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We study the constraints coming from local causality requirement in various 2 + 1 dimen-
sional dynamical theories of gravity. In topologically massive gravity, with a single parity
non-invariant massive degree of freedom, and in new massive gravity, with two massive spin-2
degrees of freedom, causality and unitarity are compatible with each other and both require
the Newton’s constant to be negative. In their extensions, such as the Born-Infeld gravity
and the minimal massive gravity the situation is similar and quite different from their higher
dimensional counterparts, such as quadratic (e.g., Einstein-Gauss-Bonnet) or cubic theories,
where causality and unitarity are in conflict. We study the problem both in asymptotically
flat and asymptotically anti-de Sitter spaces.

I. INTRODUCTION

Shapiro’s time-delay argument [I], known as the fourth test of general relativity (GR), basically
says that light making a round-trip in space takes the least time in the absence of gravity, that
is in Minkowski space. This is true in GR as can be demonstrated in several ways [2]. But
it is not automatically the case in gravity theories having quadratic or cubic curvature terms,
where causality violation —ultimately attributed to a Shapiro time advance— was noticed [3].
Interestingly enough, causality restoration demands the inclusion of an infinite tower of massive
higher-spin particles with fine-tuned interactions that imply Reggeization [3-5], an apparently
distinctive fingerprint of perturbative string theory.

Here we explore the status of this problem in 2 + 1 gravity. Naively one might think that the
Shapiro time-delay does not play any role in 2+ 1 dimensions, given the standard lore stating that
there are no local gravitational degrees of freedom. However, there are several metric-based massive
dynamical, locally nontrivial gravity theories in 2 4+ 1 dimensions that have received quite a lot of
attention in the earlier and recent literature, and we want to scrutinize on them under the light of
causality. Since, of course, the 2+ 1 dimensional scenario is not open to real experiments, the main
question is to understand whether the causality and wunitarity conditions are in contradiction or
not. By unitarity, we mean the absence of ghosts and tachyons in the linearized excitations about
the vacuum of the theory, and by causality we mean the positivity of the time-delay —as opposed
to a time-advance—, along the line of Shapiro’s argument.

We will only consider the local causality problem and not get involved with more complicated
global causality issues, as even the four dimensional GR is also not known to be immune to them,
at least in the presence of matter, albeit unphysical as is well-known in the canonical example of the



Godel spacetime. For this purpose, it is sufficient to consider spaces that asymptote to maximally
symmetric backgrounds. We will first consider asymptotically Minkowski solutions; we will do so
in the first part of the paper. In the second part, we will study the case of asymptotically Anti-de
Sitter (AdS) spaces.

In three dimensions, Einstein’s gravity has no local propagating degrees of freedom, and hence
there is no issue of local causality; global causality issues are dealt with in [6]. In other words,
in pure Einstein’s gravity in 3 spacetime dimensions all the solutions are locally equivalent to
Minkowski, de Sitter, or Anti-de Sitter space, depending on whether the cosmological constant is
zero, positive, or negative, respectively. The Riemann curvature is constant, except for the conical
defects associated to the mass distribution; the theory has no propagating gravitons, and there
is no room for Shapiro time-delay whatsoever. In contrast to 3-dimensional general relativity,
topologically massive gravity (TMG) [7] as well as new massive gravity (NMG) [8] do have local
massive propagating modes, and in these theories the discussion about unitarity reduces to that
of the correct choices for the signs of the kinetic and mass terms of the linearized excitations. A
priori, as in the case of Einstein-Gauss-Bonnet or cubic theories in higher dimensions, there is
the possibility that causality and unitarity are in conflict with each other leading to a physically
troublesome theory or prompting the conclusion that the theory is at best an effective one. But
in TMG, NMG and their modifications, we will show that once the sign of the Einstein-Hilbert
term in the action is chosen to be the one required for unitarity —namely, the opposite to that
of the 3 + 1 dimensional case— there is no conflict with local causality. Reversing the sign of the
Einstein-Hilbert term basically is equivalent to taking the 2+ 1 dimensional Newton’s constant, G,
to be negative. It remains somewhat a puzzle as to why 2 + 1 dimensions is different in this sense
from all the higher dimensional cases.

There are at least two ways to calculate the Shapiro’s time-delay: The usual method is to
consider the black hole solutions and look at the time-delay of light in a round-trip in the presence
of the black hole compared to the absence of it. Another way is to calculate the time-delay of a
massless particle moving in the presence of a shock wave [9, [10] created by a high-energy massless
particle. The second method is better suited to the 2 + 1 dimensions in asymptotically flat space,
since in that case black hole solutions are not available in TMG and NMG and other massive
gravity theories —except for the case of purely quadratic theories—.

After studying the problem in flat space, we will address the case of negative cosmological con-
stant. In the last part of the paper, the question we will address is whether the same phenomenon
occurs in asymptotically AdSs; that is, whether a region of the parameter space exists for which the
massive gravity in AdSs can be free of ghosts and tachyons and, at the same time, compatible with
local causality. This question is not redundant since the new scale given by the curvature of AdSs
introduces differences with respect to flat space. In fact, as we will see, there are two quantitative
modifications suffered by the Shapiro time-delay relative to Minkowski space: On the one hand,
the Yukawa type dependence on the impact parameter found for this kind of process in Minkowski
space suffers a correction in the effective mass m,, which in AdS3 happens to depend not only
on the graviton mass parameter m but also on the cosmological constant A. On the other hand,
the Shapiro time-delay gets multiplied by an overall factor N that is a function of the Reynolds
number m,/+/]A] that tends to 1 in the limit A — 0. The latter modification is important since, in
principle, it means that the sign of the time-delay in AdSs could depend on the interplay between
the two scales my and +/[A].

There is another crucial difference between flat and AdSs spaces, which is the aforementioned
existence of black holes [IT, 12]. As we have previously said, in three dimensions black holes



only exist! in AdS space, and it turns out that the sign of G that renders the theory free of
ghosts is the opposite to the one that makes the mass spectrum of the black holes positive-definite.
This introduces an additional puzzle that, in order to be solved, demands invoking a kind of
superselection argument? [19], cf. [20]. For our purpose, this means that in order to compute the
Shapiro time-delay in 3 dimensions it would not be natural to resort to the black hole geometry
calculation analogous to the one usually employed in 4 or more dimensions, since what we actually
want to analyze here is whether the delay is positive for the same sign of the Einstein-Hilbert action
that renders the theory free of ghost-free. Therefore, the way to address the problem in AdSs will
be, again, by considering a gedankenezperiment analogous to the one considered in flat space [3].
We will compute the time-delay suffered by a particle moving in the presence of a shock-wave
generated by a high-energy massless particle. Adapting such an experiment to the case of AdSs
space requires to consider the gravitational wave solutions found in [21], 22] coupled to the particle
source. We will find that a particle interacting with such a shock-wave in AdS3 experiences a
time-delay that is positive-definite. We will see that this happens both for TMG and for NMG.

Besides, since the main motivation for considering AdSs space comes from AdS/CFT [23], raising
the question of the compatibility between unitarity and causality in the bulk unavoidably leads to
also ask about the unitarity in the boundary conformal field theory (CFT). As it is well known,
both TMG and NMG suffer from what is known as the bulk/boundary unitarity clash; that is, the
discrepancy between the sign of the Einstein-Hilbert action that makes the theory free of ghosts
and the one that yields a positive central charge in the dual CF'T. This problem has not been solved
yet, and remains one important issue in AdSs massive gravity [24]. Nevertheless, an interesting
attempt to solve it has led to the discovery of an interesting new type of 3-dimensional massive
model, known as minimal massive gravity> (MMG) [25]. This model consists in augmenting the
TMG field equations with additional second order terms that, even when do not give relevant
contributions to the effects we want to investigate around flat space, do contribute in AdSs space.
Therefore, we will discuss this more general in the last part of the paper, showing here that also
in MMG the Shapiro time-delay turns out to be positive-definite when the MMG corrections are
taken into account.

The lay-out of the paper is as follows: In the next section, we warm up by showing in the
context of 3 dimensional GR the kind of computations we will use throughout the work. In section
IIT and IV we study TMG and NMG cases wherein we discuss the time-delay for null geodesics,
for massless scalar fields, massive non-minimally coupled photons and the gravitons of the relevant
theory. In each section, we also derive some of the results from the point of view of eikonal
scattering amplitudes. We also briefly discuss the case of Born-Infeld gravity in 3 dimensions. In
section V we will extend the analysis to asymptotically AdSs spacetimes. After the Conclusions
section, we assist the reader with various appendixes including conventions and the derivation of
the relevant tensor perturbations about the shock-wave background.

