetry turns out to be a subclass (k = 0) of this larger
symmetry which is expressed in terms of the following field
transformation:

$(x) = ¢(x) + (). (23)

The transformation in Eq. (23) generalizes the Galilean
symmetry in Eq. (3) to the case of nonpolynomial differential
operators. In a similar way, we can also construct other nonlocal
differential operators which exhibit an enlarged shift symmetry
(¢p — ¢ + ¢). See Appendix for more details.

C. Generic powers of []

So far we have only performed our study for the non-
local operator O; = (e"2/M: — 1), where the exponent is
simply given by [1. However, we can also consider more
generic entire functions in the exponent, as, for example,
(=00/M?)" or even nonpolynomial entire functions. In the
former general scenario, a new symmetry can be still found,
but the solutions for y; (x) become more complicated as the
power n increases.

For instance, we can consider the following more general
operator:

O, = eOM)" _ g, (24)
First of all, we can write

oCO/MY)" — (O MRYtidnk — O, (25)

where

O\
0, = <_W> + 27k, (26)

N

In this more general case, the solutions of the field equation

Oy(x) = (— Afz)"wkoc) T k() =0 (27)

is formally given by

k)M e, x“ (28)

- cuet

where d; are constant parameters depending on the order 2n
of the differential equation in Eq. (27) and satisfy the
algebraic equation (—d?)" + 2zi = 0, while Cy; are inte-
gration constants. Anyway, in this paper we will mainly
work with the nonlocal operator O;.

III. A NONLOCAL MODEL WITH INFINITE
COMPLEX CONJUGATE POLES

In this section, we wish to construct actions, or in other
words Lagrangians, which respect the new symmetry in
Eq. (23). By working with the nonlocal operator O,
defined in Eq. (7), possible action terms are given by

S=S+S+S3+-+S,+--, (29)

where
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M?
5= =75 [ (e = 1),

M ) )
Sy = —/1225/d4x[(e_D/M" - 1)g]".
M,
Sy =I5, / d*x[(e7M — )g],

4—
M

o [ e < gy

Sy =~y

E, (30)
with 4; being dimensionless coupling constants and the

iteration is meant for n > 2. For instance, up to cubic vertex
interaction, the action in Eq. (29) explicitly reads

S= —% / d*x [(1 —2)M3pe My — (1 = Jy)M3¢?

M
Mg - B gy g
M
~ M (I 4 B (| g 1)

and it is invariant under the transformation in Eq. (23).
Moreover, we can expand the previous action in powers of
1/M,, and up to order O(1/M3), we obtain

. /d4x{%¢m¢ _(42%) o (46k)

4M? 12Mm*
1 s 1
NG Oy + 035 ) (32)

which is now invariant under the Galilean shift trans-
formation in Egs. (2) and (3). However, the nonlocal,
infinite derivative action in Eqs. (29) and (30) is not the
most general one. Indeed, we can also consider nonlocal
terms which include the ones in Eq. (4) when expanding in
powers of 1/M . For example, the following nonlocal term:

(ED/M§ —1) (eD/M§ -1)
O 8"¢ O

M3 / d*x (DM 1) ¢ ¢
(33)

is invariant under the transformation in Eq. (23), and the
first nonvanishing term in the expansion is given by

1
W U¢0,pd" ¢, (34)

which appears in the effective local Lagrangian in Eq. (4),
where the energy cutoff is now the nonlocal scale M.

Hence, we have shown that by demanding the symmetry in
Eq. (23) we can straightforwardly construct new field
theoretical models for nonlocal interaction.

A. Nonlocal propagator

In this subsection, we will consider the simplest action
possessing the symmetry in Eq. (23) and only work with a
kinetic term, as we are mainly interested in computing the
propagator. Such a kinetic action is

$.=-0 [dpe - g G

which, in the local limit, recovers the Klein-Gordon action
for a massless scalar field. The field equation can be easily
found by variating the action and reads

My = (36)

The bare propagator is defined as the inverse of the kinetic
operator, and in momentum space it is given by

1

H(p) = M%(ePZ/M% _ 1) .

(37)

First of all, because of the presence of infinite order time
derivatives no spectral representation can be defined for the
propagator in Eq. (37) since the time-ordered structure is
lost. As a physical consequence, causality is violated at
very small length scales of the order of 1/M,; see, for
instance, Refs. [11,14].

