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1 Introduction

The double copy is a surprising relationship that allows us to write gravitational theories as
the “square” of gauge theories [1-3]. While its original form consists of a relation between
scattering amplitudes, it also applies more broadly to other observables and classical solu-
tions [4-51]. Recently, a new direction in the exploration of the applicability of the double
copy has arisen. This consists of understanding the massive gauge theories which can
satisfy colour-kinematics duality and lead to a physical double copy. In four dimensions,
it has been noticed that the double copy of massive Yang-Mills amplitudes corresponds
to dRGT massive gravity [52] (with a special choice of Wilsonian coefficients) amplitudes
at 4-points [53, 54]. Nevertheless, the 5-point double copy suffers from the appearance of
non-physical (spurious) poles [54]. The origin of these spurious poles is well understood. In
the massive double copy, one can always construct kinematic numerators that satisfy the
colour-kinematics duality, but this comes at the expense of having a more involved expres-
sion for the double copy in terms of the unshifted numerators. For example, at 4-points
the double copy is
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where n; are the unshifted kinematic numerators, i.e. ng + ns + n, # 0. The amplitude
above was obtained from the BCJ double copy of the massive Yang-Mills amplitude taking
¢ — 71, where 7 are the shifted numeratore that satisfy ns+7;+n, = 0. The generalization
to 5-points leads to an amplitude with spurious poles. This can be avoided if one considers
a theory with a tower of massive gauge bosons satisfying a special relationship between
their masses which has been dubbed the spectral condition. Up till now, the only theory
that has been shown to satisfy this condition for all its scattering amplitudes up to 5-points
is the Kaluza-Klein theory where one compactifies the fifth dimension over St [55, 56].

In [57], a new possibility to avoid the spurious poles without requiring a tower of
massive gluons was explored. By noticing a special feature of the massive double copy in
3 dimensions, it was shown that one can construct a physical double copy up to 5-points
as long as the Yang-Mills amplitudes satisfy a single (instead of 4 as in the massless case)
BCJ relation. Furthermore, it was shown that Topologically Massive Yang-Mills (TMYM)
amplitudes satisfy such relation and that their double copy is the Topologically Massive
Gravity (TMG) amplitudes [57, 58]. An interesting question is whether the double copy
relationship holds when we include matter interactions. This has been explored in different
contexts in [59-61], where it was shown that the double copy holds in a non-trivial manner
and depends on the type of matter that scatters through topologically massive mediators.
These studies suggest that the double copy holds for sources whose stress-energy tensor is
traceless, otherwise a non-trivial relation arises.

In this paper, we will take a step forward in understanding the topologically massive
double copy involving matter fields. First, we introduce the topologically massive theories
including a minimal coupling to matter fields in section 2. We take a look at the 2-2
scattering of scalars through a massive mediator and find that the double copy requires an
extra contact term interaction between the scalars. This extra term becomes subdominant
in the eikonal limit in which the sources are highly energetic and their stress-energy tensor
becomes traceless, leading to the standard double copy relation as suggested in [61]. Given
this, we will explore the eikonal limit in more detail in section 3. We take advantage of
the fact that both abelian and non-abelian objects can double copy to the same gravita-
tional object [34] and look at the linearized TMYM case, that is, Topologically Massive
Electrodynamics (TME). We prove that the TMG and TME amplitudes exponentiate in
the eikonal limit, but a simple double copy relation as in the massless 4d case does not
arise. Instead, we show that information beyond the eikonal limit is required to construct
the correct massive double copy. Nevertheless, we can construct a simple double copy for
the phase shift. To further understand the double copy relation of topologically massive
theories in the high-energy limit, we take a look at the classical solutions generated by a
highly energetic particle in section 4. We show that a coordinate space Kerr-Schild double
copy can be obtained for wave solutions when taking into account a special set of bound-
ary conditions. In the process, we show how the choice of ie prescription for obtaining
the phase shift is related to the boundary conditions of the topologically massive field.
Lastly, we conclude in section 5 by discussing other possible double copy relations and
future directions.



2 Topologically massive theories with matter couplings

In this section we briefly review the actions of Topologically Massive Yang-Mills (TMYM)
and Topologically Massive Gravity (TMG) theory with a minimal coupling to matter. The
action of TMYM with a source is,

StaMyM = / d%( - iF‘W”FaW + upy (GA™ OV AL + gV2 fap A AP A7) 4 \%AWJW),

(2.1)
where m is the mass of the gauge field and ¢ the coupling strength. The equations of
motion can be easily obtained from (2.1) and read

D" + e Fpy = 2=, (2.2)

V2

where D, = 0,, — %Am F = Fj,T* with Fj, the Yang-Mills field strength and T the
generators of the gauge group. A large sunphﬁcation occurs when we consider an ansatz
for the gauge field of the form A* ¢ = ¢®A* such that the equations of motion become
linear and read

m g
aHFMV + Eé‘yp’pr,y - ﬁjl/’ (23)

where F* is the Maxwell field strength since we have linearized the theory.
On the gravitational side, we use the conventions k2 = 167G and Juv = Nuv + Kl
Therefore, the action of TMG is,
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and the equations of motion are,

3ra T8 ) +£Matter> . (24)

Gy + Cuw/m = =Ty /2, (2.5)

where G = R* — L Rg" is the Einstein tensor and C* = e/# Va(RE— 3 g5 R) the Cotton
tensor. The equations of motion largely simplify if we consider a Kerr-Schild ansatz for
the graviton field h,, = ¢k, k, for which the equation of motion is linear.