! More precisely, in three dimensional massive gravity there also exist black holes in asymptotically flat and asymp-
totically de Sitter spaces [13] [I4] and in other spaces [I5]; however, those solutions only exist at very special points
of the parameter space where the theories exhibit special properties [16], [I7].

Other solutions have been proposed, such as looking for special values of the parameters and suitable boundary
conditions that make the theory to lose its local degrees of freedom and enable one to choose the positive sign in
the Einstein-Hilbert action [18].

It has been recently observed in [24] that MMG in the metric formulation exhibits a logarithmic mode that can
spoil unitarity in the bulk. The question remains as to whether the definition of the theory can be supplemented
with a specification of asymptotic boundary conditions that accomplish to decouple the logarithmic mode and
render the theory unitary.



II. GENERAL RELATIVITY WARM UP IN 241 DIMENSIONS

It is a well known fact that 241 GR is very different from higher dimensional GR. If we turn
off the cosmological constant, the vacuum field equations imply the vanishing of every component
of the Riemann tensor —outside sources, space-time is trivially flat. As a consequence, a careful
analysis of linearized perturbations around flat space shows that they can be only pure gauge:
there are no local propagating degrees of freedom. Nevertheless, we will take GR as a warm up
exercise to settle the structures and type of computations we shall make to analyze the causality
problem in other theories of 2+1 gravity.

Consider in GR a shock-wave ansatz*

ds? = —dudv + H(u,y)du® + dy? (1)

sourced by an energy-momentum tensor T, = |p|d(y)d(u) which corresponds to a massless point
particle moving in the +z direction with 3 momentum as p* = |p|(d} + 0*), where u = t — x and
v = t + x are light-cone coordinates and y is the transverse coordinate. Einstein equation for H
becomes (we set [87G| = 1)

97 H (u,y) = —20|pld(y)é(u) , o :=signG . (2)
The most general solution to this equation is

H(u,y) = =20pl6(w)0(y)y + c1(w)y + ca(u) , (3)

where ¢;(u) and co(u) are arbitrary and related to the coordinate transformations which leave the
ansatz invariant. Notice that if we choose ¢1(u) = 0 and c2(u) = 0 we would get a vanishing profile
for y < 0 but a nontrivial one for y > 0. On the opposite hand if we choose c¢;(u) = 2|p|d(u) and
c2(u) = 0 we would get

H(u,y) = 20p|d(u)0(—y)y , (4)

meaning a vanishing profile for y > 0. Actually, and consistently with what was explained before,
outside the source, the space is flat everywhere, but, due to the source we cannot have a single
chart to write down the metric in such a way as to have Cartesian coordinates in both sides of
the profile. Notice that a slightly different shock-wave profile was found in [26] which agrees with
the general form (3) but with constants ¢; and ¢z chosen such that the profile is symmetric under
y — —y. The reason we do not choose such a symmetric solution is that since our main purpose
is to compute the time-delay as measured by an asymptotic observer, we pick ¢; and cy such that
for y > 0 we have asymptotically flat and Cartesian coordinates. In the GR case this means that
the profile is trivial for y > 0 but in more general cases a nontrivial profile will be found.

Our interest will be to consider in different theories a particle traversing the shock-wave profile
for a fixed value of the impact parameter y = b > 0. In every case, we will fix the coordinates of
the profile in such a way that for y — oo the coordinates are asymptotically flat and Cartesian.

In particular, for the present case of GR, this choice coincides with the profile and trivially,
a massless spinless particle traversing this profile with y = b > 0 will not experience any delay.
While this conclusion is trivial in GR, in more general theories, we will study the discontinuity of
the geodesic of the particle at v = 0 to obtain the time-delay. Notice that not having chosen the
symmetric profile of [26] does not mean that the existence of the delay depends on which side of

4 See Appendix for more details.



the shockwave the test particle goes through. As mentioned before, space is flat at both sides of
the profile and our choice of ¢; and ¢y is just a coordinate choice fixed by our utilitarian reasoning
of working with asymptotically flat and Cartesian coordinates on one side (y > 0).

Besides the geodesic analysis we will also use scattering amplitudes to confirm some of the
results we obtain for the delay [27]. Instead of thinking of the experiment as a massless particle
traversing the shock-wave geometry produced by another particle, we consider the tree-level 2 — 2
scattering amplitude of massless non-self-interacting gravitating particles in the deflectionless limit
é — 0, which in the case of GR is given by

2

-Atree(sat) = _0-87 » (5)

where /s is the center-of-mass energy and /—t is the absolute value of the momentum transfer.
The full amplitude in the eikonal approximation will (in many practical cases) exponentiate in the
impact parameter space [28] [29]. The phase associated to this exponentiation is proportional to
the Shapiro time-delay and it can be computed by Fourier transforming the tree level result

1 dg o elab
0(b,s) = Zs/%equtTee(S’ —¢%) = 47Ts/dq Z (6)

This last result diverges for the region of integration close to forward-scattering (zero momentum
transfer) while we would have expected it to be zero in this GR computation. This is an artifact
of the eikonal approximation where the zero angular momentum mode does not behave well in the
continuous limit in the impact parameter space. We will take a pragmatic approach on this issue:
we choose to regulate in some reasonable way the Fourier transform of the amplitude in such a way
that the particular integral @, corresponding to GR, is zero as expected. In this way, by using
the same prescription in other theories, the result we obtain is gauged by the GR result.

A useful prescription is therefore to take the ¢ integral domain to be the real line of the complex
g-plane, with an indentation of the line so as to avoid the point ¢ = 0 leaving the pole out of the
contour of integration; say, ¢ = —ie. This prescription reproduces the result obtained from the

+ -ie

Figure 1: Integration contours in the complex g-plane depending upon the sign of the impact parameter b,
this prescription corresponding to the gauge choice ¢1(u) = 2|p|d(u) and co(u) = 0.

geodesic analysis, provided we choose the gauge c;(u) = 2|p|d(u) and ca(u) = 0. Displacing the
pole to ¢ = ie, instead, would have corresponded to the choice ¢1(u) = co(u) = 0, whereas the
dimensional continuation of the higher dimensional result corresponds to ci(u) = o|p|d(u) and
c2(u) = 0, and leads to a symmetric profile under y — —y.

We shall see later that the above discussed prescription allows us to compute the correct Shapiro
time-delay for scattering scalar massless particles in other theories of 241 gravity besides GR. A
different prescription would correspond to a choice of boundary conditions that, albeit perfectly
valid, are not suitable for the sake of comparison with the Shapiro time-delay computation.



III. CAUSALITY IN TMG

The Lagrangian density of TMG [7]

1 2
_ pramf o ‘1o A
L=+v—g <0R—|—2Me r W(ayr op + 307l aﬁ)> : (7)

when coupled to matter, yields the field equations
1
O'Guy + ;Cp,u = Ly, (8)

where G, = Ry, — (1/2)Rgp, is the Einstein tensor and Cy = (€,/7 //=9)V,(Row — (1/4)Rgo)
is the Cotton tensor. The latter is traceless, expressing the conformal invariance of this particular
higher-derivative deformation of Einstein equations. We have set the Newton’s constant to unity
but allowed a possible sign reversal parameter o, as discussed in the previous section, 02 = 1. The
theory is parity non-invariant and the single helicity-2 excitation about the flat background has a
mass

mg = —olp| . (9)

Therefore we set ¢ = —1 for this mode to be non-tachyonic. This choice also ensures the kinetic
energy to be positive (or non-ghostlike). Note that 1 — —p is a parity change, keeping the mass
intact but reversing the helicity of the graviton. Using formulas and in appendix A, the
TMG equations , for the null-source, reduce to a single third derivative (carrying the burden of
parity violation) equation

o 1
—5 0 H(u,y) + EGSH(u,y) = |pld(y)d(u) . (10)
Without loss of generality, let us consider the x> 0 case. (The discussion is similar, for the other

sign choice without a change in the physical consequences.) Then the most general solution is
easily found as

20|p| gy e~ MaY
H(u,y) = 776(u)6(y) e tmgy — 1) +o—s—tayta, (11)
9 g

with three ¢; functions depending on the null coordinate w in an arbitrary way. But these functions
can be fixed by requiring the spacetime to be asymptotically flat. We can use coordinate transfor-
mations to bring the metric to the Cartesian form in the asymptotic limit. But, one cannot bring
the metric to the Cartesian form for y > 0 and y < 0 with a single transformation [26]. This is
a minor technical issue which we shall avoid and demand that for y — +oco the space is given in
terms of Cartesian coordinates, but for y — —oo, it is flat written in non-Cartesian coordinates.
(Namely, a single chart does not cover the whole spacetime as we discussed for the GR case.) Then
for p > 0, the gauge-fixed shock wave profile of TMG reads

H(u,) = =2 pl3 (u)0(g)e ™ + = [pl6()0(~y) (mgy ~ 1) (12)
myg Mg
Plugging into yields a flat space to the right of the particle and a curved one to the left
of the particle as the particle is moving in the +x direction with the speed of light. For the p < 0
case, the left and right are interchanged in the previous sentence, hence the parity-non invariance
of the theory.