Note that the pole structure of the propagator is more
complicated than the local one; besides the usual real
massless pole at p? = 0, we now have an infinite number of
complex conjugate poles. Indeed, the denominator in
Eq. (37) vanishes for

p? = i2aM*¢ & p° = £/ B? — 2aM2¢,  (38)

where £ is an integer number: £ = 0 corresponds to the
only real massless pole, while each value of £ #0 is
associated with two complex poles, whose conjugates are
the ones corresponding to the opposite integer —Z. In fact,
the square root in Eq. (38) can be also decomposed in real
and imaginary parts as follows:

0_ 4 \/ﬁ2+\/ﬁ4+4ﬂ2Mﬁf2
2

p =
— ie(z/”)\/_l_j2 *

P+ AP M >

(39)

026019-5



BUONINFANTE, LAMBIASE, and YAMAGUCHI

PHYS. REV. D 100, 026019 (2019)

ofee % ° °...
(] [ J
4 % ° °e® ®
[ ] ° ° [}
2 [ J [ ]
2 0 ° °
E [ J (]
-2f ° °
[} ° ° [ ]
4 Vo ® o, .
o® %%
-6p® Og
6 " ) 0 2 4 6
Re(p"}
FIG. 1. Inthisplotitis illustrated the complex plane for p® and the

locations of some poles of the propagator in Eq. (37). We have set
M, = |p| = 1 for simplicity, and plotted the poles Z =0, ..., 12.

where &(¢) = 0(¢) — 0(—¢), with 0 being the Heaviside
step function, or equivalently &(¢) = sign(#). See Fig. 1 for
the graphic location of the poles.

We can isolate the real massless pole in the propagator by
writing

() — P’ 111
= et =) 2 = T
el IM _ ]

f(p) EM?T’ (40)

where the zeros of the function f(p) correspond to the
complex poles. Indeed f(p)=0, if and only if
p? = i2zM?¢, with ¢ # 0. Furthermore, the propagator
has no essential singularities at infinity which, in principle,
allow us to define a Wick rotation from Minkowski to
Euclidean space and vice versa.

Note that the presence of complex poles, in general, may
spoil perturbative unitarity [72], in such a way that
predictability would be lost at the quantum level. For this
reason, further investigations are needed in order to under-
stand whether the unitarity condition, and so the optical
theorem, is satisfied.

B. Unitarity with infinite complex conjugate poles

The unitarity condition of the S matrix reads
STs=1, (41)

which, by writing S = 1 4 iT, can also be expressed as
follows:

2Im{T} = T'T, (42)

where the last equation represents the so-called optical
theorem. One of the implications of the optical theorem is

that the imaginary part of any amplitude 7" cannot be
negative. For instance, in the case of a tree-level amplitude
with constant three-vertex interaction, it requires the
imaginary part of the propagator to satisfy the inequality:
Im{II(p)} > 0. It is very important to understand whether
the imaginary part of the propagator in Eq. (37) satisfies the
optical theorem, i.e., whether the presence of infinite
complex conjugate poles spoils unitarity or not.

Let us introduce a new variable z := —p?/M?, so that the
nonlocal propagator in Eq. (37) will read

1

ENACEEY

, (43)

whose poles are given by z = i2x¢, where £ is an integer
number. We now wish to partially decompose the propa-
gator in an infinite number of fractions, each corresponding
to a single pole. Indeed, we can write

e? 1 e?
NG === = e
M?2(e¥/? — e72/?) 2M:? sinh(z/2)
1 e?
S — 44
i2M? sin(iz/2) (44)
then by using the following identity:
1 2 & 1
L IN Ly — 45
sin(iz/2) if;oo< ) 7+ 2xf (45)
we obtain’
e? 2 & 1 1
(z) = —— SN (=1) .
&= ~hz " w2 ;< ) (z T isz>
(46)

By going back to the momentum variable p?, we obtain the
nonlocal propagator in Eq. (37) expressed in partial
decomposition,

e—p2/2M§_ 2/2M2 = 1 l 1
11 = 4P 5 E —
(P) p? ‘ f:1< ) <p2 + i2nM2¢

! ) (47)

