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1 Introduction

The graviton, if it exists [1], is massless, as far as we know [2]. The main theoretical
argument for a strictly massless graviton was, for many years, the difficulty of finding a
consistent interacting field theory that becomes equivalent to the Fierz-Pauli (FP) field
theory for a massive spin-2 particle in the linearized limit [3]. This theoretical difficulty
was overcome in recent years [4, 5], as reviewed in [6], although other problems remain [7]
and the resulting “massive gravity” models may be ruled out by observational evidence [8].
However, the theoretical problem of how to consistently extend the FP theory to include
interactions was first solved in 2 + 1 dimensions (which we abbreviate to 3D) via the
“New Massive Gravity” (NMG) model [9, 10], and the related parity-violating “General
Massive Gravity” (GMG) that has a limit to the earlier “Topologically Massive Gravity”
(TMG) [12]. Although such 3D massive gravity models have no direct implications for
“real world” gravity, massive or otherwise, they may have applications to condensed matter
physics [13].



Omitting a possible cosmological constant term, the NMG field equation for the metric
of a three-dimensional (3D) spacetime takes the form!

1

G 2

Ku =0, (1.1)
where G, is the 3D Einstein tensor and K, is the tensor obtained by variation with
respect to the metric g, of a multiple of the integral of the scalar G*S,,,,, where S,,,, is the
3D Schouten tensor. This equation admits a Minkowski vacuum, and linearization about
it yields an equation for the metric perturbation tensor that is fourth-order in derivatives.
Nevertheless, it is only second-order in time derivatives, and is equivalent to the second-
order FP equation for a spin-2 particle of mass m. Perhaps the simplest way to see this
is to observe that the differential subsidiary condition implied by the FP equation can be
solved, in 3D, in terms of another symmetric tensor field; when expressed in terms of this
new tensor field, the FP equation is precisely the linearization of (1.1) [14].

Of course, there is an infinite number of tensors that could be added to the NMG
equation without changing the linearized equation in a Minkowski vacuum. These could
arise from terms in the action that involve higher powers of the 3D Ricci tensor, but the
full field equation will then typically involve terms that are higher than second-order in
time derivatives, which will imply the propagation of additional degrees of freedom in
non-Minkowski backgrounds, some of which will be negative energy “ghosts”.

A simple way to find those 3D massive gravity theories that are guaranteed not to
propagate additional unphysical modes is to start from a “Chern-Simons-like” formula-
tion [15-17]. As the name suggests, Chern-Simons-like theories include the dreibein and
dual spin-connection one-forms used to construct Chern-Simons (CS) actions for 3D grav-
ity [18-21], but they also include additional auxiliary one-form fields. An “N-flavour”
CS-like action will have N Lorentz-vector one-form fields, of which (N — 2) are auxiliary,
and the dimension per space point of the physical phase space is (assuming invertibility of
the dreibein) 2(N — 2). This is zero for N = 2 because these are the topological CS cases.
The N = 3 case includes TMG and the N = 4 case includes NMG; in particular, there
is a 4-flavour parity-preserving CS-like action whose field equations reduce to (1.1) after
elimination of the two one-form auxiliary fields and the spin connection.

Alternatives to both TMG and NMG may be explored in this framework by consid-
ering more general N = 3 and N = 4 CS-like models. For N = 3 one finds in this way
the “Minimal Massive Gravity” (MMG) theory [22, 23], which resolves certain difficulties
of TMG with an anti-de Sitter (AdS) vacuum. The N = 4 case includes “Zwei-Dreibein
Gravity” (ZDG) [24]; this resolves similar difficulties of NMG but elimination of the auxil-
iary one-form fields now requires an iterative procedure [25]; this yields an infinite series of
terms in the equation analogous to (1.1), with convergence not guaranteed for all possible
metrics. One aim of this paper is to present a systematic analysis of those N = 4 CS-like
models for which the auxiliary fields may be finitely eliminated; i.e. without the need to

"'We use a “mostly-plus” metric signature convention, as in [10] but in contrast to the “mostly-minus”
convention of [9], which accounts for some sign differences with that work.



assume the validity of an iterative procedure that generates an infinite series. With the
further restriction to a parity-even action, we find only NMG.