Consider a massless, spinless particle traversing this geometry at an impact parameter y = b > 0.
When, is plugged in , there is a discontinuity in the u coordinate which can be removed by
defining a new discontinuous null coordinate as

20
= Unew — —— 9 —mgb )
U= tnew = L EIplO(w)e (13)

which leads to the following time-delay for the spinless, massless particle traversing the wave

Av = —Mefmgb . (14)
Mg

The physical picture is as follows: as the particle traverses the u = 0 line, Av is positive (a time-
delay) as long as o is negative for any value of the impact parameter. Therefore unitarity and
causality are not in conflict in TMG for these null geodesics. We should note that as the mass
of the graviton goes to infinity, TMG reduces to the pure Einstein gravity and there is no time-
delay since there are no gravitons as we discussed before. It is important to note that this does
not say that there is no interaction between these moving particles. In fact it is well-known that
even though the particles at rest do not interact in pure 3 dimensional Einstein’s gravity, they do
interact when one or both of them start moving. But this interaction is instantaneous [30] and the
problem of causality, if there is, is not a local one that we explore here but a global one.

Another thing to note is to be careful about the interpretation of the results in non-Cartesian
coordinates. For example, let us consider the y < 0 region of the shock wave that we discussed
here. We noted that it is not in Cartesian coordinates, namely the metric function is given as
H(u,y) = c(u)y + d(u), which naively yields a time-delay for any finite b, in fact an increasing
time-delay when the impact parameter increases, which is simply non-physical. But, as noted in the
GR part, the same situation holds in pure Einstein’s gravity. Let us repeat it: setting o R, = T},
ostensibly gives a shock wave for the pure Einstein’s gravity in the form o H (u, y) ~ —2|p|d(u)0(y)y.
But this is just flat space in another gauge (coordinates) and so there is no local gravity and no
time-delay.

A. Eikonal scattering in TMG

Let us now consider obtaining the same result from the point of view of scattering amplitudes.
Under the same assumptions as of section [T, we compute the scattering amplitude of two massless
scalar particles in TMG. The scalar field coupling reads

1 e 2 . 1 1
Srmc = /dgx (/ngR + ﬂe/\“’jf‘ﬁa((%rpy + gFuaFl‘i‘p) - %kljky + 29“”8u¢)8y¢> . (15)
where k¥ = 0,(v/—gg"”). Taking into account that we deal with an eikonal scattering where the
incoming momenta are

2 2

plu (pU7 16 u72) ) p2u (16 vazn 2) ) ( )

or, in terms of Mandelstam variables, s = —2p; - pa =~ pyp, and t ~ —¢?, t/s < 1. By using the
graviton propagator in the Feynman gauge (o = 1) (132), we can readily obtain

52 1

- O . 17

t (1 0 t) (17)
L

And when we calculate the phase-shift, with the prescription given in section [[1} it gives (for b > 0)

the same result as the one obtained by the geodesic analysis.

Atree = —0



B. Scalar Particle in a shock wave

The equation for a minimally coupled massless scalar field
Op=0, (18)

in the shock wave background reduces to
1

which we have not been able to solve exactly but this is not needed for our purposes. If we look at
this differential equation near the wave and drop the terms that do not involve derivatives along
the null directions, we end up with a solvable equation.

BuOud + H(u,y)05¢ =0 . (20)

After carrying out an integration in the v-coordinate and dropping the constant term to have zero
field in the asymptotic region, one has

Ou¢ + H(u,y)0v =0 . (21)

Now we can use the separation of variables technique to solve this equation. Assume that the
solution is in the form ¢(u,v,y) = U(u)V (v)Y (y). If we substitute this into (21)), we get

1 Ul V'(v)
H(u,y) U(u) ~ V(v)

=0, (22)

Let p, be the momentum of the scalar field in the v direction, then

V' (v) 1 Ulu)

=— =1ipy - 23
V)~ Huy) Uw) " %)

Finally, the single mode solution reads
Olu,v,y) = Y ()U o)V (0 (=1 Hl i) (24)

from which a wave packet can be obtained by Fourier transform but this is not needed. We assume
that we know the momentum of the test particle, then we can calculate the phase it picks up when
it crosses the shock wave at an impact parameter b as

. ot .
(0%, 0,b) = 7P Jo D) g0~ 4y b) = =P AVG (07, 0,b) (25)

with Av given in . Therefore, when crossing the wave, the scalar particle picks up a phase-shift
akin to the Aharanov-Bohm phase. This is the same result as which was computed by the
light-like geodesic analysis.

C. Photon in a TMG Shock Wave

Minimally coupled photon to the shock wave gives the same result as the scalar field and the
null-geodesic case that we discussed. To see the potential differences, let us now consider a 2+1
dimensional photon non-minimally coupled to TMG given by the following action

1
§=-7 / d3m¢j9(Fqu“” + R poFWFpa> ’ 20)



where the second term, the non-minimal coupling, can be thought of as being generated after
massive particles are integrated out. So this action defines an effective theory with v denoting a
coupling constant of L? dimensions. For the shock wave background , the wave equation for the
photon reduces to

1
Vo F,; — YR, "N yF,, =0, Ruyuy = —§8§H(u, y) . (27)
In components one has
1
DuFyy + <H(u, y) + 102 H (u, y)>8vFvy + 30 Fu = 0. (28)

Now, let €, represent the transverse polarization vector. The vector potential can be written
as A, = g(u,v)e, yielding the field-strength F,, = 0,g(u,v)e,. With these, the wave equation
becomes similar to (20)

Ou0vg(u,v) + <H(u, y) + yﬁjH(u, y))@ﬁg(u,v) =0. (29)

Therefore, the calculation of Aw is also similar and one arrives at the expression

_ 20]p| (
My

Av = 1+ 'ymz)e_mgb . (30)
Unlike the scalar particle or the null geodesic case, setting o < 0, does not guarantee causality,
since, depending on the sign and magnitude of ng, one can have a time advance instead of a
time-delay! This is not surprising because, we considered a photon that is not minimally coupled
to gravity. It has been been known for a long time that non-minimal coupling, which is a break-
down of strong equivalence principle, could lead to superluminal motion and possibly to causality
violations [31], [32]. For all v > 0, there is a time-delay but if v < 0, one must have 7m3 > —1, to
have a time-delay.

D. Graviton in a TMG shock wave

To study the gravitons in the background of the shock-wave, let us now consider the linearization
of (for the case of a vanishing source) about the shock-wave solution for y > 0 then one
gets the linearized field equations as

1
000G + —0C,, =0. (31)
I
Defining the metric functions in the light-cone gauge as
g
0
f

one can compute the six equations which need to be solved consistently. Some of these equations
are complicated and we delegate them to Appendix-B and simply quote the solution here. To solve

h’lﬂ/(ua v, y) =

o O O
S O %
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these equations, a close scrutiny reveals that it would be best if one defines new functions as
v v’
emgy/ dv’/ s(u,v") dv” |
v v’
h(u,v,y) = e ™Y dv'’ r(u,v") dv” |
(1,0,1) [ [ rw .
v v’
g(u,v,y) = emgy/ dv’/ p(u,v”) dv” |

fu,v,y)

where s(u,v), r(u,v) and p(u,v) are functions to be determined. After plugging these into TMG
field equations, the solution follows as

s(u,v) = eip” (”_% I H(u/,y)du/>

)

m%m=—%pm%m, (33)
p(u,v) = —(W — pivmg)s(u, v) .

We see that g(u,v,y) and h(u,v,y) can be written in terms of f(u,v,y). Again, wave-packets
of gravitons, having real profiles instead of the complex ones that we have, can be constructed
from this monochromatic solution, but this is not needed as we already noted. Calculation of the
time-delay follows as before and one has a shift in the graviton’s phase at is crosses the shock wave

as
—3ipy (0T ' / ;
F0T,v,b) =e 5 fo- H(u y)du F07,v,b) = e PAYF(0~ v, b) (34)
Then, Av yields
Av — _3U|p’e—mgb : (35)
Mg

which is positive for o < 0. It is refreshing to see that no new condition, that are not already
imposed by unitarity, comes from the causality in TMG and gravitons get a time-delay.