+ -
p* — i2aM3¢

*Note that the result in Eq. (46) is a consequence of the
Weierstrass factorization theorem for entire functions. Indeed, the
theorem states that any entire function H(z) can be always written
as H(z) = "I [[Y (z—n?), where h(z) is also an entire
function and the number N can be either finite or infinite, and
counts the number of zeros of the function H(z). In our case,
H(z) = 2M?e~%/?sinh(z/2) is the kinetic operator which has an
infinite number of zeros given by 77? = i2zM?2¢, with £ € Z.
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Therefore, we have been able to explicitly isolate all the
poles of the propagators. The first term corresponds to the
real massless pole, p* = 0, while the second term takes into
account of all the infinite complex conjugate poles, p> =
+i27M?2¢ with £ # 0. By using this form of the propagator,
it is now easy to compute its imaginary part

Im{T1(p)} = Im{e_fz/%} _

p-—ie

e_pz/zMge

p4+€2

=¥ (p?) >0,
(48)

where in the last step we have taken the limit ¢ — 0, and we
have used the fact that

o 1 1
I -1)” =0.
m{;< ) <p2 e s ian§f> }
(49)

Thus, the infinite complex poles do not contribute to the
imaginary part of the propagator, and it is due to the fact
that they appear in conjugate pairs. This implies that the
propagator in Eqgs. (37) and (47) satisfies the tree-level
unitarity condition.

It is worthwhile to mention that in Refs. [73-77], the
authors have considered the unitarity issue with a finite
number of complex conjugate poles; in particular in
Refs. [74,75] it was rigorously shown that the optical
theorem is preserved at all orders in perturbation theory.
They have considered the so-called Lee-Wick theories,
whose Lagrangians are sixth order in the derivatives and the
propagator is made up of the usual real pole plus a pair of
complex conjugate poles. Our propagator in Egs. (37) and
(47) can be seen as a nonlocal extension of the Lee-Wick
propagator, where we now have infinite pairs of complex
conjugate poles whose infinite number is related to the
presence of infinite order derivatives in the Lagrangian. In
this respect, the new nonlocal model we have introduced
can be seen as an infinite derivative Lee-Wick model.

Since the nonlocal propagators whose form given by the
first term in Eq. (47) leads to unitary theories [21,23-25],
and knowing that the presence of a finite number of
complex conjugate poles does not break the unitary
condition either, we would expect also in our case the
optical theorem to hold at all orders in perturbation theory.
However, further investigations on perturbative unitarity
with infinite complex conjugate poles will be subject of
future works.

C. Ultraviolet behavior

The tree-level Lagrangians in local Galilean theories are
free from any kind of instabilities as the corresponding field
equations turn out to be of second order in the deri-
vatives [62]. However, as shown in Refs. [78,79], quantum

corrections can introduce new higher derivative terms like
PP, P[P and p[1*p, which cause classical instabilities
and unitarity violation, since ghost modes are introduced.

Nonlocal generalizations of Galilean theories can avoid
any ghost d.o.f., not only at the tree level but also when
quantum loop corrections are taken into account, due to
their improved UV behavior. As an example, we can
consider the following nonlocal model®:

2
S = —%/d“xqﬁ(e‘D/M% -1)¢
M3 , e/M:
—is / d*x(eB/Ms — 1)¢%8ﬂ¢
o/m; _
X_Qi__ET__125w¢, (50)

where 1 is a dimensionless coupling constant. Very
interestingly, in the low energy regime, [J < M2, the
action in Eq. (50) reduces to some version of local
Galilean actions with the cubic term in Eq. (34) plus
higher order terms including the one-loop quantum cor-
rections found in Refs. [78,79]; for instance, by expanding
up to O(1/M¢), we obtain

1 1 A
S — / d4x{§¢D¢ ~ G P9 = 535 0,000
1 A
+ e PP — fYa Lo, 10" ¢
1 4
a0+ O0/MD . (51)

Therefore, the action in Eq. (50) can represent a UV
completion of the local cubic Galilean action considered
in Refs. [78,79]; we will now clarify it with a one-loop
computation.

The corresponding Feynman rules in Euclidean space are
given by the nonlocal propagator I1(k) in Eq. (37) and by
the following three vertices:

V (ki ko ks) = A3 (e 1) (e 1) (5 1)

ki ky kiky ook
= |, 52
X(k%k% ae e 52)

The presence of the exponentials in both propagator and
interaction vertex ameliorates the UV behavior of the
theory not only at the tree level but also at higher loop
orders. From power counting arguments we can easily
understand how loop integrals will behave: since both
propagator and vertices are exponentially suppressed at