However, a parity-preserving field equation may have a parity-odd action! The simplest
example occurs for 3D CS gravity, for which there is both a parity even action (equivalent
to the 3D Einstein-Hilbert action with a cosmological term) and an ‘exotic” parity odd
action, which was more recently discussed in [26]. But that was a topological CS gravity
theory. Now, by considering N = 4 CS-like theories with a parity-odd action, we are led
to a similarly “exotic” massive 3D gravity theory with (parity-preserving) field equation

1 1

Ag,u,u + G,LLI/ - H,uzz + mLm/ = 07 (12)

2
m
where the symmetric traceless H-tensor and the symmetric L-tensor can be expressed in
terms of the Cotton tensor C' as follows:

1
Hy =€,""V,Cps, L, = §eﬂpgey’\TCp)\CgT. (1.3)

The symbol V indicates the covariant derivative defined in terms of the standard metric
connection, and the alternating tensor € is defined in terms of the invariant alternating

\/ —det gel'P =P, (1.4)

We should mention here that although it makes sense to set A = 0 in (1.2), this cannot

tensor density € by

be done in the CS-like action; in this respect, there is a similarity to the exotic CS action
for 3D gravity. For convenience, we shall refer to the new massive 3D gravity theory with
field equation (1.2) as “Exotic Massive Gravity” (EMG).

On dimensional grounds, one might expect the H and L tensors appearing in (1.2) to
result from variation of some curvature-squared and curvature-cubic terms, respectively,
but this is not the case. The reason is simple: neither tensor satisfies the Bianchi-type
identity that is satisfied by any tensor found by variation of an action with respect to the
metric. Instead, one finds that

VHH, = —6,7Cl* Gy, VFLy = —6,C, H,y . (1.5)

This shows that there is no action for the metric alone whose variation yields the equa-
tion (1.2). In this respect, EMG is similar to MMG and the reason is the same: the
consistency of the equation (1.2) is of “third way” type, in the terminology of [27].

To check consistency with the Bianchi identity satisfied by the Einstein tensor in (1.2)
we use (1.5) to deduce that

0=er7C0 <GOA — n;HJQ : (1.6)

The fact that the right hand side (r.h.s. ) is not identically zero calls into question the
consistency of (1.2) because it appears to imply a constraint on curvature that would be
incompatible with the propagation of modes by the linearized equation, but we may now
use (1.2) in (1.6) to deduce that

1
r.h.s. = =N, Cpy — jeyp”Cp)‘LU)\ =0, (1.7)
m



and hence that (1.6) does not impose unacceptable constraints on the curvature tensor. But
whereas this is normally true as a consequence of Bianchi-type identities and/or matter
equations of motion, it is true here as a consequence of the gravitational field equation
whose consistency we are checking! This is “third-way” consistency.

A corollary is that the EMG field equation is resistant to modification by the inclusion
of additional tensor terms: the addition of a generic tensor will yield equations that are
inconsistent even if this additional tensor satisfies a Bianchi identity. However, there is
one simple consistent modification of the EMG equation and that is the addition of a
parity-violating Cotton tensor term; the modified field equation is

1 1

1
Aguu + G,ul/ + ;Cuu - HNV + WLW — 0, (18)

m2
where 1 is a new mass parameter, which we may take to have either sign. We shall call this
“Exotic General Massive Gravity” (EGMG) because it is a parity-violating generalization
of EMG in the same sense that GMG 1is a parity-violating generalization of NMG. As we
shall see it also has a 4-flavour CS-like formulation, but now with an action of no definite
parity, although with the restriction that A # —m®*/u?; in the y — oo limit, this becomes
the above mentioned A # 0 restriction on the EMG action.