IV. QUADRATIC GRAVITY

The Lagrangian density of general quadratic gravity

L=V5 <0R +aR? + BR2, + zmatter) , (36)
has the field equations

1 1
o(Ryuw — §9WR) +2aR(Ry — ZQ;WR) + 2o+ B) (gD — V. V)R 37)
1 1 i
+ BO(Ryuw — §guvR) + 28(Ruovp — ZguvRap)R P=Tw .
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This theory has a massive spin-2 and a massive spin-0 graviton, with masses about the flat-space,
respectively given [33] as
2 g 2 g
=——, mi=———.
g B ¥ 8a+ 38

Canonical analysis shows that one of these massive modes has to decouple to have a unitary theory.
For the massive spin-2 choice the only possibility is to set

(38)

8a+38=0 (39)

and choose o < 0 and 8 > 0. This theory is called the new massive gravity (NMG) which we shall
specify from now on. For the shock wave ansatz , reduces to

— aByQH(u, y) — ,88y4H(u, y) = 2|p|é(y)d(u) , (40)
whose asymptotically flat solution is

olplo(u) , _
H(u,y) = _ 2lpotu) (6 malyl 4 mg|y|) +c1y + ca. (41)
Mg
Since the theory is parity invariant both the left and the right regions of the source are curved in
sharp contrast to the case of TMG. By gauge-fixing we can choose the constants ¢; and ¢ in a
way that the solution reads
olp|o(u)

H(u,y) = —Tge’mg'y' +20p|6(u)O(—y)y. (42)

Without going into further detail, calculation of the time-delay yields for b > 0

Av = —%e*mg‘b‘ , (43)

Mg

which is positive when ¢ is negative. Therefore causality and unitarity in NMG are compatible for
null geodesics.

The Eikonal scattering amplitude computation in NMG can be computed by taking into account
the corresponding graviton propagator , which leads to

Atree = —0’7 m . (44)

And when calculating the phase-shift again the result is in agreement with the one obtained by
the geodesic analysis.

A. Photon in an NMG Shock Wave

For the non-minimally coupled photon described by coupled to the NMG shock-wave,
calculation of the time-delay yields

alp| 2\ —myglb|
Ay=——"(1+ melol 4
v g ( ’ymg)e (45)

As long as fymg > —1 and o < 0, there is a time-delay for these photons for any b # 0 impact
parameter.
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B. Graviton in an NMG Shock Wave

Defining the metric in the light-cone gauge as in the case of TMG and defining the following

functions
v UI ,U//
flu,v,y) = emgy/ dv’/ dv”/ s(u, v")dv™ |

h(u,’l},y) = emgy/ d’l)// dU/// T'(U, U”/) d’UH/ ’ (46)
g(u,v,y) = emgy/ dv’/ dU”/ p(u’ ’UH/) d’U”/ ’

where s(u,v),r(u,v) and p(u,v) are the functions to be determined, one can solve the NMG equa-
tions consistently. In Appendix-B we give the equations for the h = 0 case for the sake of simplicity.
The solution reads as

ipy | v=2 [ H(u' y)du'
) = ) = (2T H A

(47)
=——0yr(u,v) .
s(u,v) my r(u,v)
We see that r(u,v) and p(u,v) can be written in terms of s(u,v). Then one obtains
ot e ,
F(OF, 0,b) = e~2iPo o= HW WA §(0= 4y p) = = PoAY £(0~ 4, b) . (48)
Then, calculation of Av yields
2

Av= 2Pl e (49)

My

which is positive for ¢ < 0 and hence NMG gravitons get a time-delay. Then causality and unitarity
in NMG are compatible.

C. Born-Infeld Gravity

Causal propagation in Born-Infeld type actions, be it in electrodynamics or gravity, is not auto-
matic. Let us consider the special case of Born-Infeld extension of new massive gravity (BINMG)
given by the action [34]

I= —4m2/d3x {\/— det(g + %G) - (1 - A;) \/jg} , (50)

where G is matrix whose components are those of Einstein tensor G, = Ry, — g R /2. This theory
has the same spectrum as NMG around the flat and AdS backgrounds with the added property
that it has a unique AdS vacuum. The field equations are cumbersome, but they are given in [35]
and hence we shall simply use them. For A\g = 0, and for the shock-wave ansatz the field equations,
owing to the fact that R, R =0, RM"RU,\R)‘“ =0, R =0, reduce to those of NMG as

1 1

which simply says that as in the case of NMG, causality and unitary are not in conflict.
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V. ANTI-DE SITTER SPACE

Let us now consider the case of negative cosmological constant. We will consider in AdS3 an
experiment with the shock-waves similar to the one used in flat space. In fact, our analysis will
parallel that of previous sections adapting it to the case A < 0. Let us begin by considering the
AdS3 metric written in Poincaré coordinates, namely

52
dsQAdSS = ?(—2dudv + dy2), (52)

with y € R>0, u € R, v € R. The first step would be finding the metric produced by a high-energy
particle located at w = 0 and y = yo. To obtain this metric we consider the Kerr-Schild ansatz

£2

ny

ds? ( — 2dudv — F(u,y)du® + dy2), (53)

and then source the field equations of the massive gravity theory with the energy-momentum tensor
corresponding to such a particle. The only non-zero component of this tensor is

Ty = \p|y‘;6<u>6<y ). (54)

We will consider first the field equations of TMG. Later, we will consider other massive theories
like NMG and MMG.

A. Topologically Massive Gravity

The equations of motion of TMG in absence of sources take the form (§]); namely

1 1
- Guy + ﬁguu + ;Cuu =0, (55)

where ¢ = 1/,/]A] > 0 is the AdS3 radius. Notice the minus sign in front of the Einstein tensor,
which is consistent with having chosen ¢ = —1. This makes free of ghosts around the AdSs
vacuum.

Field equations are of third order in the metric. Coupling the energy-momentum tensor
to these equations and considering the ansatz (53|) yield

OBF  y?0°F —yo,F ¢
_ Y9 vt b _
Yo, 5 | y05(U)5(y Yo), (56)

which is the only non-trivial equation to solve. We know from [21] the solutions for the homogeneous
part of this equation, which would be the solutions to at both sides of the shock-wave. These
solutions are

Fip(y) = a1 <Z)1m +c2 (32)2 + cs, (57)

where c1, ¢ and c3 are functions of u but we will suppress this dependence. The co and c3 terms can
be removed by a coordinate transformation [22]. These correspond to the two pure-gauge modes of
3-dimensional gravity. To obtain the inhomogeneous solution to , let us consider the proposal
Fo(y) = 0(y — yo)g(y), with g(y) being of the type of , and then use matching conditions at
yo to determine the coefficients ¢;. Plugging F,(y) into and integrating the resulting equation
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between a segment o — & and yg + ¢ and then taking the limit € — 0 to get rid of the delta function
and its derivatives, and demanding both F(y) and F'(y) to be continuous at y = yg, one finds

/¢ 2

") = ~2u (<) s, (58)
Yo

where we took ¢'(yo) = g(yo) = 0 for the mentioned continuity of F(y) and F'(y) —the primes

denote derivatives with respect to y—. Then, the general solution Fj(y) + F,(y) takes the form

F(y) = 52/1 6(u)|pl

1—¢ 2
W 2 <50> ' — (1 —Lu) (5()) — (T +Lu)| 0(y — vo)
w 1—¢ 2
+€2’u16—(()£|§‘)2 2¢1 (5()) ' + (1 —2u)co (j{)) + (14 Lp)es|, (59)

where ¢; will be determined by imposing the appropriate boundary conditions.