*Note that the action in Eq. (50) is intrinsically nonlocal, i.e.,
there exists no field redefinition which can transform it into a
local form.
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high energy, the UV behavior of the loop integrals is
generally governed by e~/F/M: where [ is the number of
internal propagators, thus the superficial degree of diver-
gence is given by

D=-I (53)

Note that D is always negative, which is a good hint in
favor of the finiteness of loop integrals for the model in
Eq. (50). We can explicitly show this feature, and make it
more clear, by computing the self-energy %(p) at one loop
for the action in Eq. (50),

2(p) = [ EEnn(p - VK p -k p)
4
= paierns -y [ 28

(e7R*/ME _1)2(e=(p=h?/M; _ )2
(eX'/M: — 1) (elP=R1/M2 _ )

k-(p=k) k-p p-(p=k)\?
X(kz(p—k)2+k2p2+p2(p—k)2>' 54)

The integral for the self-energy is finite; indeed, by taking
the UV regime (k? > M?) of the integrand, we obtain

uv 2002 _2 /M2 d4k e—2k2/M§
2N (p) =AM (e /M —1)2e7 /MS/WT,

(55)

where the factor 2 in the exponent is in agreement with the
power counting in Eq. (53): D = —2. Note that the integrals
in Eq. (54) can be computed in Euclidean space and then
have to be analytically continued back to Minkowski.
From Eq. (55) we can notice that the loop integral is
exponentially suppressed at high energy and does not need
to be renormalized. Therefore, for the model in Eq. (50), we
would expect no ghost d.o.f. to emerge when quantum loop
corrections are taken into account, unlike the local case
studied in Refs. [78,79]. However, more general studies
regarding the UV behavior of these nonlocal models are
needed and will be subjected to future investigations.

D. Comparison with infinite derivative field theory

In the context of infinite derivative field theory (IDT), the
simplest action we can consider is [11,14]

swr = [ (500000 - 507). (56)

which, by making the field redefinition ¢ = ¢~=/?": ¢, can
be equivalently written as

Sipr = /d4x <% %DJ) - % (€D/2M§€75)3)- (57)

From Eqgs. (56) and (57), it is clear that nonlocality in IDT
becomes important only when the interaction is switched
on, while at the level of free theory it does not play any role
and the only solutions are given by the local ones [80], i.e.,
[lp = 0. A different scenario happens in our nonlocal
model; indeed, the free field equation in Eq. (36) admits a
larger class of solution as we have shown above.
The propagator for the action in Eq. (56) is given by

e~ /M; 1

1 2
5> fIDT<p> =er /ME,

Mhor(p) = P2 EfIDT(P)P

(58)

which has only one massless real pole at p?> = 0 and has the
same form of the first term of the nonlocal propagator in
Eq. (37). Therefore, the main difference between the
propagators in Eqgs. (37) and (58) is due to the presence
of infinite complex conjugate poles in the latter, corre-
sponding to the zeros of the function f(p) in Eq. (40).
While, in the case of IDT, the function finp(p) does not
have any poles, being an exponential of an entire function.
The IDT propagator in Eq. (58) has an essential singularity
at infinity, while the propagator in Eq. (37) does not diverge
at infinity, along any direction. Another net distinction is
related to the fact that the IDT propagator diverges in the
UV for timelike exchange,5 while the new nonlocal
propagator does not, being well behaved for both timelike
(s-channel) and spacelike (t-channel) separations.

Both propagators have an improved UV behavior due to
the presence of the exponential which gives a suppression
in the high energy limit. Furthermore, the IDT action in
Eq. (56) does not exhibit the enlarged Galilean symmetry
in Eq. (23).

E. Comparison with p-adic string
The action of p-adic string is given by [16]

m* p? 1 ) 1
S L= d4 _ —-0/m? p+1 ,
p-adic g?p—l/ x< 2¢P ¢+p+1¢

(59)

where ¢(x) is a scalar field and represents the open string
tachyon, the scale m is the string mass, and the parameter
g, 1s the open string coupling constant. By defining
M? =m2/1n p, we can also write the action in Eq. (59)
as follows:

*In infinite derivative field theories, this pathologic behavior of
the bare propagator can be cured by dressing it through quantum
loop corrections [14,81].
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Mt p*(Inp)? 1 ) 1
S o :_?7/d4x<—_ e_D/M.r _|_— P+1 .
p-adic gg p—l 2¢ ¢ p+1¢

(60)

The first derivation of the p-adic action assumed p to be a
prime number, but it was realized that it can be defined for
any positive integer, and even the case p = 1 can be treated
in some way [82].