2.1 2-2 scattering of matter

In this subsection, we look at the scattering of minimally coupled massive scalars through a
topologically massive mediator and analyze their double copy relation.! We take the mass
of the scalars to be that of the topologically massive mediators.? We write the tree level
2-2 scattering amplitude of scalars in the adjoint representation coupled to TMYM as

Ciny
A4 - 92 Z —m2’ (26)

n all the scattering amplitude calculations presented here, we work in Lorenz gauge for TMYM and
in de Donder gauge for TMG.
2When the mass of the scalar, m, is not the same as the mass of the mediator, M, the double copy

of A4 can be written as MPY = My + P(;Z“), where P is a polynomial. This £&:2% term has massless

stu
poles their residues are proportional to m? — M?2. If we require that M only has contributions from the

exchange of a massive mediator and contact terms, we have to set M = m.



where the kinematic factors are given by
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where s = —(p1 + p2)?, t = —(p1 + p3)? and u = —(p; + ps4)?. Here, the coupling to

TMYM is given by eq. (2.1) with J* ¢ = fa9t¢¢.. Similarly, the minimally coupled
scalar scattering amplitude in TMG is given as
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where we have used s +t + u = 4m? to express u in terms of s and t. The double copy
of (2.6), MPC, differs from (2.8) by

My — MPY = —im?k?, (2.9)

which means that we can match them by adding a contact term, —”24’?2 4. in the action

of TMG with a minimally coupled scalar. This non-trivial realization of the double copy
reduces to the trivial case when taking the high-energy (large s and small ¢) limit. In such
limit, the contact term contribution becomes subdominant since the scattering through
the topologically massive graviton grows as s2. In the rest of this paper we will explore in
detail the double copy in the eikonal limit and leave the analysis of the double copy with
more general matter for future studies.

3 Double copy in the eikonal limit

The high-energy limit of scattering processes has been largely studied due to its connections
to classical backgrounds, which was first explored in [62]. Recently, the focus on the eikonal
limit has increased given the ability of obtaining classical observables that describe the
inspiral phase of the coalescence of compact binaries from the phase shift [63-76]. In this
limit, it has been shown that a simple double copy relation arises in 4 dimensions [4, 77,
78]. Since the eikonal amplitude includes information at all loop orders, a double copy
relation for topologically massive eikonal amplitudes will be the first hint for an all orders
double copy.

We proceed to analyse in detail the topologically massive double copy in the eikonal
limit where we expect it to hold without requiring extra interactions on the gravitational



side. We consider the 2-2 scattering of external scalar fields with the following kinematics,

1 (q? q -1 (q? q
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These momenta are on-shell, p% = p% = p% = p?l = —m?, and satisfy the momentum

conservation condition py + p5 + p4 + pi = 0. Here we work in lightcone coordinates
<U, ’U, Il),

uz\%(wo—xl), v:\}i(o—l—xl). (3.3)

The independent Mandelstam invariants are
2 22
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In the eikonal limit, the momenta p¥ and p“ are much larger than ¢ and m and hence
s~ —u>>tand s> m?.

In the following, we compute the eikonal amplitude to all orders for TMG and TME.
We focus on the Abelian case for simplicity since we expect that in the eikonal limit both
Abelian and non-Abelian cases double copy to the same gravitational solution, as in both
cases the same diagrams contribute to the eikonal scattering amplitude. Also, we know
that eikonal amplitudes are related to classical shock wave solutions, which are solutions
to both Abelian and non-Abelian theories.

3.1 Eikonal resummation in TMG

In 4d, it has been shown that the ladder and cross-ladder diagrams for massive particles
of arbitrary spin, which are expected to dominate in the eikonal limit, re-sum in impact
parameter space [79]. The eikonal 2 — 2 amplitude to all loop orders is given by

iMOK (s,8) = 2s / P25l (000 — 1) | (3.6)
where the eikonal phase reads

5(s,8) = - / AT g (st = — (@) (3.7)
’ 2s ) (2m)P—2 e ’

with Mireo(s,t = —(¢)?) the 4-point, tree level scattering amplitude given by the t-channel

graph in the eikonal limit. Furthermore, this phase can be expressed in terms of the square

of 3-point amplitudes by applying a BCFW-like shift. We prove the eikonal resummation

for topologically massive theories in appendix A. For TMG Mi,ee is given as

—iKk2s®m
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To compute the phase shift explicitly, we see that we need to regulate the following
divergent integral,