Another result of this paper is a semi-systematic construction of an infinite sequence
of third-way consistent 3D gravity field equations. The simplest example is MMG and
the next-to-simplest example is EMG. Both are atypical in that they admit modifications
not allowed in the general case, but the general case leads to equations that are higher
than 4th order. The main advantage of the construction is that a simple modification of it
leads directly to a consistent coupling to matter. This is usually trivial but a complication
of third-way consistency is that the matter stress tensor is not a consistent source tensor
for the metric equation [22]. The consistent source tensor for MMG was found in [28] by
making use of the CS-like action; it is quadratic in the stress tensor! Here we recover this
result in a much simpler way, and extend it to EGMG.

Notice that the metric for a maximally symmetric 3D spacetime will satisfy (1.8) if
G, = —Agu since the Cotton tensor is identically zero in such backgrounds; we may
therefore identify the parameter A as the cosmological constant. We analyse EMG and
EGMG in a linearization about an AdS vacuum (A < 0), determining the “no tachyon”
condition, which is always satisfied for sufficiently large AdS radius. We also investigate
unitarity conditions via a linearization of the CS-like action. Because the EMG action
is parity odd, one of the two spin-2 modes must be a ghost, and we confirm this. The
same turns out to be true for EGMG, so none of the new massive gravity models here is
unitary. In addition, we show that the product of the two central charges in the asymptotic
symmetry algebra is negative, so that any holographic dual CFT will certainly be non-
unitary, but this is also a feature of 3D conformal gravity [29, 30].

In the following we first present the new 3D “exotic” massive gravity models as exam-
ples arising from a systematic construction of third-way consistent field equations, thereby
making contact with the earlier MMG theory. We then present their CS-like actions, a
Hamiltonian analysis of them, and results on linearization about AdS. We follow this with



a systematic analysis of CS-like actions of definite parity; the results confirm that NMG
and EMG are the only possibilities for propagation of a parity-doublet of spin-2 states if
we insist on an explicit metric equation not given by an infinite series. We conclude with
a discussion of our results and some comments on their implications.

2 Systematics of third-way consistency

The new 3D massive gravity model that we have called “Exotic Massive Gravity” joins
a very short list of field equations that are known to be third-way consistent; the only
previously known examples, which are also both in 3D, are “Minimal Massive Gravity” [22],
which propagates a single spin-2 mode, and a modified 3D Yang-Mills equation that is
related to multi-membrane dynamics [31]. Here we present a construction that yields an
infinite sequence of third-way consistent generalizations of the 3D Einstein field equations.
The MMG and EMG/EGMG equations constitute the simplest and next-to-simplest cases.
Our starting point is any symmetric “Einstein-type” tensor G, that satisfies the

Bianchi identity
ViG, =0. (2.1)

From this we construct the following “Schouten-type” symmetric tensor

Sw =G = 590 (G =9"G). 2.2
which satisfies the identity
VES,, = V.S, (S=9""S.w) . (2.3)
Now we use the Schouten-type tensor to construct the tensor
Huw = €.V, Suo (2.4)

which is symmetric as a consequence of (2.3). For the choice G,, = G, in which case
Suv = Suv, this H-tensor is the Cotton tensor, but we do not call it a “Cotton-type” tensor
because it does not satisfy a Bianchi identity for any other choice of G, ; instead, it satisfies
the identity

Vi = —6,"°S, G - (2.5)
We shall also need the symmetric tensor

1
L= ieﬂwey”swsw, (2.6)

which satisfies the identity
VHLw = —6,7 S, My - (2.7)

We now have the ingredients needed for a general construction of third-way consistent
field equations, but first we consider further the prototypical choice G,,, o< G .



2.1 MMG
For G, = G /1 we have?

1 1

1
Huw = ;C,LLVa Ly = _E‘]l“u S = _iel‘paeV)\TSﬂASUT' (2.8)

The J-tensor appears in the MMG field equation
1 v
Ep,z/ = A(]gy,y + Gy,y + ;Cl“’ + EJIU,V = O, (29)

where « is an arbitrary dimensionless constant and the constant Ay has dimensions of the
cosmological constant; it is the cosmological constant for v = 0, which is the TMG limit.
Consistency for v # 0 follows from the fact that

2
VME“V = —%EypUSpAO)\J = %Eupas’p/\'])\a =0, (2.10)

where the second equality results from using, first, the field equation E,,, = 0 to replace
the Cotton tensor, and then the symmetry of both S and S2. The final identity also follows
from symmetry of S and S?, as shown in [22]. The consistency of the equation E,, = 0 is
of third-way type because it depends on the validity of this equation rather than just on
Bianchi identities.