1. The flat spacetime limit

As a consistency check of one can verify that in the limit A — 0 the result for the shock-
wave profile reproduces the one for flat space found in our previous sections. This limit is also
useful to gain intuition about how to set the boundary conditions. To take this limit it is convenient
to define the coordinate

y = le?!", (60)
with which the AdS3 metric takes the form
ds? = —2e= %/ dudv + d=?, (61)

and then one can take the limit £ — oo to recover the Minkowski space. In addition, we have
to take into account that the profile function defined in Section (III) is related to the new profile
function as
f2
- ?F(y) = H(y). (62)

Therefore, in the limit £ — oo one obtain

H(z) = 5(12 p| [zef,u(z*Zo) — 2+ 2u(z — ZO)} 0(z — 20) (63)
+5(12 | [2016_“(3_20) + (ca +¢3) — lu(ca — c3) — 2uca(z — ZO)} )

which is consistent with the result for the flat space. This provides us with a criterion to set the
integration constants in . To actually have asymptotically flat space in the limit £ — oo we
should set ¢; = 0 and ¢y = ¢3. Then, if we want to impose exactly the same boundary conditions
as in our flat space analysis (asymptotically flat and Cartesian for z > zy) we should also set
Cy = C3 = 1.
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2. Asymptotically AdSs boundary conditions

Consistently, the same values for ¢1, ¢ and c3 are obtained by demanding asymptotically AdSs
boundary conditions for finite ¢. In fact, one may impose the Brown-Henneaux (BH) boundary
conditions [36], demanding the metric perturbations hy,, = g, — gﬁlﬁls to be of the following orders

at infinity
P, 2 oy > hoyy =~ hyy =~ O(l)> huy = hvy =~ O(y)7 (64)

where O(y™) means that a given component decays as y" or faster close to the AdSs boundary (i.e.
around y = 0). To see this more explicitly, it is convenient to define new coordinates as r = y =,
t =%(v+u)/2, and ¢ = £(v — u)/2, for which the components decay as

htt ~ ht¢ ~ h¢¢ ~ 0(1) (65)

This means that for the type of perturbations considered in we have to impose F(y) ~ O(y?).
If we assume that p > 1/¢, to satisfy the BH boundary conditions we have to set ¢; = 0. To fix
co and c3, we demand to have regular AdSs space deep into the bulk (i.e. at y — o00); this implies
cg = c3 = 1. The gauge-fixed solution finally reads

u 1—4p
F@)zﬁufTQSQF(;) ]ﬂy—m) (66)

+ﬂuéWMM2k1—ao(y)?+u+ﬁm

= " o(~(y — w0))

Notice that for y < yo the dependence on the y coordinate is quadratic; however, this is nothing
but AdS3 written in different coordinates.

3. Shapiro time-delay in AdS

Let us consider the interaction of a massless particle and the shock-wave in AdS found above.
The idea is to verify whether the shift in the coordinate v suffered by the particle crossing the wave
is positive-definite. If so, this would prevent the particle from experiencing causality problems.
The equation for a massless scalar field in the shock-wave background is (after again dropping
derivatives along the transverse direction)

0u0ud + F(u,y)05¢ = 0. (67)

From here, we obtain the shift in the v coordinate as

Av = /0 du F(u,y). (68)

For a particle crossing the shock-wave at z > 2y, we find

2plpl (u1/ey -
Ap = — WL = (p=1/6)(z—20) 69
This result is sensitive to the sign of the Einstein-Hilbert term in the action —in fact, there is an

implicit factor —o multiplying the right hand side of —. We have chosen the minus sign that
renders the theory ghost free and this yields Av > 0.
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Expression can be written as

Av =2N Me_mg(z_zo) (70)
mg ’
with the effective mass® my, = u—1/¢ > 0 and N = p/(u+ 1/£) > 0. This yields the result
in the limit £ — oo, where my = 4 and N = 1. Therefore, the positivity of the Shapiro time-delay
expresses that unitarity and causality are compatible in TMG.

4. Chiral gravity

A particularly interesting case corresponds to the so-called chiral point ¢ = 1, where the
effective mass m, vanishes. At this point of the parameter space, one of the central charges of the
dual boundary theory (say the one of the left-moving sector, c¢z) vanishes and this is taken as an
indication that it could correspond to a chiral CFT [I8]. The bulk theory also exhibits peculiar
properties at the chiral point, such as the existence of new sectors of solutions. The theory defined
by the TMG Lagrangian with uf = 1 and imposing BH boundary conditions is known as chiral
gravity; it does not contain local degrees of freedom [I8] and thus it is compatible with the choice
o = 1. On the other hand, at u¢ = 1 the theory admits other kind of asymptotically AdSs
boundary conditions [37, [38], which are weakened with respect to BH, yielding logarithmically
decaying modes and do contain local degrees of freedom and thus demands again ¢ = —1.

To obtain the solution at the chiral point, we have to take in the limit u¢ — 1. To do so,
instead of considering the natural basis {y'~, 42,1} for the homogeneous solution F,(y), let us
take the basis {(y'~* —1)/(1 —£fu),y?,1}. The latter is convenient as it makes explicit that in the
limit ¢y — 1 the modes of F},(y) are {log(y), y?, 1}. If we naively take in the limit puf — 1 we

find
ry) = “ [log (£)-3 ((50) - 1)] 0y - o)

+W [61 log (y) +c2 (y)2 + 63] . (71)

Yo Yo

As said above, at this point there are two sets of boundary conditions that we can demand:
Imposing the BH boundary conditions amounts to decouple the ~ log(y) modes, that is ¢; = 0.
The coefficients ¢ and csg are in principle undetermined because they are related to the choice of
coordinates; we gauge-fix them by removing the quadratic and constant terms for y > y9. We get

u u 2
F) = 00— ) tog (L) + 03 - ) 0 [(;@) - 1] . (72)

If, instead of the BH conditions, we impose in the weakened boundary conditions proposed
by Grumiller and Johansen in [37], which in our coordinates would allow for F(y) ~ O(log(y)), we
find

Fy) =0(y — yo)(m;)'p| log <y> + 3(w)lp| [Cl log (;0)] +6(yo — y)é(u)’p| l(y)Q — 1] , (73)

Yo 2p 2p Yo

5 It is worthwhile not to mistake this effective mass appearing in Av for the graviton mass of TMG around AdSs,
which is given by /u? — 1/¢2. A general analysis on the effective mass of non-linear gravitational waves in AdSs
in the full theory, consisting of TMG coupled to NMG has been done in reference [21].
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where now the value of ¢; is not constrained. This phenomenon is the non-linear analog of the
logarithmic modes of [37]. The emergence of the logarithmic decaying mode is due to the finite
size effects; at uf = 1, the Compton wave length of the massive graviton equals the AdS3 radius.

Also in relation to the chiral point, notice that the expression for the time delay appears
to be singular in the naive limit ¢ — 1 which might seem puzzling as in that limit, provided
one decouples the logarithmic mode, the theory is expected to be dynamically trivial; that is, one
expects the chiral gravity to lose the local degrees of freedom when Brown-Henneaux boundary
conditions are imposed. This seems to be in contradiction with the divergence in , as one
would rather expect the time delay to vanish in that case. However the divergence is a red-herring
since the expression is not applicable at the chiral point, the reason being that some of the
steps in the derivation only hold provided that u¢ # 1. For example, in the gauge-fixing
used to exclude the unphysical GR pure-gauge modes changes in the chiral point and no longer
corresponds to setting the coefficients co and c3 of the quadratic and constant pieces to zero: As
discussed above, in the limit ¢ — 1 (or uf — —1) the massive mode of TMG degenerates with the
constant (respectively the quadratic) mode of GR. This means that the only dynamical mode that
remains is the logarithmic one ~ log(y), while the piece that goes like ~ y' = 1+ hecomes
pure gauge and can be removed by choosing ¢; = —c3 = ¢/(1£pul). Therefore, once the logarithmic
mode is excluded by boundary conditions, the expression for the wave profile, F’, reduces to that of
GR, and so the rest of the computation ensues. Another step that makes inapplicable to derive
conclusions about the chiral point is the assumption pf > 1, which yields the condition ¢; = 0
to fulfill the boundary conditions and eventually derive . In brief, the expression is not
applicable at the points uf = +1, which are actually singular in many aspects. On general grounds,
we could have anticipated that at the chiral point the time delay could not acquire the Yukawa
dependence that exhibits, as no massive mode survives after imposing the Brown-Henneaux
AdS;3 boundary conditions. A similar phenomenon happens in NMG at its critical points, where
the theory also exhibits degeneracy between the massive higher-derivative modes and massless GR
modes. Studying the causality at the chiral points of TMG and NMG requires a separate analysis,
and could be actually interesting; however, this would demand first to understand more serious
issues these critical theories present when they are coupled to matter, see [39] for example for the
case of flat space limit of chiral gravity.