5o Ziem / dg__ 1 ibg (3.9)
4 27 q%(q +im)

that is, we need to choose some ie prescription for integrating around the pole at ¢ = 0.
This freedom corresponds to the freedom in choosing boundary conditions. Following [80]
we shift ¢ — g — ie and close the integration contour in the lower half plane when b > 0
and in the upper half plane when b < 0. This way the contour at infinity goes to zero and
we can evaluate (3.9) as a contour integral. It picks the residue of the pole at ¢ = —im
when b > 0, and the residue of the pole at ¢ = 0 when b < 0. Therefore we can write

KZsm 1 ) 1 )
0= —Resg——im | ——————e7®) 9(b) + Resq— ﬂbq)@—b).
4 ( o= <q2(q+im)e ) ®)+ esq_0<q2(q+im)e =0)
(3.10)
Evaluating the residues we get that the phase shift is given by
K% 1 o
b= (7™ 0(b) + (1 = mb)o(-b)) . (3.11)
Then the eikonal amplitude reads
. ) 2
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Note that this could be explicitly evaluated in terms of incomplete gamma functions
as in [81].

3.2 Eikonal resummation in TME

The sum of all loop diagrams for TMYM is complicated due to the different colour factors
arising at each loop order. Since we are interested in shock wave solutions which are also
solutions of the linearised theory here we will consider the eikonal amplitude in topological
massive electrodynamics (TME) of two scalars of charge ). From now on we slightly
change the notation by absorbing the 1/4/2 factor into Q. In other words, the covariant
derivative acting on the scalar is now D¢ = (d — igQA)¢. The calculation of the TME
eikonal amplitude is given in A and the expressions are very similar to the TMG case:

1 Acik = 25 / dbe4 (ei‘s — 1) , (3.13)
where the phase shift reads
1 [dgY »
5= 55 [ gy Aueelst = (@)™, (3.14)
and Airee is given as
2892Q2

(3.15)



Evaluating this explicitly and choosing the same contour of integration as in the TMG

case gives
§= —i92Q22 (—Res ; (16_%‘1) 6(b) + Res (16_%‘1) 9(—b)>
N 2 =7 q(q +im) =0\ q(q + im) ’
(3.16)
which finally leads to a compact expression for the TME phase shift
292
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3.3 Double copy of eikonal amplitudes and phase shift

After showing that the exponentiation in the eikonal limit is a feature of TMG and TME
amplitudes just like in the gravity and Yang-Mills case in 4d, we would like to understand
if a simple double copy relation arises in this limit just like in 4d [4]. To do so, it is useful
to write the n — 1 loop diagrams of the TME eikonal amplitude as

(vV2g)2» — nl \2s 2m q¥((¢¥)? + m?)
comparing this with ,
iAn—l cN

wag =] D

where c is the colour factor, IV is the kinematic factor and D is the product of all propa-

(3.19)

gators (which also includes the factor of (2s5)"~! which comes from propagators), we can
identify ¢ = Q?", N = (s(1 —im/q¥))" and D = (25)""1((¢¥)* + m?)". Following the
prescription of leaving propagators untouched and exchanging colour (in this case electric
charge Q) for kinematics, we can now find the double copy by considering the replacement
Q? — s(1 — im/q¥) which leads to

iMay 1 <1>n1 / dbe~iba ( dg’_5*(q" —im) _ e“’qy>n. (3.20)
(ik/2)2n  n! \2s 27 (q¥)?(q¥ + im)

When comparing to the TMG result in eq. (A.12), eq. (3.8) and eq. (A.14), we can see that

there is a mismatch in the amplitudes. Naively, this could be interpreted as requiring new

degrees of freedom on the double copy side. Nevertheless, we will show that this is not the

case, and instead it is just an artifact of the massive double copy.

We now proceed to understand the origin of the mismatch between the double copy
and TMG eikonal amplitude by looking at the tree level result in detail. We start by
looking at the eikonal limit of the kinematic factors of the four-point scalar amplitude in
topological massive Yang-Mills:

.S . m
s =My = —ig, M= (z + \/jt> , (3.21)
where the =+ sign comes from e,,,p}'pyps = :l:%\/stu. We see that in the Yang-Mills
amplitude the ¢ channel dominates since the s and u channels are suppressed by 1/s:

(3.22)



However, when constructing the massive double copy we have a new term proportional
to (ns + ny + ny)? coming from requiring the CK duality. In this term all channels con-
tribute equally:

ms
Ng + Ny + Ny = :I:\/jt. (3.23)
Therefore, the double copy of this amplitude is not simply proportional to n?:
i (ﬁ) o m n? nd (ne et )’
2 T s Im2 Tt m2 T u—m2 m2
n? C(ns e+ Ny )? (3.24)
t —m? m?2
_2ms*(m tiy/—t)
B tit —m2)

which correctly reproduces the TMG eikonal amplitude. This tells us that to correctly
double copy the scattering amplitude in the eikonal limit we require information beyond
the eikonal limit. Alternatively, one could further require that [t| < m? in which case a

simple double copy relation arises if we take Q? — y_it and note that in this limit the

propagators are given by —m? [57]. Nevertheless, restricting to the large mass limit would
lead to an incorrect computation of the phase shift as can be seen from the previous sections.
Note that despite this issue at the level of the scattering amplitudes, a double copy for

the phase shift will arise in the same way as in the 4d Yang-Mills and gravity case. To see
this, one should note that given our choice of boundary conditions, the phase shift is only
physical for y > 0. On this side of the shock wave, the phase shift scales as expected for a
scattering through a massive mediator of spin J, that is, § ~ s/~ 1e=™. Thus we see that
5TME _ Q72€—mb 5TMG s