2.2 EMG and EGMG, and beyond

More generally, we will consider field equations of the form
By = Aoguw + Guw + Hyw + L1 = 0. (2.11)

For the choice G, = G/ this equation reduces to the special case of the MMG equa-
tion (2.9) with v = 1. It is a special feature of the MMG case that consistency does not
determine ~; in the general case, consistency fixes the relative coefficient of the H and L
tensors. To prove consistency we use (2.5) and (2.7), and the Bianchi identity satisfied by
the Einstein tensor, to deduce that

VME/U/ = _EupUSpA (GAU + H}\O‘) = EVPUSp)\ (Aog)\a + [')\0) =0. (212)

The second equality results from using the field equation F,, = 0, and the final identity
uses the symmetry of the S, S? and S tensors.
Consider, for example,

1 1
g,w - _WCMV <<:> SMV - _77120,“/> 3 (213)
which yields
1 1
HNV - —WHMV, 'Cul/ - mLNV? (214)

2The sign of the J tensor is chosen to agree with [23, 28].



where the H and L tensors are those of (1.3). In this case (2.11) is, for Ag = A, the EMG
equation (1.2).

This EMG example is still special in one respect: the tensor S, is traceless (because
it is proportional to the Cotton tensor). If we add a multiple of S, to E,, then the first
equality of (2.12) is still valid but when we use E,,, = 0 in the next step we get an additional
term because of the additional term in £, but this additional term is proportional to

€ S,* S0 - (2.15)

This is identically zero for any symmetric S-tensor but this tensor will satisfy the Bianchi
identity required for the validity of the first equality of (2.12) only if it is traceless, as it is
for this EMG case. This special feature is what allows us to modify the EMG equation to
get the EGMG equation of (1.8) without sacrificing consistency.

The next simplest choices for G,,, are found from varying, with respect to the metric,
the integral of a curvature-squared term. For example, one could choose

1
g,u,u - ﬁKNV7 (216)

where K, is the tensor appearing in the NMG equation (1.1). This yields an H-tensor
that is bth-order in time derivatives and, ultimately, a third-way consistent field equation
that is also Sth-order in time derivatives (and presumably higher than second-order in time
derivatives, although we have not verified this). An infinite number of third-way consistent
field equations may be found in this way, but if we restrict to equations of 4th-order or less
then the only cases are MMG and EMG/EGMG.

3 Matter coupling

Given a metric field equation E,, = 0, the coupling to matter is usually achieved by
changing the equation to

En=Tu, (3.1)

where T}, is the matter stress tensor (in some units). This modification is not consistent
when the consistency of F,,, = 0 is of third-way type, as it is for

Ep,y = AOg,uy + Guy + Huy + ﬁuy . (32)

In these cases, matter coupling can be achieved by replacing the initial “Einstein-type”
symmetric tensor by
g,/w = g;w - )\T,uz/a (3'3)

where )\ is a constant. This still satisfies
v“g;w =0, (3.4)

but now as a consequence of the Einstein tensor Bianchi identity and the matter field
equations, which imply that V#T,,, = 0. The new Einstein-type tensor gives rise to a



new Schouten-type symmetric tensor S,

. Lyl ’
", and two other symmetric tensors H),, and £,

defined as before:

1
), = a7V ,S, L, =-."€ 8,8, . (3.5)

vo 2

These new tensors satisfy the following identities

VAU, = =S Gy, VL, =~ S H), (3.6)

which are entirely analogous to the identities of (2.5) and (2.7).