B. The new massive gravity

Now, let us consider the computation in NMG. The main difference with respect to TMG is
that NMG is parity-even and, consequently, contains two graviton polarizations. This is related
to the fact that the NMG field equations are of fourth order. Taking into account , these
can be written as follows

- GW + |A|guv + K, =0, (74)

1
2m?
where K, = 20R,,, — (1/2)V,V,R — (1/2)g,,OR + 4R,10,sR*® — (3/2) RR,, — g, K; the trace
K = g"K,, = R, R*" — (3/8)R? does not include derivatives of the curvature. This property
makes NMG to be free of a scalar ghost-like degree of freedom associated to 1R that other quadratic
theories suffer from. This is also related to the fact that NMG coincides at the linearized with the
Fierz-Pauli action for a massive spin-2 field [8, [13]. It is also worth pointing out that, unlike what
happens in TMG, in NMG the AdSs radius ¢ is not given only by A but it also depends on the
mass parameter m; see [8] [13], 21] for details.
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The field equations for the ansatz take the form

(14 202m?)
2

14

| —6(w)d(y — o), (75)

454 353
0,F +2y°0;, F — ——— =
Yy oyl +2y"0, 20222 ”

(y20§F — yOyF)]
whose homogeneous solutions are

Fu(y) =c+ (‘z)Hﬁ +c_ (‘z)l_ﬁ + ¢ (‘72)2 + c3, (76)

where cy are constant coefficients and 8 = 1/1/2 + ¢2m?2. Then, we proceed in a similar way as we
did for TMG: First, we consider the inhomogeneous solution Fj, = 6(y — yo)g(y), with g(y) solving
, then we match at y = yg by integrating between a segment that eventually tends to zero;
demanding continuity we find g(yo) = ¢'(v0) = ¢"(yo) = 0, and then we obtain

3
¢" (o) = 2m?|p] (;0) (1), (77)

The general solution to ([75]) reads

F(y) = 0(y — yo)m?|p|d(u) (Bzgi 1) [1 a (;)>2 - [13 (@Z)Hﬁ - [13 (zi)lﬂ

m?2|p|d(u) (;il) [01 p (yyo>2 + %3 (;))HB - %4 (i)lﬁ] : (78)

where ¢4 is a new constant coefficient. As for TMG, these constant coefficients will be fixed by
imposing suitable boundary conditions. The intuition about how to do so comes again from the
flat limit ¢ — oo, in which we find

1
H —=0(z — 5 Ny — - m(z—z0) _ ,—m(z—z20) :|
(2) = 80z — 5)lpld(u) 20— z0) = - (e )
1
+|pld(u) |—€(c1 — c2) + 2¢a(z — 2p) — p- (c?,em(Z*ZO) - c4em(zzo))} ) (79)
To have asymptotically flat space we need c¢s = —1, ¢4 = 0, and ¢; = c¢o, while to have Cartesian
coordinates at z > 2y we need, in addition, ¢; = cg = —1. This finally yields
Pl0(1) iz 2|p[d(u)

H(z) = ———>e M2l —0(—(2 — ——(z— 80
(s) = 20, (2 = 20) Bz — ), (50)

which is the same as in our flat space computation. As in the case of TMG, the same values for
c1, 2, c3, and ¢4 are obtained by imposing BH boundary conditions for a finite ¢: If we assume
m? > 1/(2¢2), then 8 > 1, so we need ¢4 = 0. If, in addition, we demand having regular AdS3 deep
into the bulk (i.e. ¥y — 00) we have c¢3 = —1. The freedom in choosing ¢; and ¢3 is again related to
the choice of coordinates; for having AdSs in the usual coordinates at y — oo we set ¢y = co = —1.
Finally, the profile for finite £ reads

Fly) = (B’(”f'_p'f)) [eay w0 (L) o) ((y‘lfo)w 5 ((yyo) - 1))] Y

Without going into the details in order to avoid redundancies, we can write the final result for
the shift for a particle crossing the shock-wave at z > zg in NMG as

2me? Ip| (1/6=m\/141/(2m?2)) (z—20)
A _ m m zZ—20 2
! (2m2£2 — 1) 1+ 1/(2m2£2)€ ’ (82
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which can be written as

Av =N ‘ﬂe—mg(z—m), (83)
Mg

with N = m/(m + 1/(2ml?) + (1/0)/1+ 1/(2m22)) > 0 and the effective mass given by m, =
my/1+ 1/(2m?2¢?) — 1/¢. This turns out to be positive-definite, and it reproduces the result of the
flat space in the limit £ — oo (where mgy = m and N = 1).

1. Critical points of NMG

As it happens in TMG, the point of the parameter space on which mg; = 0 yields vanishing
central charge in the dual conformal field theory and makes the theory to acquire special properties.
At this point we have m?¢? = 1/2, and this is the NMG analog to the chiral point of TMG. In the
case of NMG@G, however, the boundary theory has no diffeomorphism anomaly, and thus one finds
that both cr and ¢z, vanish (notice that this corresponds to 5 = 1; see below).

In NMG, in addition, there exist another critical point, which corresponds to m2¢?> = —1/2
(that is, 8 = 0). The latter requires a value m? < 0, and in the case of asymptotically de Sitter
solutions this corresponds to the partially massless point [16]. Let us consider these two critical
points separately: Let us start with 8 = 1 and consider the point g = 0 later. For 8 = 1 we can
take the set {y?log(y),log(y),y?, 1} as the basis of F},(y). In fact, taking the limit 3 — 1 in ,

we get,
F(5) = 0l — m)lpld(u) (1og (2) [(;’0) . (jO)D (34

Hp|5(u)§ <log (yyo> [Cl (50>2 + 621 +c3ta <yy0)2> )

As in TMG, when mg = 0 there is more than one possible set of boundary conditions that we
may consider. If we impose the BH boundary conditions, we obtain

+

F(y) = 0y — yo)lplou) ;log (L) [(9)2 +1 (55)

Yo Yo

Hplo(u) § ( log (2 ) (50)2> + 00— ) plo(u) | ((jo)Q - 1) ,

where the coefficient ¢; becomes undetermined. This indicates the presence of extra modes. The
other set of boundary conditions is the one of [37], which yields

F(5) = 00y — wo)lplou) ;log (L) [( A 1] (56)

v/ | \vo
Y 2
—Hp|5(u)1 log <yy0> [01 (;0) + co

2
+0u0 — )lplo(w) ((j) - 1) ,

and includes the additional logarithmic modes with coefficient cso.
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In the critical point 3 = 0, on the other hand, we find for F},(y) the modes {ylog(y),y, 4%, 1}.
In this case, the solution in the limit 8 — 0 yields
Fly) = 0y — yo)lplo(w) = (22 log (L) |- <y)2
2 Yo Yo Yo

Hplo(u) (m (L)ros (L) +ex (L) +esre (5)2) , (s7)

which, apart from the logarithmic modes ~ ylog(y) also includes the linear mode ~ y which is
characteristic of conformal gravity [40] —even though the higher-curvature terms of NMG are not
conformally invariant, but conformally covariant—. This linear mode is responsible of the existence
of hairy black holes in NMG around (A)dS spaces [13], 14]; see also the discussion in [16].

C. Unitarity in the boundary CFT,

Now, having shown the compatibility between unitarity and causality in the bulk, let us study
the necessary conditions for unitary in the dual CFT.

1. The bulk/boundary unitarity clash

As already mentioned, both TMG and NMG suffer from the so-called bulk/boundary unitarity
clash. That is, the conflict between the value of the coupling constants that make the bulk theory
unitary and those that make the boundary theory unitary. More precisely, in the case of TMG the
dual CFTy has left- and right-moving central charges given by

3¢ 1 3¢ 1
:ﬁ(a—@), CR:%<U+@>, (88)

which are negative for the choice 0 = —1. Reciprocally, demanding ¢y, > 0 < cg leads to choose
the sign of the Einstein-Hilbert action with a ghost. The same occurs with NMG, which yields a
dual CFTy with central charges

CcL

3¢ 1
CL:CR:ﬁ(O'—m), (89)
which also require o = 1 to be positive. This implies that, for these theories, either the bulk theory
is not unitary or the boundary CFTs is not unitary. Asking the boundary CFT, to be unitary,
and therefore ¢;, > 0 < cg, the mass spectrum of the BTZ black holes turns out to be positive
too, yielding Ly > 0 < Lg, and this is one of the reasons why the microscopic derivation of the
black hole entropy in terms of the Cardy formula works. This is also why in [I8] a proposal was
made to decouple the local degrees of freedom in the bulk while still keeping ¢, = 0 < cr (namely,
considering uf = 1 with ¢ = 1). However, the conflict between bulk and boundary unitarity
remains for general values of pf.