—mb
= — . 3.25
g° m Q@?—s  (k/2)? m© (3:25)

4 Double copy of classical solutions

In this section, we will relate the eikonal amplitudes computed above to classical field
profiles for the graviton and the gauge field. We do so by interpreting the 4-point scalar
amplitudes as the scattering of a scalar off a shock wave background, which in turn is
generated by a point-particle with large momentum (the second scalar). Since it is possible
to write the gravitational shock wave in Kerr-Schild coordinates, we will explore if we can
construct a classical double copy for such solutions. For the standard massless Yang-
Mills and Gravity cases, the double copy of shock waves has been explored in various
contexts [4, 34, 48, 82].

We proceed by looking at the Kerr-Schild double copy, single copy and zeroth copy
ansatze and understanding the equations of motion that they satisfy. Given a metric of
the form

Guv = Npv + Kkuky @, (4.1)

where 7, is the Minkowski metric and k# is null and geodetic, the single copy is given by

ATH = AN = i (4.2)



To understand if this ansatz gives a solution to TMYM we look at the trace reversed TMG

equations with one upper and one lower index
wo Lo K n n
Rl/ + ECI/ = _?(TI/ - Tgl/) : (43)

Contracting this equation with a Killing vector V* one finds

v

VA FM 4 %e“o‘ﬂvaV’\Fm + g (X8 Y2 = gJ”, (4.4)
i = 5‘;}; (T,ﬁ‘ e — ;qlegyvaﬂ , (4.5)
where V is the covariant derivative of n and
Xt =-V, lA“ (%l& + kkz*gb)] : (4.6)
Y= FPVk, =V, (APVFk, — AMV k) (4.7)

This equation for the single copy largely simplifies when we consider wave solutions. In
such case, the source either vanishes or corresponds to a particle sourcing a shock wave
so that the trace of the stress energy tensor vanishes. Furthermore, we can work with
lightcone coordinates such that

Nuvdaztde’ = —2dudv + dy? . (4.8)
Meanwhile, the Kerr-Schild and Killing vector are given by
kydxt = —du, V,da"'=dv, k-V=1 (4.9)
The single copy equation of motion (eom) now reads
VAFM 4 %G“O‘EVQV’\F,\B = gJt =2gVVTH, (4.10)

where we have taken x/2 — g. We note that the single copy does not automatically satisfy
the linearized equation of motion of TMYM unless the covariant derivatives pull out factors
of the mass and give
By Vi _
ek, <m2> =e"k,V o . (4.11)
This is satisfied as long as the zeroth copy, ¢%¢ = c*c%¢, satisfies the linearized massive
biadjoint scalar equation of motion for a vacuum solution or away of a localized source.

To see that this is a consistent requirement, we obtain the zeroth copy eom by contracting
eq. (4.10) with the Killing vector V' and find

2, MEVu(Vad)k, IV _
7= = 4.1
Vg + T +k-Z 9% =7 (4.12)
where
2" = (VPhy) Vi (6911 = k99,6 ) + me ™V, (Vaky)é (4.13)



Considering again the case of wave solutions, we find that the zeroth copy satisfies the
following equation of motion

V2p 4+ met PV, (Vap)k, = j = 2VVVITH (4.14)

Requiring consistency of the double copy restricts the zeroth copy to satisfy 0,¢ = —me.
Thus, the Kerr-Schild double copy for TMG waves fixes the zeroth copy to satisfy

¢ =Ae™™ (4.15)

where A is a constant. It is trivial to see that plane waves will satisfy the double copy
relation. Hence, in the following we analyze in detail the more involved case of shock wave
solutions.

4.1 Shock waves

Shock wave solutions are closely related to scattering amplitudes in the eikonal limit. A
probe particle moving in a shock wave background will experience a time delay which can
also be computed by considering the 2 to 2 scattering in the eikonal limit of such particle
with the massless particle generating the shock wave. Understanding the double copy of
shock wave solutions could give a hint of an all order double copy relation. Here, we will
analyze in detail how to construct a double copy for these classical solutions. In TMG,
these solutions have been previously studied in [80, 81, 83] where an important feature is
highlighted, the need to choose boundary conditions to fully fix the metric. In the following,
we construct the TMG, TME and biadjoint scalar shock waves by choosing a special case
of boundary conditions that makes the double copy relation explicit.
We start by constructing the shock wave solution in TMG for a source

T = Eé(u)d(y)okoy , (4.16)
with energy F. The metric can be written in lightcone Kerr-Schild coordinates with the
Kerr-Schild scalar given by

¢ =d(u)g(y), (4.17)

where ¢ satisfies
d"(y) + mg" (y) = kEmS(y) . (4.18)

The TMG shock wave is not fixed by requiring asymptotic flatness as in the GR, case. Since
flatness only requires ¢”(y) = 0, given a solution g; of eq. (4.18), g2 = g1 + ¢(u)G is an
asymptotically flat shock wave as long as G” = 0. So one could ask if there are certain
boundary conditions that allow for a double copy relation in coordinate space. Since we
would like to connect our classical solution to the eikonal amplitudes, we will choose our
boundary conditions such that they are consistent with the phase shift calculation in the
previous section.