At first sight, the nonlocal action in Eq. (35) seems a
particular case of the p-adic action in Eq. (60); indeed for
p = 1, we obtain the term ¢>. However, the p-adic string
for p = 1 has nothing to do with the action in Eq. (35): the
l-adic action also has a potential term as shown in
Ref. [82], while the action in Eq. (35) is purely kinetic.
Moreover, unlike the propagator in Eq. (37), the p-adic
propagator is given by

I, aic(p) = e 7/ME, (61)

which possesses no poles. As for the high energy regime,
both propagators in Eqs. (37) and (61) have a similar
ameliorated UV behavior.

IV. A NONLOCAL GRAVITY WITH INFINITE
COMPLEX CONJUGATE POLES

In this section, we will construct a linearized gravita-
tional action around the Minkowski background by using
the nonpolynomial form-factor introduced in the previous
sections, in such a way that the graviton propagator has a
similar structure as the one in Eq. (37). We will also find the
corresponding nonlinear action up to quadratic order in the
curvature invariants, around Minkowski background.

Let us consider the following gravitational action, which
is the most general quadratic in the curvature, torsion free,
and parity invariant [3,4,7—9,22]6:

1 1
_ 4 — _
S = 16”G/d Xy /_g{R +5(RF(O)R

+ R Fr(O)R™ + RWPG}'3(D)R’”“”")}, (62)

where F,;(0J) are three form factors which we can be
uniquely determined around Minkowski background by
fixing the form of the graviton propagator [8,9]. Since we
are interested in the linearized regime, we can always
neglect the Riemann squared term 7R,,,,F3;(C0)R*7;
indeed, the following identity holds:

%See Ref. [83] for a more general infinite derivative action
which also contains torsion and generalizes Poincaré gravity.
Here, we will not discuss this more general case.

Ryupe DRI = 4R, TI"RW — ROMR 4 O(R3) + div,
(63)

where O(R?) takes into account of terms of the order
O(h*) and div includes total derivatives. By linearizing
around the Minkowski,

G = M + Kh/wv (64)

where « := /8zG and h,,, is the linearized metric pertur-
bation; we obtain the following action up to O(h3,) [9]:

1

SO = / d‘bc{éhw, SO = hf(D)D,0, h

1
+ hg(D)9, 0,1 = hg(C)Th

f(B) - ¢(0)

1
+§h‘” = 0,0,0,0,h* } (65)
where h =, " is the trace, 0= 70,0, is the flat

d’Alembertian and
1
fO)=1 +§7‘—2(D)D,
1
g =1-2F(O)O- Efz(D)D- (66)

The gauge independent part of the saturated graviton
propagator around the Minkowski background has the
following general expression [3,8,9]:

P2 . PO
(f(p) —3g9(p))p*’

where we have suppressed the tensorial indices for sim-
plicity; P? and PY are the so-called spin projection
operators, which project along the spin-2 and spin-0
components, respectively; see Refs. [9,31,84] for more
details. Note that for f = 1 = g we recover the graviton
propagator, Igr(p) = P?/p* —P?/2p?, of the Einstein
general relativity.

(67)

A. Gravitational action and propagator

The gravitational analog of the nonlocal scalar propa-
gator defined in Eq. (37) can be found by making the
following choice for the functions f(p) and g(p):

PIM; _
flp)=yg(p) = M?eT - f(0O) = g(0)
e BIM; _
= —M%?, (68)

which fixes the form of the gauge independent part of the
saturated propagator as follows:

026019-9



BUONINFANTE, LAMBIASE, and YAMAGUCHI

PHYS. REV. D 100, 026019 (2019)

2
I(p) = %HGR(])) = W

_ ! 2 P

Note that the linearized action in Eq. (65) with the nonlocal
operator in Eq. (68) is invariant under the following
enlarged Galilean transformation:

Hgr(p)

By (x) = By (x) + mpi(x), (70)

where y; has been introduced in Egs. (19) and (21).
Also in this case, the propagator possesses a massless
real pole, p2 =0, and an infinite number of massive
complex conjugate poles. However, as we have shown
in Sec. Il B, tree-level unitarity is maintained. From the
choice made in Eq. (68), we can also find the expressions
for the form factors in the full nonlinear gravitational
action; indeed we can easily check that Eq. (68) implies

2F(O) = A0y — 2T 2 gy
1(8) =-F(0) = ST o (71)
Thus, the nonlocal quadratic gravitational action is given by
the following expression:

1 1
= 4 . _ _ Touv
S 167zG/d Xy/ g{R GWDR
eTME
- M3G,, e (72)

where G, = R,, —1/2g,,R is the Einstein tensor. Note
that the two quadratic terms with 1/ and 1/[1% are
individually nonanalytic, but their particular combination
in Eq. (71) and so the gravitational action in Eq. (72) are
analytic functions of [J. Such an analyticity is also
respected at the linearized level, where the nonlocal
operator in the kinetic term is given by (e"2/™: — 1)/,
see Eq. (73) in the next subsection. In relation with the
discussion in Sec. III B, the nonlocal gravitational model in
Eq. (72) can be seen as an infinite derivative generalization
of (local) Lee-Wick theories of gravity [76,77,85].

B. Linearized metric solution

We now wish to compute the gravitational potential
generated by a pointlike source in the nonlocal theory of

"Note that the transformation in Eq. (70) is uniquely defined up
to constant factors. Indeed, the transformations 6h#,, = CuWi
with ¢, being a constant symmetric tensor, and 6h,, = c0,0,y
with ¢ being a constant scalar, have the same functional form as
the one in Eq. (70). It is obvious that this enlarged Galilean
symmetry is only respected at the linearized level, while it is not
realized at the nonlinear level.

gravity introduced above. By varying the linearized action
in Eq. (65), and imposing the choice in Eq. (68), we can
obtain the following linearized field equations:

2 e_D/M§ -1 o o o
K T (Dh/w - aaauhu - aaayhu + nuuapaah/
+ 0,0,h —n,,0h) = 162GT (73)

where T, is the stress-energy tensor of the matter sector.

By working in the transverse gauge, we can write a
static and spherically symmetric linearized metric as
follows [86]:

ds® = —(1+2®)dr* + (1 = 2¥)(dr* + r*dQ?).  (74)

so that kg =—2® < 1, kh;;==2¥5;; <1, kh=2(D®-3¥),
with @ and W being the two unknown metric potentials.
Then, by considering a static pointlike source, of mass m,
described by the stress-energy tensor T, = m&5605%) (7),
one can show that the metric potentials solve the following
modified Poisson equation:

M3 (e”V M — 1)(r) = M3 (e VM5 — 1)¥(r)
= —4zGmd) (7), (75)

which in the local limit M; — oo recovers the standard
Poisson equation for the Newtonian potential. The solution
of the nonlocal differential equation in Eq. (75) can be
found by going to Fourier space and then antitransforming
back to coordinate space as follows:

2Gm1 [  ksin(kr)

We have not been able to compute the integral in Eq. (76)
analytically; however, we can do it numerically and its
behavior is shown in comparison with the Newtonian
potentiall8 in Fig. 2.

We can notice that the metric potential is nonsingular at
the origin, unlike the Newtonian one, indeed nonlocality
regularizes its behavior. We can exactly compute the value
of the metric potential at » = 0 and is given by

) 2Gm [ k?

() o

*It is worthwhile mentioning that the best experiment of
Newton’s law has been performed with torsion balances and
the law has been tested up to 5.6 x 10~ m [87]. From such an
experiment, one could infer a rough constraint on the new scale
which would read 1/M, < 5.6 x 107> m.
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FIG. 2.  We have plotted the numerical result of the integral in
Eq. (76) (blue solid line), which represents the behavior of the
gravitational metric potential generated by a pointlike source in the
nonlocal theory described by the action in Eq. (72). We have also
plotted the Newtonian potential (red dashed line) to make a
comparison. We have set G = 1 = M and m = 0.5 for simplicity.

where {(x) = > %, n™" is the Riemann zeta function. Note
that the linearity of the metric potential holds as long as the
following inequality is satisfied:

GmM, (3
Nz C@ <l

C. Comparison with infinite derivative gravity

(78)

Now we briefly make a comparison between the non-
local gravity model we have introduced above and the
infinite derivative gravity (IDG) studied in Refs. [7-9]. The
simplest form of the gravitational action in IDG is given by
the following choice for the form factors [8,9,26]:

fio6(0) = ging(0) = e /M = 2F 16, (0)
e /M _ |

= (79)

= _FIDG,Z(D) =-2

which fixes the form of the gravitational action as follows:

-0/mM; _q

1 e
[ pa— 4 D #7117
SIDG 16]1'G d*x Q{R—FGW/ |:| R } (80)