In the last years, different theories in 3 dimensions have been proposed as proposals to solve
the bulk/boundary unitarity clash. For instance, in reference [41] a bi-gravity theory called zwei-
dreibein gravity (ZDG) was proposed, which can be regarded as a generalization of NMG. More
recently, in reference [25], an extension of TMG called minimal massive gravity (MMG) has been
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proposed as a model that would eventually® yield a ghost-free theory about AdSs while, at the
same time, yield positive values for the central charges if the dual CFTy. The terms that MMG add
to TMG do not contribute in asymptotically flat space for the specific solutions we have considered
here. In contrast, they do contribute in the case of AdSs;. Therefore, it is worthy considering
these terms here. We will see below that when such MMG terms are considered, the result for the
Shapiro time-delay is also positive, even in the window of parameter space in which the central
charges of the dual CFTy are positive.

2. Minimal massive gravity

The field equations of MMG are
1 gl
= Gy + |A|gu + ;C;w + EJMV =0, (90)

with Jy, = R Ry, — (3/4) RRyuw — (1/2) gy (RM Ry — (5/8)R?). These correspond to adding to the
field equations of TMG a second order tensor .J,,,. Lovelock theorem forbids this tensor to come
from a variational principle in the second order formalism. In fact, one can verify that .J,, is not
identically conserved, although it is conserved on-shell [25].

Considering in MMG the ansatz , yields

62

ds® = ?(—2dudv — F(u, y)du2 + dyQ), (91)

the equation of motion for a shock-wave in this theory is [42]

1 oF 0*F PF 14

——— | —(yu —20p*) 0 — — 201 Py—— — 20317y —— | = |p|—d(u)d(y — 92
101, ( (vp w) oy + (yp p) ey a5 WY Iply0 (u)o(y —yo), (92)
whose homogeneous solutions have been found in [42]. Following the same procedure as in for the
case of TMG@G, we find the Shapiro time-delay in MMG, which reads

Av=N n{j'e—mg(z‘z‘)), (93)
g

with mg = p—1/0—~/(2ul?) and N = pu/(pn+1/—~/(2ul?)). In reference [25] it has been shown
how, for the choices of parameters that yield , a windows exists for the value of v such that,
even if o = —1, the central charges of the boundary CFTs result positive. It is easy to verify that
within such window the value turns out to be positive-definite. This shows the compatibility
between bulk causality and the necessary conditions ¢y, > 0 < cp for the unitarity in the dual
CFT;. The problem with unitarity still remains due to the logarithmic modes discussed in [24].
Whether or not a consistent way of decoupling such modes exists deserves further analysis.

Let us add that the same kind of computation can be done for ZDG theory, whose homogeneous
wave solutions in AdSs F}, are also known explicitly [43].

6 However, it has been observed in [24] that, as it happens with the chiral limit of TMG, MMG in the metric
formulation in principle contains logarithmic modes and that, if the solution for the bulk/boundary unitarity clash
is met, this should also involve a special choice of boundary conditions or there must be a linearization instability
of AdS vacuum in the theory.
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VI. CONCLUSIONS

We have studied the issue of local causality in 2 4+ 1 dimensional topologically massive gravity
and the new massive gravity. We have shown that unlike the quadratic and cubic theories in
dimensions n > 4, causality and unitarity are not in contradiction in 3 dimensions. Namely, as
long as the sign of the Newton’s constant is chosen to be the opposite to the one considered in the
higher-dimensional case, TMG and NMG in asymptotically flat spacetime turn out to be causal
and unitary. We have also investigated the Born-Infeld extensions of NMG, which have also been
shown to be causal and unitary. We have also performed the analysis in these theories for the
asymptotically Anti-de Sitter (AdS) spacetime. Again, local causality and unitarity were found
to be consistent. The notion of local causality we considered here is the positivity of the Shapiro
time-delay for null geodesics and minimally-coupled fields, while with unitary we mean the absence
of ghost and tachyon excitations.

The observation of [3] that Einstein-Gauss-Bonnet and (Riemann)? theories are not causal and
can only be made causal by relying on the existence of a UV completion of the theory such as
string theory, naturally give raise the question as to whether 3-dimensional (massive) gravity fits
into this picture where no higher spin states are needed to ensure local causality. While a full
understanding of this might require further investigations, we have some remarks to make: First
of all, to the best of our knowledge, none of the theories considered here come from string theory
compactifications. At least, no derivation of them without introducing extra fields is known. Some
of them, however, involve Chern-Simons Lagrangians, thereby they are likely to be well-posed at
quantum level. This even permits one to write down theories for a finite number of higher-spin
fields (see [44], and references therein), something that is not possible in four or higher dimensions.
All in all, we can interpret our results as further evidence suggesting that gravity in 3 dimensions
might exist without reference to string theory, as an effective theory not hindered by causality
violation.
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VIII. APPENDICES
A. Shock wave geometry

The signs play a crucial role therefore let us fix them explicitly here: the signature of the metric
is (—,+,+), the Riemann tensor reads as R .3 = (%F’V‘ﬁ — ...

The shock wave metric describes the spacetime generated by a point particle moving at the speed
of light. Let (¢,z,y) be the coordinates in the Minkowski space. Defining the null coordinates as
u=t—x and v =t + = and considering a massless point particle moving in the +z direction with
3 momentum as p* = [p|(d + 0%) and with the energy momentum tensor as Ty, = |p|d(y)d(u), the
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ansatz for the metric created by this particle in local coordinates read
ds® = —dudv + H(u,y)du® + dy*. (94)

To simplify the relevant computations [46], let us write the metric in the Kerr-Schild form as
G = M + H(u, y)A\y A, with the A\, vector satisfying the following properties

MNA, =0, V,A=0MJH(uy) =0. (95)

In the null coordinates, non-vanishing components of 7, are 1., = —% and 7y, = 1 and one also
has det g = detn = —i. The Christoffel symbols can be found as

2T, = NN O H + NN OH — NAn™ 95 H, (96)
whose non-vanishing components are
1
ry, = —§8yH(u, ), Iy, =—0.H(u,y), Ly = —0yH (u,y). (97)
Observe that one has vanishing contractions A;I'j,, = 0, MI'7,, = 0 and the Riemann tensor is also

linear in the derivative of the metric function H as no contribution comes from the products of the
connections

2Ruo¢uﬁ = )\M)\/Baaal,H + )\a)\,,a,ﬁ/gH - )\M)\,,aaagH — )\a)\ﬁaua,,H. (98)

From this follow the Ricci tensor and the "Box" of the Ricci tensor (which are relevant in the NMG
and the Born-Infeld gravity cases discussed in the text) as

1 1
R, = —EAM/\VazH(u,y), OR,, = —§AHAV8§H(u, Y). (99)

Finally, for the TMG case, we need the Cotton tensor which is defined as
af 1
C;w ="Mu Va RV,B - ZguﬁR ) (100)

with 7**? being the completely antisymmetric tensor normalized as 7 n**¥ = 2. Tt follows that for
the shock wave, one has

1
Ch = iA#)\VﬁgH(u, y). (101)

One can use these tensors to find the shock wave solutions in various gravity theories, which we
have done in the relevant sections above. Let us also compute the spin-2 perturbations about a
given shock wave background below as they are relevant to the gravitons scattering through the
shock wave.

7 This corresponds to the sign choice €'Y = —1.
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B. Perturbations about the shock wave

In principle, one can work out the most general perturbation without choosing a gauge, but the
ensuing computations are unnecessarily cumbersome in theories beyond GR, so a proper choice of
gauge that keeps all the physical degrees of freedom is important. Defining the perturbation as
hjw = 09, the light-cone gauge seems to be the best choice for our purposes. So we set

By = 0, (102)

or more covariantly we have A*h,,, = 0 and the following equations hold in this gauge

ag ag 1 g 1 ag
e =0, T hea = —iAM/\Vhya(?yH, IS 5)\ AhY 0y H. (103)
The linearized connections can be calculated as
1
0T, = 517 (Quhva + e = Balyns + NuAvhaydyH ) = HX 0oy, (104)
or more explicitly in components, one has
ol = Owhyuw,
ol = =0uhvu — Oy + Ouhy — A Ay Oy H + 2HOp by (105)
1
o, = 3 (Buby + Ouhyy = Oyl + N Aohyy Oy H ).
The linearized Ricci tensor
1
SR = (vgv#ha v+ VoV, b, — Ohy, — vuvyh), (106)

boils down to the following form in the light-cone gauge

20R = 20(,00h° ) + AN AOyHOGh y + hANOZH — g™ 0005 107)
+ 40y HOuA (uhuyyy — 00y h + 19,05,

where we used the round brackets to denote symmetrization with a factor of 1/2. The linearized
scalar curvature reads