~10 -



The 2-2 amplitude in the eikonal limit can be reproduced by considering the propa-
gation of a point particle in the shock wave background. Following [81],> we change the
coordinate v to

v—=v+ gﬁ(u)g(y) (4.19)

which changes dv — dv + § (§(w)g(y)du + 0(u)d(g(y))) so the metric is now
ds® = —2dudv + dy* — k 0(u) du d(g(y)) . (4.20)

For u < 0 the metric if Minkowski in w, v,y coordinates but for v > 0 it is Minkowski
in u,v + §g(y),y coordinates. Therefore, we can write the wavefunction of the incoming
particle with momentum p (in u < 0 region) as

1

ip-x
et (4.21)

win =

while for outgoing particle of momentum p’ (in u > 0 region) it is

1

_ ip’-x+5ip’ ,rkg(y)
Yout = @ : (4.22)
The scattering amplitude M,;;, defined as
3(pv = P")(pu — P')MEY a0y = Py — py) = / & pin ()P0 () | (4.23)
is equal to
P Y i(—qy—Lep
MPP = %eZ( =37 v9v)) (4.24)
where for our kinematics p’ —p = —pa — ps = ¢ and p, = E so p/,, = 53. This matches the
result in (3.12) if
E , _
9(y) = = (e7™0(y) + (1 = my)0(-y)), (4.25)
when taking into account the non-relativistic normalization and conventions:
». Meix
MER = 6(g) + 7= - (4.26)

We can see that this choice gives boundary conditions such that in one side (y > 0) of the
shock wave the metric is Cartesian, i.e., limy ;o hy, = 0, while for y < 0 it is flat, even if
it is in non-Cartesian coordinates.

We now proceed to compute the shock wave for linearized TMYM, that is, TME in
a similar manner. Consider a source J* = Qd(u)d(y)oH and an ansatz for the shock-wave
solution in TMYM of the form

A = —c(u) f(y)du . (4.27)

%Note that there is a minus sign in front of ¢ in (4.24) compared to [81], since the shock wave geometry
is sourced by particle 1 and the incoming test particle is particle 2. Therefore p, — k, of [81] is equal to
py + p§ = —q in our convention.

- 11 -



Plugging this in the TMYM eom gives

() +mf'(y) = —9Qd(y) . (4.28)

As in the gravitational case, the shock wave is not fully determined by requiring that
the field strength vanishes at infinity. In this case, given a solution f; of eq. (4.28), fo =
fi+ec(u)F is also a shock wave with asymptotically vanishing field strength as long as f’ = 0.
This leaves us with the freedom of imposing stronger boundary conditions on the gauge field
to fully fix it. We will proceed as in the gravitational case and fix this boundary condition
by looking at the eikonal scattering amplitudes. We consider the scattering amplitude for
the propagation of a point particle in the shock wave gauge background. Similar to the
TMG case, we first perform a gauge transformation on A

A= A+d(0(u)f(y) =0(uw)f (y)dy - (4.29)

The wavefunction of a point particle with charge Q moving in an electromagnetic field,
satisfying D#D 1) = 0, can be written as

o = ¢i9Q [ Audat+ipa (4.30)

where the integral can be taken over any path that ends at . We choose the path so that
it starts in the v < 0 region. The wavefunction of the incoming particle with momentum

p (in the u < 0 region) is then
1

(27r)3/2e

while for the outgoing particle with momentum p’ (in the u > 0 region) is

Yin = LSS (4.31)

1 : Y opr /il 1 ; ip’ -
Yout = 2n)372 engf fryhdy' +ip’x _ 7(2@3/2 £19Qf (y)+const.+ip"-z (4.32)

Additionally, we choose the path such that the constant of integration is zero. Then

by (4.23) the point-particle scattering amplitude, A", is equal to
du .
APP- Y —iay—igQf(y) (4.33)

27

Matching this to the eikonal amplitude in eq. (3.17) and (3.13), and taking into account
the non-relativistic normalization of the point particle amplitude in eq. (4.26) we find that

£) = 22 (o) + 0(-y) (1.34)

This choice corresponds to boundary conditions in which the field strength is zero for y < 0
and on the other side of the shock wave we have lim,_,,, A* = 0.

Lastly, we look at the zeroth copy, ¢ = c%c%S, shock wave which is a solution of the
linearized bi-adjoint scalar equations of motion:

(V2 —=m?)S = —\6(u)d(y) . (4.35)
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The scalar field shock wave solution is

§= 5%(e—"we(y)%-emye(—y))am). (4.36)
Note that for the scalar case, there is no analog of having the curvature, or field strength
vanishing, or an extra freedom in the solution from choosing boundary conditions. In fact,
in this case the field approaches 0 at both y = +o0.