The gauge independent part of the graviton propagator
around the Minkowski background takes the following
form [3,6-8]:
1
Joe(P)

fiog(p) = er'/M:,

Mipg(p) Ngr(p) = e /MTlge(p).
(81)

As in the scalar case analyzed in Sec. II, we note that there
is a net difference between the two propagators in Egs. (69)

and (81). The main difference is contained in the function
f(p). Indeed, in IDG the function fipg(p) does not
introduce any new d.o.f. besides the massless spin-2
graviton. While, for the gravitational model proposed in
this paper, the function f(p) possesses zeros which
introduce extra poles in the graviton propagator in
Eq. (69), and they are complex and infinite in number.
Nevertheless, both satisfy the tree-level unitarity.

V. CONCLUSIONS

In this paper, we have introduced a new nonlocal model
motivated by a symmetry principle. We have noticed that
by working with nonlocal actions it is possible to enlarge
the Galilean shift symmetry. Indeed, we have found a new
class of transformations, ¢ — ¢ + y [see Eq. (23)], under
which our nonlocal actions are invariant, and such a wider
class includes the Galilean shift symmetry as a subclass, for
k = 0. The energy scale M, does not play the role of a
cutoff, but it is a new physical scale which tells us when
nonlocality becomes relevant. In this sense, nonlocal
theories are an attempt toward UV completeness and are
aimed to go beyond the effective field theory prescription.

For a scalar field, we have constructed some possible
actions which respect such a symmetry and studied the
corresponding field equation and propagator. The pole
structure of the propagator turns out to be more compli-
cated; indeed, besides the massless pole of the local theory,
we have also an infinite number of complex conjugate
poles which, in principle, may spoil unitarity. However, we
have noticed that all the infinite complex poles do not
contribute to the imaginary part of the propagator, so that
unitarity turns out to be preserved at the tree level. We have
good hints that the optical theorem holds at all orders in
perturbation theory, but further investigations will be
subject of future works. Moreover, we have made some
comparisons with other two already well-known nonlocal
theories, i.e., infinite derivative field theory and p-adic
string. Our new nonlocal model can be seen as an infinite
derivative generalization of Lee-Wick theories, as we have
propagators with pairs of conjugate poles which are not
finite in number, but infinite.

We have analyzed these particular form factors also in
the context of linearized gravity. We have constructed its
nonlocal action quadratic in the curvature, which in the
linear regime around Minkowski manifestly exhibits the
enlarged Galilean symmetry. Also, in this case we have
computed the propagator which, besides the massless
graviton pole, possesses an infinite number of complex
conjugate poles, but no real ghost modes. We have also
computed the gravitational potential generated by a point-
like source, which turns out to be nonsingular at the origin,
unlike the Newtonian one.

In the framework of nonlocal theories, the requirement of
using exponentials of entire functions seemed to be
fundamental in order to avoid ghost modes in higher
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derivative gravity9 [7,9] and, thus, preserving unitarity at
the perturbative level [21,23-25]. Very interestingly, we
have been able to enlarge the class of nonlocal form factors
which make the propagator ghost free, without restricting
ourself to functions f(p) which are equal to exponential of
entire functions. However, further studies to show that the
optical theorem holds at each order in perturbation theory
will be subject of future works.

Analogously to the scalar field case, this new model of
nonlocal gravity can be seen as an infinite derivative
generalization of Lee-Wick theories of gravity. However,
we have to be careful in the extension to full nonlinear
gravity because Galilean shift symmetry must be broken
when we couple it to gravity even in finite order derivative
theories. We need to consider further extension [89,90],
which will be investigated in future publication. These new
form factors might be useful to be explored also in the
context of string field theory.

Finally, one could also take a different point of view
according to which nonlocal extensions of the Galilean
symmetry might be useful to formulate nonlocal effective
field theories, analogously to the local case with the
Galilean symmetry, but now by demanding the enlarged
symmetry in Eq. (23) to be satisfied. This might be crucial
for discriminating local and nonlocal theories. We leave
such a possibility for future investigations.
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APPENDIX: ENLARGING THE SHIFT
SYMMETRY

In this paper, we have constructed nonlocal Lagrangians
invariant under the transformations in Eq. (23), which
generalize the Galilean symmetry in Eq. (3) to the case of
nonpolynomial differential operators. However, we have
not yet considered the simpler case of the shift symmetry,
which is defined by the following transformation [91-93]:

$(x) = d(x) +c. (A1)

°It is worthwhile to mention that the authors in Refs. [88]
introduced a new quantization prescription which converts the
ghost mode into a so-called fakeon (fake particle), in such a way
that both unitarity and renormalizability are satisfied even in four-
derivative gravity.

where ¢ is a constant parameter generating the whole
family of shift transformations; for instance, first derivative
operators like 0,¢ exhibit such a symmetry. As we have
done for the Galilean symmetry in Sec. II, we now wish to
find some differential operator invariant under a wider class
which also includes the shift symmetry in Eq. (Al) as a
subclass. In other words, we want to find the form of the
function y(x) such that the operators are invariant under the
transformation ¢ — ¢ + y, but d.y # 0.

Let us consider a one-dimensional case and find the
solution for the following differential equation:

(e7%/M —1)y(x) =0 & e My(x) = x(x), (A2)

which also means to find the eigenfunctions y of the
operator e~%/Ms of unit eigenvalue. First of all, note that the
following property holds:

o=0s/M, ~0u/Mtidnk — 00

=e (A3)
where k is an integer number and we have defined the
differential operator

0
91 = _ﬁx + 12th

s

(A4)

Thus, we need to find solutions for the equation
O1x(x) =0,

a .
Oue(x) = =3 (%) + 27k (x) = 0 = yy(x) = cel™ Mo,
(AS)

where ¢ is an integration constant, which can be uniquely
fixed by imposing that for k =0 we recover the shift
symmetry in Eq. (Al).

Hence, we have explicitly shown that by working with
the nonpolynomial operator introduced in Eq. (A2), we can
enlarge the shift symmetry, which now becomes a subclass
of a wider class described by the following family of
parameters:

{c, k},

which is expressed in terms of the following field trans-
formation:

(A6)

$(x) = $(x) + 2u(x). (A7)
Thus, the shift transformations
subfamily {c, 0}.

The generalization to a four-dimensional case is given by
replacing the operator 0, by d*d, with d, being a constant
vector: such a nonpolynomial operator might break the
Lorentz invariance explicitly.

correspond to the
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1. A nonlocal generalization of the Dirac action

Another interesting case with this enlarged shift sym-
metry in four dimension is a fermion, y(x). We want to find
the form of the function A(x) such that the operators are
invariant under the transformation w(x) — w(x) 4+ A(x),
but 9,4(x) # 0.

Let us find the solution for the following differential
equation:

(e"O/Ms —1)A(x) = 0 & e %W/M)(x) = A(x), (A8)

which means to find the eigenfunctions w(x) of the
operator e”"%/Ms of unit eigenvalue; here, y* are the
standard Gamma matrices. Note that the following property
holds:

o OuIM, — "D, /M +i2ak e@h, ( A9)

where £ is an integer number, 1 is the 4 x 4 identity matrix,
and we have defined the differential matrix operator
a0
0, = Z—M” + i27k1.

N

(A10)

Thus, we need to find solutions for the equation
0,A(x) = 0,

. %
0,4(x) =i 2n

A(x) +i2mkA(x) =0 = A (x) = ™Ml ),

N

(Al1)

where 4 is a constant Dirac spinor, which can be uniquely
fixed by imposing that for £k = 0 we recover the standard

shift symmetry, while /, is a vector satisfying —I,y"/
M+ 2zikl = 0.

Hence, we have explicitly shown that by working with
the nonpolynomial operator introduced in Eq. (A8), we
can enlarge the shift symmetry, which now becomes a
subclass of a wider class described by the following family
of parameters:

{20, K}, (A12)
which is expressed in terms of the following field trans-
formation:

w(x) = w(x) + 4 (x). (A13)

Thus, the shift transformations correspond to the subfam-
ily {49,0}.

Note that the following action is invariant under this
enlarged shift symmetry:

S=M, / d*xip (e /M — 1)y, (A14)

which is a natural nonlocal extension of the Dirac action.

Such an action is invariant under the global U(1).

Furthermore, if we introduce a gauge field A, and cova-
"

riantize the derivatives, the following operator ¢7"x, with
D, =0, + ieA,, one can show that also the local gauge
symmetry is preserved. Indeed, if w — ¢*¥y and
A, = A, +1/ed,a(x), then (iy"D,)"y — e (iy" D, )"y.

The fermionic nonlocal action in Eq. (Al14) will be
further investigated in future publication.
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