3.1 MDMG revisited

Recall that G, = G, /p in this case, which means that

1Gh, =Gu —Nw=G,,, uS,=Sw—Nuw=S,,, (3.7)
where 1
T;U/ = T;U/ - ig;u/T . (38)
As we also have H,, = Cp/p and L, = —JW/,u2 for this MMG case, it is convenient to
use a notation for which
/ — !/ 2 p/ — !/
pH,, =C, WLy == (3.9)
in which case we may rewrite (3.6) as
VEC), =~ S Gy, VR, =6 78,00, (3.10)

Assuming that v # 0 (because otherwise we would be discussing TMG) we now replace
E, of (3.2) by

_ _ 1 ol
E,, = MNguw —7 'Gu +7 A+ )G, + ;C’;W + EJ;W : (3.11)
for arbitrary constant 7. Using (3.10) we find that
v _ 1
VMEL,V = _EEVPUS;)\ (’)/ lG)\o- - IU,CS\U)

1 . 72
= —;Gup S (’VAog,\a + (1 4+yn)Gh, + ung\a> :

2
= —e,,p"Sy‘ <(1 +90)Syy — % ’/\0> =0. (3.12)

We have used E;, = 0 to get to the second line. The third line follows from the relation
between the G’ and &’ tensors and the symmetry of the latter. The final identity is, as
usual, due to the symmetry of powers of the S’ tensor.

The equation £}, = 0 is therefore consistent. It can be written in the form

1
nG,uzz + Aoguu + ;C,uu + %Juu = @,ul/a (313)



where ©,, is the MMG source tensor. For the choice

v
the source tensor is
1 0% . fyZ A .
Op,=——T,+———-¢""V, 1o — =665, T
) p(U )2 T 2 (L2
3
v PN
+ méupaeykTTpTTgT . (315)

This is precisely the result found by other means in [28].

3.2 EMG/EGMG

Recall that for EMG we have G, = —C,,,/m?, so that
—m*G,, = Cuy — X} (3.16)
and hence
—m*S), = Cu — X =C),,, (3.17)
which then gives us
1
— mQ’H;W =¢,"°C),, m4£:u, = —¢,7¢,NCL C! . (3.18)

2

A peculiarity of this EMG case is that the modified Einstein-type tensor has no definite
parity, which implies that the source for the EMG field equation will break parity. This
suggests that we should consider matter coupling to EMG in the context of its parity-
violating EGMG extension, which motivates us to replace £, of (3.2) by

2
El,, = Aoguy + G — %g,’w +Hy + Ll (3.19)

For A = 0 the equation E,, = 0 is the EGMG equation (1.8). To prove the consistency for
A # 0 we use the identities (3.6) to compute

VIE,, = =678 (Gro + Hyy)
_ p0'81/\ A _ m72 / El
=& p 09X 1 Gro + Lo
2
= 6,78 <—”;ng - Lga> =0. (3.20)

We have used £}, = 0 to arrive at the second line. The third line follows from the relation
between the G’ and S’ tensors and the symmetry of latter; the final identity is due to the
symmetry of powers of the S’ tensor.

We may write the equation £}, = 0 in the form

1 1

1
G/j,l/ + )\OQ;W + ;pr - Huu + mej = ®w/ ) (321)

m2



where the EGMG source tensor is

s A 2) A2

@#V - ;T/LV - Weupovpfyo + Weupoéy)\TCp)\Taf - mequEVATTpATgT. (322)
Notice that
A=p = O, =T,+0 (um?), (3.23)

which becomes the standard source term for TMG in the m? — oo limit, but for finite m?

the p — oo limit is no longer possible (because it implies A — 00).
The p — oo limit ¢s possible for the choice A = m, and in this case one has the
matter-coupled EMG equation
1 1 1 oo ;
G,ul/ + A(]g;w - WH,LLI/ + WL/J,I/ = EEH V,1,, + (@] (1/m ) . (3.24)
This is indeed exotic but not surprising in light of our earlier observation that coupling
matter to EMG breaks parity!