Now, we can proceed to construct the double copy of the TMYM shock wave to
understand if it corresponds to the TMG shock wave. We can immediately see that this
construction is highly dependent on our choice of boundary conditions. If we simply look
at the equations of motion, we would naively conclude that the double copy of the TMYM
shock wave does not correspond to the TMG shock wave. Instead, it would suggest that the
source on the gravitational side is given by T, = %5 (u)0y,0(y) with all other components
being zero. Nevertheless, one should be careful since we need to choose the appropriate
boundary conditions to completely fix the shock wave solutions. Considering the special
choice used in the computations above, we can see that the Kerr-Schild double copy holds
on the y > 0 side of the shock wave. In this side of the shock wave, the condition for
the Kerr-Schild zeroth copy, eq. (4.15), is fulfilled and the double copy relation is satisfied
when we consider the replacements:
g%%w—H,QEe%QeeA, (4.37)
where the factor of 2 is standard in relating the Kerr-Schild sources as seen in eq. (4.10).
On the other hand, the relation does not hold for y < 0, but this should not cause alarm,
since on that side of the shock wave the spacetime is flat and the field strength vanishes.
Hence, the apparent mismatch is simply explained by the choice of boundary conditions
on that side of the shock wave which obscures the double copy relation. This conclusion
is similar to the time delay computation presented in [80]. Naively, computing the time
delay, Ax~ = d(s,b)/ |p~|, using the phase shift in eq. (3.11) and (3.17) will give a non-zero
result on the y < 0 which is unphysical since in this side of the shock wave the space is flat
(the field strength vanishes).

4.2 Gyratons

Now we consider a generalization of the shock wave metric by adding a classical spin to
the source. In this subsection, we will construct such solutions for TMG, TMYM, and the
biadjoint scalar. In gravitational settings, this type of solutions have been dubbed gyratons
and their metric is

ds* = —2dudv + dy* + k¢ (u, y)du® + 2ka(u, y)dudy . (4.38)
The stress tensor is now given by

T = (Bl + 0k kads ) 6()d(y) (4.39)

where E is the energy of the source and o its spin. Writing ¢ = ¢(y)d(u), the TMG
equation of motion now gives

85 (¢ (y)d(u) — 20,a(u, y)) + mdy (¢'(y)d(u) — 20,a(u, y)) = kmd(u) (ES(y) — od'(y)) .
(4.40)
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We see that outside the sources the equation of motion is similar to that of the shock wave
but now the y derivative of ¢ is shifted to 9,¢ = 9y¢ —20,c. The metric (4.38) is invariant
under the following transformation [84]:

v=0v+RANu,Y), a—=a—0yA ¢ —=d—20,\. (4.41)
We can fix this gauge freedom by imposing
dya=0. (4.42)

Then the solution of (4.40), with the same boundary conditions for ¢ as before, is given as

g= %(E +mo)e”™0(y) + %(E +mo — Emy)0(—y), (4.43)
a=0. (4.44)

Here we have chosen a = 0 so that the metric is in Cartesian coordinates on the y > 0 side
of the gyraton. Note that with this choice the metric is in Kerr-Schild coordinates as in
the shock waves case.

It is interesting to note that the inclusion of classical spin changed the expression of
the shockwave Kerr-Schild scalar on the physical side (y > 0) by shifting the energy as

ESE (1 + m2> . (4.45)
This type of energy shift was originally found when looking at gravitational anyons in [85].
It is not surprising that the same shift arises for gyratons, since we can think of them
as being sourced by highly-boosted anyons. Alternatively, this shift can be obtained by
shifting the y coordinate as y — y — o/FE and taking the small o/F limit. This shift is
reminiscent of the spin deformations of 3-point on-shell amplitudes in 3d [60], which in 4d
are related to the Newman-Janis shift [86-91]. We will see in the following that this shift
also arises for the TME and biadjoint scalar gyratons.
On the gauge theory side we can consider the following gauge field:

A% = (o(u, y)du + B(u, y)dy), (4.46)

which gives only one non-vanishing component of field strength F,, = —0dy¢ + 0,0 just
like in the shock wave case. Expressing ¢ = f(y)d(u), the equation of motion with the
spinning source,

Ty = (Qky + Qe kads) 5(w)o(y) (4.47)

gives the following;:

Ay (f'(y)o(u) = uB(u,y)) +m (f'(y)d(u) — 0uB(u,y)) = g (Qd(u)d(y) — Q'd(u)d'(y)) -
(4.48)
We now choose to impose the Lorenz gauge condition which implies

9,8 =0, (4.49)
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but we still have some residual freedom from choosing boundary conditions which we fix
by picking the same boundary conditions as in the shock waves case, that is, that the
field strength vanishes on one side of the shock wave and on the other side the gauge field
vanishes asymptotically. With this choice, we get the following solution:

£ =92 o)) 4+ 9 L0y,

m
B=0. (4.50)

An important feature of this choice is that the gauge field is null, as required by the
Kerr-Schild single copy ansatz.