SR = 8,0,h°" — Oh. (108)

Computation of the linearization of the Cotton tensor is somewhat long, we use the form given in
[47] valid for an arbitrary background as

h
20CM = = 5 O "7 V0G4 1" ST, GO 4 1 v

3h 1 1 3 1
=—73 cH” — 577“”” Ov,h"s + 577“’” V”V,\Vphg)‘ + 577“” VP(S)‘”h,\U) + 677’“’" RV ,h" 5
1 1
= g7 S oV ph = ST WG VAS” 7 S\ VIR 7 S VAR + o v,
(109)
where S, = R, — %gWR. For and in the light-cone gauge, || reduces to
v 3h [ %] 1 T v 1 T TV A
200" = — — NNO H — "7 OV ,h" 5 + onf'P7 VIV AV phe
4 2 2 (110)

1 1
- SyO2HY yh — SR WSy AOLH + V" OFHV by + 11+ v,
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which could still be simplified further, but this form is all we need to carry out our computations.
In the light-cone gauge, h,, = 0, and with the definitions g = hyy, f = hyy, h = hy,, where
all functions depend on all coordinates, we list the explicit forms of the linearized forms of various
components about the shock-wave background. We have made use of these results while studying
the graviton propagation in the relevant theories in the text.
Components of the linearized Ricci tensor are

1 1 1
OB = (0udy + Oy HO,) f + (2HO; = 50,)g + 5 (OyH + 50, HD, — 0,HO, — I)h,

SRyy = %avay f—0%— %auavh,

1
2
ORuy = (2HO; + 0,0,)f — 0,0y9 + iﬁyH&Jh, (111)
1
0 v — T o 2h7
R 28v
6Rvy = —a?,f,
6Ryy = —20,0yf + 2(HOZ + 0,0,)h.
The linearized curvature scalar reads

OR =4 (=0,0,f + 0% + HO?h + 0,0,h) - (112)

Components of the linearized Cotton tensor are

6Chu = i((_mayﬂavay +40,HO; + 16H?, — 4HO,0; + 16 HO;0,, + 40,0, — 40,0, — 60, HO,) f

+ (—40,HO; — 8HOZ0, + 2059 — 40,0,0,9)g + (0,H(12HO; — 0; + 80,0,) + 20,H0,0,

1 40,0,H0, + AHO,0,0, + 2020, — 302H, — 3@3H)h>,

1

6Cyy = 283( — (4HOy + 20,) f + 0yg + (=0, H + H@)h),

6Cuy = (—2H20, — 20,0,0, — 30,HO) f + (—2HO; + 0,0; — 820u)g + (0.HOZ + 9,03,
1

— 50y H.0, — O2HO, + H(2HO) + 3 0204))h,

1
0Cu0 = 05(0uf = 50yh),
§Chy = 0 (Dug — (HO, + Du)h)
6Cyy = 02 (—4(HOy + 0y) f + 20,9 — 210, H) .
(113)
With these results, each component of the TMG equations can be computed. But since two

components of the equations are somewhat complicated, we shall simplify them by using the fact
that away from y = 0 we have Oy = —mg,H

Fo (28Uf + (mg — (9y)h) =0 vv — component (114)

0o ((—4HO? + myd, — 20,00) f + 0,09 — (mgHO, — HO,0, +mydu)h) =0 11

VU — component
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83( —mgf — 0pg + (HO, + 0y)h) =0 vy — component (116)

92 (Q(H&, +0u)f — (mg + 0y)g — mth) =0 yy — component (117)

(mgHOZ — 2HO;0, — my0y0y — 20,0,0y) f + (—2H; + myd,0y + 0,0, — 070u)g

H H 118
+ (2H?9) + 2H 0,07 + Emg&,ay — Emgav + 0,02)h =0 uy — component (118)

(—2m2HOy + 2mgH 0,0, + 16 H*0) — 4H 0,0, + 12H20, — 4my0,0, — 40,0, + 40,0,) f

+ (—=2m2HO, — 4mgH?8; + mgHO, + miH + 2mgH 0,0, + 2H0,0,0, + 2my0;, + 20,0,)h

+ (—=8H20, + 2m98§ + 283 — 40,040y + Am HO2)g = 0 uu — component

(119)

Consider the linearized field equations of NMG about the shock-wave background in the axial-
like gauge. For this computation, we shall consider a further simplification within the light-cone
gauge and assume that the perturbation is also traceless, namely h = 0, otherwise the linearized
equations are cumbersome. Then we start with

g
hyw(u,v,y) = | 0
f

With this definition, each component of the NMG equations can be computed. But since two
components of the equations are somewhat complicated, we shall simplify them again by using the
fact that we have 0, H = —m,H away from the source.

O O O
S O~

dhg —30,f =0 vv — component (120)

(—4mgHOZ + m20,0y + 2020,0,) f + (—030; + 2050, + 4H9})g = 0 vu — component
(121)

(—4HO} — 4030, —m*d2) f + 9309,9 = 0 vy — component (122)

(—4m HOZ + 2HO30, + 2020,0,) f + (—8385 + 2030, + 2HI; + mgag)g =0 yy — component
(123)

(M20s0y — 20,0,0; + 40,0 — AHO,05 + 5mgHO,0, — 2m_HO, — 2HO;02 + 12HO30,

+ 8H2OHf + (—mf]&ﬁy + (%83 — 30200y + 3myHO? — 4HO30,)g = 0 uy — component
(124)

(—8mH,0; — 20,0, + 60,0,0y + 2m*H0, — 10,H0,0, + 24HO,HO} — 2H0,0;
+ 10H0;0,0y + 8H?030, + 2m*0,0y — 5m*H0,0,) f + (—40,0,0; + 2050, — T0,H;0, (125)
- 6H838§ +6H20, + SH?! — m26§ + 83 — 38§H83)g =0 uu — component
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C. Scattering amplitudes in Massive Gravity

In order to compute eikonal scattering amplitudes in massive gravities, it is fairly convenient to
introduce a set of orthogonal projection operators constructed from the transverse and longitudinal
projectors [48] [49]

8,0,
D )

euy = Nuv — Wpy = 8u61, .

These are six operators in the space of symmetric tensor fields,

1 1
Plglz’?PU = 5(01‘/)9’/‘7 + GHUGHP - 9/“’0/”) ) PF(L?/,ZL = §9uuapa )
1
P, = 5 O + 00ty + Oppio + ugtup) (126)
(0.0) (0,50) _ 1 (Ows) _ L
P,ul/,pcr = WuwWpo P'u,y7po' = EQMV(’UPU , uv.ps. — ﬁwlﬂ/epa .

They are instrumental in writing down the expansion of the different terms in the action at
quadratic level. For instance, if we expand the Einstein-Hilbert term we get
2 g 2 0,
Loy = oV=gR = 1" B3, — Pl On . (127)

In order to compute the propagator we need to add a term in the Lagrangian fixing the de Donder
gauge,

1
Lot = =5 -0u(v=9¢"")0"(V=39x) , (128)
whose quadratic expansion can be written using the above projector operators as

@ _ 1w {1 M 4 Lpos)  Lpow 1
g = 5oh |SPW 4 POV 4 2P NG

The quadratic expansion of the Chern-Simons term reads [50]

Qv po

1 2 1
Lk = LT, (r” + 209, I7 ) = 51" [58)0 + S

prip T gt pTvp wv,po M%PJ} ORP?, (130)

where we have introduced the spin operators

1
Siapr = 70(Eun 0] + 0ot + Eumn Iy + uordu)) | (131)
1
S;(ﬁ/),pa = _Zg(g,up)\nl/o + EvpANuo + EpaAMuvp + Eua/\nup)a)\

The graviton propagator in TMG can then be written as (fixing v = 1):

PIMG _ i4(=p?) p® 1o 0 0
uvaf (—p2)3 _ (op)? (_p2)2 —Ou uv,o3 Z(‘fua/\ Bv + €uBAVav + €van Bu
I W

[P s = Pl =2 (PO + POSY ] (132)

- A
+evgaban) (@p )} T wap ~ Duw.as ~ wof T apuw

o(—p?)
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In the case of NMG, the quadratic expansion of the Lagrangian reads

1
Eg) = mh#”P}S’apUDQhPU ) (133)

which leads to a gauge fixed graviton propagator of the form

D

NMG im 2) 2 (1) (0,5) O.sw) | p(0,5w)
o = g omy s gy Faes ~ Py = V2 (Pl + PGI)] - (3

These are the propagators used along the paper to compute the Eikonal scattering amplitudes.
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