4 CS-like and Hamiltonian formulations

The EMG and NMG equations have the same linearized limit in an expansion about a
Minkowski vacuum, and similarly for EGMG and GMG. This tells us that EMG propagates
a parity doublet of massive spin-2 modes in this vacuum, and that EGMG propagates these
spin-2 modes but with the mass degeneracy lifted by parity violation. This implies that
the physical phase space of linearized EMG and EGMG has dimension 4 per space point,
but it is far from clear whether this is also true of the full non-linear equations. This issue
is most easily addressed in the context of a Chern-Simons-like formulation since it is then a
short step to the Hamiltonian formulation, which allows a simple background-independent
determination of the physical phase-space dimension.

The general N-flavour CS-like model is defined by a Lagrangian 3-form constructed
from a set {a";r =1,..., N} of Lorentz-vector valued one form fields by exterior multipli-
cation, without the use of a metric (which is implicit in the identification of one member
of the set as an invertible dreibein). Making use of a dot and cross product notation for
3D Lorentz vectors, the general Lagrangian 3-form of this type may be written as

1 1
L= igrsar ~da® + éfrstaT ca® x at, (4.1)

where the exterior product of forms is implicit. The coupling constants g,s and f.s can
be viewed as symmetric tensors of an N-dimensional “flavour space”, with ¢,s a metric
for this space if we assume it be invertible. These coupling constants are restricted by the
requirement that the a” include the dreibein e and the dual spin-connection w, such that L
is invariant (or transforms into a closed 3-form) under local Lorentz transformations. The
local-Lorentz covariant extensions of de and dw are the torsion and curvature two-forms:
respectively,

1
T(w)=Dw)e=de+w xe, R(w) = dw + qw X w. (4.2)

,10,



The only way that w can otherwise appear is through the covariant derivative D(w) or the
Lorenz-Chern-Simons 3-form

LLCg:;<w-w+;w-w><w>. (4.3)

For N = 2 the local Lorentz invariance is sufficient to imply that L is a CS action for a
3D gravity model with no local degrees of freedom. For N = 3 there is one additional 1-form
field, which can be used to construct a CS-like action for the parity-violating massive gravity
theories TMG and MMG. These propagate a single spin-2 mode in a Minkowski vacuum
and, more generally, have a physical phase space whose dimension per space point is 2. The
N = 4 CS-like theories generically have a phase space whose dimension per space point is 4,
implying the propagation of two modes. Both NMG and ZDG can be formulated as N = 4
CS-like theories, as can their parity-violating extensions, and these all have the expected
physical phase space dimension. This result is consistent with the fact that two massive
spin-2 modes are propagated in a Minkowski vacuum, and it also tells us that no new local
degrees of freedom can appear in any other background. We now aim to establish the same
result for EMG and EGMG, and the first step is to find a CS-like formulation for them.

We undertake a more systematic analysis of N = 4 CS-like models in the following
section. It will be shown there that the attempt to find an action of this type for the EMG
equations (1.2) leads uniquely to the following Lagrangian three-form constructed from
one-form fields {e,w, h, f):

A
Lomg = f-R@)+ oif fx f =5y f - D@)f = 55 exe
—m?h-T(w) = (m* + M) Lrcs (4.4)

The auxiliary field h is parity even and has dimensions of mass-squared, while f is par-
ity odd and has dimensions of mass-cubed. Integrating L over a 3-manifold with local
coordinates z# (u = 0,1,2), we find that

Ipnvcle,w, f, h] oc/

1
Leme = 5 / d* e P Ly, (4.5)
M

where the constant of proportionality has dimensions of inverse mass-squared in units for
which A~ = ¢ = 1, and L,,, are the components of Lgy . The remarkable feature of
this result is that Ipy;q is parity-odd. This is sufficient for the field equations to preserve
parity, even though the action is not parity invariant; this is what makes EMG ‘exotic’.
In principle, the fact that we have found a parity-odd CS-like action for EMG does not
preclude the existence of some other parity-even action, but another result of our later
systematic analysis is that there is no even-parity N = 4 CS-like action for EMG.