Finally, we construct the zeroth copy solution for a spinning source. The linearized
equation of motion reads

(V2 = m2)$ = — (A(u)d(y) — Xo(u)d'(y)) . (4.51)
and its solution is given by

1
S = - (A +mX)e™™0(y) + (A —mX)e™0(—y)) 6(u) . (4.52)
Consequently, we see that Kerr-Schild double copy works in a similar way as before in the
region y > 0 where the curvature (field strength) is non-zero, with the replacements now
given by
gHng, 2(E +mo) «— Q +mQ +— A+m\ . (4.53)
4.3 dRGT shock waves

As a special case, we will analyze the massive double copy of shockwaves in d > 4. Although
it is known that the double copy construction fails to reproduce dRGT massive gravity at
5-points due to the appearance of spurious poles, it would be interesting to understand
if it is possible that the 4-point double copy holds beyond tree-level. A simple example
that can help us understand this consists of analyzing the classical shock wave solutions
since this can be entirely reproduced from looking at the 2-2 eikonal scattering. In dRGT,
the shock wave solutions for a stress tensor of the form T = E§(u)o(& — &y)oHd, can be
written in Kerr-Schild form as

ds® = =2 dudv + d7? + k6 (u) F (&) du?, (=V? +m?)F (%) = kBS(T — 7o) . (4.54)

In fact, this is a solution to the equations of motion for a massive graviton with an arbitrary
potential [92], even if such cases include ghosts. The Kerr-Schild vector and scalar are
given by

kydat = —du, ¢ =0(u)F (%) . (4.55)

Thus, the single copy is given by

AP O = _A5(u)F (Z) 6 . (4.56)
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Using this in the massive Yang-Mills equations of motion and considering the replacements
in eq. (4.37), we find
(=V2+m*)F () 6(u) = gQ8(% — o) , (4.57)

which tells us that this indeed corresponds to a shock wave solution of massive Yang-Mills
with a source J* = Qd(u)d(Z—Zy)ot. One should note that this double copy relation holds
for all d > 4. This simple relation might be a hint that the loop level massive double copy
holds at 4-points for massive gravity.

5 Discussion

We have analyzed the high-energy limit of topologically massive theories from two different
perspectives. First, by looking at the scattering amplitudes in the eikonal limit; and second,
by looking at the shock wave solutions for both a spinless and a spinning source. In the
former analysis, we found that to construct the double copy of the eikonal amplitudes, we
need information outside of the eikonal limit at tree-level. This is in stark difference with
the massless d > 4 case where a simpler double copy relation arises. In the latter, we
obtained a double copy relation which is only manifest for a specific choice of boundary
conditions. Along the way, we showed how the eikonal amplitude is related to the classical
shockwave solutions and how the choice of ie prescription required to regulate the phase
shift corresponds to the choice of boundary conditions of the topologically massive field.
This allowed us to choose the appropriate prescriptions to make the coordinate space double
copy clear on the non-trivial (where the curvature and field strength are non-zero) side of
the shockwave. This suggests that a cleaner double copy relation might arise when looking
at the curvature and field strength, as in the 4d Weyl double copy, instead of looking
directly at the fields, as in the Kerr-Schild double copy case. An immediate roadblock for
finding an analogue of the Weyl double copy for topologically massive theories is the fact
that the Weyl tensor vanishes in 3d. Instead, one can look at the Cotton tensor which has
similar properties to the Weyl tensor. This will be explored in [93].

Several open questions remain when it comes to fully understanding the massive double
copy. Regarding scattering amplitudes, it has not been shown if the double copy relation
holds for six and higher-point amplitudes or for loop corrections. In the special case of
topologically massive theories, a complete understanding of the situation when including
couplings to generic matter is lacking. Some progress has been made in [59-61] and we have
contributed to clarifying the situation in the high-energy limit in this paper. Nevertheless,
a broader exploration for more generic sources for both classical solutions and scattering
amplitudes is still missing.
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A Derivation of Eikonal resummation

Here we will show that (3.6) and (3.7) are valid in topological massive gravity by following
the same steps as in [79]. Assuming that only ladder diagrams contribute, the n — 1 loop
integrands are obtained by multiplying n factors of two graviton-scalar-scalar vertices,
contracted with a graviton propagator, together with scalar propagators, see figure 1.

Two scalar-scalar-graviton vertices contracted with a graviton propagator of momen-
tum ¢* = (¢%,¢",¢¥) in the eikonal limit give

SAC)

s
_——— Al
4 q*(¢> + m?)’ (A1)

where m is graviton mass and
F(q) = w* (=i(g"q")* + 24"¢"q"m — 2(¢")*(q" — im)m) . (A.2)

Assuming that the momentum in the scalar propagators can be approximated as (p+k)?
2p - k, where p is p1 or p2 and k is any loop momentum, the sum of n — 1 loop diagrams
gives the following:

d3(]z _52F(QZ) 3<3 -

=1

— i _
X , ... '
201 -q1 —i€2p1 - (1 +q2) —ie  2p1-(qu+qe+ - -+ qno1) — i€
X . — ...
ogs:n =2p2 - do(1) — i€ =2p2 - (4o (1) + do(2) — i€
—i
x —. (A.3)
—2p2 - (Qo(1) + Go(2) +*** F do(n—1)) — i€
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Using light-cone coordinates and taking the eikonal approximation we can write p; - ¢ =
—p“q" and p2 - ¢ = —p"q"; hence

. 1 dq;d dql —s2F(q;) 3 =y
iMp—1 = 4pvpu n /H< 27r 4qz4(qz‘2+m2) (271') 0 q+zqi

1=1
—1 —1 —1
% § u :
<Zq7’)— P —ie—(¢f +q¥) —ie  —(¢f+ g5+ +qi_) —ie

i i
qu - ) v - o« ..
<Z >Uesn Qo) — 1€ (dgr) + dgz) — i€

_
@)+ ot ) — e

(A4)

We now make use of the following identity,

limé(x1 +z2 + -+ + xp)
e—0
1 1 1

X - — - A5
J%ﬂ Ty(1) £ 1€ To(1) + To(2) £ 1€ Ty(1) T To2) + -+ To(n-1) £ 1€ (A.5)

= (IFZWi)”_lé(ml)é(xQ) e 0(xn),

on the last line of (A.4) to get
e < omi )” ! / H dqqui‘dqz —°F(6) (o5 (41 z”: y
nl 4pvpt (2m)3  4q}(q? + m?) 1 Pt &

) Z 1 1
@i q1+ze(q1+q2)+ze (q’f+q§*+---+q}f,1)+ie

=1

n
X H 5(q)) - (A.6)
i=1
Performing all ¢¢ integrals sets all ¢¥ to zero, so ¢? = —2¢q" + (¢/)* — (¢/)?, and we get

. - 2mi n-l dql *5 ({qgvovqg}) - Y
My = <4p“p“> /H < 21 4(q7)H(¢))? +m2)> (2m)36 <q+i§:i%>

1 1
x| : . (AT
( Ql>q1+Z€(Q1+QQ)+ZE (" + g%+ -+ q“_,) +ie (A7)

=1

We can symmetrize the second line by summing over all permutations of labels and dividing
by n! to get

1/ 2mi \" dgdg! —s*F({g;',0,q/}) -
iMp_1 = (4pp ) /H( 2m)3 4(¢7)? ((qiy)2+m2)> (2m)36 <Q+ZQE]>

1=

1 1 1
X0 ' . — —. (A8)
(ZZ:; >U§nqqf+ze(qqf+q§)+ze (qf +q5 +---+qi_y) +ie
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Then applying the identity (A.5) on the last line we get

L[ 2mi \v o (dgidg! —F({g,0,q) "
Moot =35 () /H< 2w34qz><<qi>+m2>> (2@35(%;#)

X (—2mi)" ™ 1H5 q) . (A.9)

i=1

Now performing ¢;* integrals gives

1o\ da! —s2F({0,0,4}) n
Mot = <4p o ) / 11 ((%)3 ()2 + m2>> (2m)° (q rod ) |
(A.10)

From (A.2) we get F({0,0,¢7}) = —2K%(¢¥)*(¢¥ — im)m, and we can write

<q+zqz> db *Zb(%Zz 040 (A.11)

so finally we get

1 /1\"! b dg¥ Kk2s%m ibav "
M, = — — —ibq ks g , A12
s = () e ([ st .

where we used the fact that s = 2p¥p" in the eikonal limit. The term in the second integral

can be written as

K2S2m

2(q¥)*(g¥ +im)

where Mi,ee is the eikonal limit of tree level 2-2 scalar scattering amplitude. Then summing

= iMireo(5,t = —(q¥)?), (A.13)

all loop diagrams gives the full eikonal amplitude:

dqg¥ RN
iMeixk —23/dbe*”"1 Z < q Mtree(S,t _ _(qy)Z)ezqu>

= 2s/dbe_’bq (e“S - 1) , (A.14)
where ) ¥
_ q — y\2\ ,—ibg¥
) 55 | 2. —— Miree(s,t = —(¢¥)*)e . (A.15)

is commonly referred to as the phase shift. Therefore, we have proved that the TMG
amplitudes exponentiate in the eikonal limit, which to the best of our knowledge has not
been proven before.

The calculation of the eikonal amplitude in TME is almost identical to that of TMG
but now two scalar-scalar-photon vertices contracted with photon propagator gives

sF(q)
¢2(¢* +m?)’ 410
where
F(q) = 2¢°Q*(—ig"q" + ¢*(i¢¥ + m)) (A.17)
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instead of (A.1) and (A.2). Now, repeating the same steps as before we get

1 dq? 0,0, &
iA1= <4pp ) /H( & E‘({ 7 fzi%) (27)36 <q+;q§> . (A18)

Using F({0,0,q¢/}) = i2g°Q%*¢Y(¢¥ — im) and the expression for the tree-level scattering
amplitude in the eikonal limit,

2isg2Q>
¢(¢¥ +im)

= Atree(S, t = —(qy)Q) R (A.lg)
we get the same expression as in TMG case
iAoiic = 25 / dbe~%4 (e” - 1) : (A.20)

where the phase shift reads

dq¥

6=
23 2

Atree(s t= (qy)Z)e—ibqy' (A21)
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