A slight modification of the EMG Lagrangian 3-form is sufficient to describe EGMG:

1 1 v
Leeme = f-R(w) + g f - fx f =g 5f DWf+5f-exe (4.6)
1 4
—mQh-T(w)+(u—m2)LLcs+g%e-e><e,

— 11 —



where

m4

v=—-A— eh (4.7)

Apart from the p-dependent modification of some of the coefficients of Lgp;q, there is

one additional term, proportional to e - e X e, that was absent from Lgy/q, and it leads

to a parity-even term in the action; paradoxically, this term is responsible for the parity
violation of the EGMG field equations.

We shall now focus on the EGMG case since EMG is the subcase with |u| = co. The

equations of motion obtained from Lpgae by variation with respect to (e, w, h, f) are

2
de : 0:Dh—%e><f—2yme><e
m
1

dw : 0=Df+(v-—m?)R— —fxf-—m?exh

2m?2
oh : 0="T(w)
5f: 0=R——Df+-— fxf+Zex (4.8)

: = m2 2m4 26 €. .

Integrability of these 2-form equations imposes the following 3-form conditions
e(e-h)=0, e(e- f)=0, mCh(e-h) +1v2f(e- f) =0. (4.9)
For an invertible dreibein e, this requires
e-h=0, e-f=0. (4.10)

These 2-form equations are relevant to the Hamiltonian formulation, to be discussed below,
since the space-space components are constraints on canonical variables.
The field equations obtained from variation of (w, h, f) are jointly equivalent to

v m?
T(w)=0, exh—mz[R—i—2e><e}, (4.11)

which may be solved algebraically for w and h, given invertibility of the dreibein, and the
one further equation

Ozgexe+R(w)—%D(w)f+ﬁfxf, (4.12)

which cannot be solved algebraically for f. However, it is possible to solve algebraically for
f from the equation obtained from variation of the dreibein e, as may be seen by writing
this equation in the form
2 4
m 2m
ex f=-—D(w)h——exe. (4.13)
v [
Given that we have already solved for A in terms of e and w, we may now solve this equation
algebraically for f in terms of e and w. By solving the zero torsion equation for w in terms
of e, in the usual way, we thereby have explicit expressions for A and f in terms of the
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curvature R and its covariant derivatives. Using these in (4.12) yields a field equation for
the dreibein e.

By introducing the metric and auxiliary tensors

G =€y €y, huw =€y - hy, Jow=ceu- fu, (4.14)

we may express the results of solving for the auxiliary one-forms h and f in the following
tensor form: .

M = oS+ 50w S = Cp + = (4.15)
Notice that these tensors are symmetric, as required by (4.10). On substituting these re-
sults into the equation (4.12) one recovers the EGMG field equation (1.8). This confirms
our claim that the field equations of the action (4.6) are equivalent to the EGMG equa-
tions, assuming invertibility of the dreibein, and the same follows for EMG by taking the
|| — oo limit.

It is important to appreciate here that we may not use (4.15) to eliminate h and f
from the action to get an equivalent action for e alone. This is because the solution for f
required the use of the e equation. Thus, the existence of an action implies consistency of
the equations for the metric but this consistency is necessarily of third-way type because
there is no action functional of the metric alone that yields these equations.

4.1 Hamiltonian formulation

Now we make use of a general procedure for passing from a CS-like action (4.1) to a
Hamiltonian formulation. For CS theories one simply has to rewrite the CS action by
performing a time-space split: p = (0,4) with ¢ = 1,2, so that

a" = ahdt + aldz’ . (4.16)
Substitution into (4.1) yields
1 ..
I = —§€Ugrsa;'@§+a6'¢rv (4.17)
where £ = £% and )
(z)r = gij <gmaja§ + ifrstaf X CL;) . (418)

The time components of the one-form fields are now Lagrange multipliers for the N Lorentz-
vector primary constraints ¢, = 0. For CS theories these N constraints form a first class
set and hence generate N gauge invariances, sufficient to ensure that the dimension per
space point of the physical phase space is zero; i.e. there are no local degrees of freedom.

For the more general CS-like models, the count of degrees of freedom is different for
two reasons. Firstly, not all N primary constraints are first class and, secondly, one must
take into account “secondary” constraints arising from the assumed invertibility of the
dreibein. These are the space-space component of 2-form equations (4.10), i.e.

0=cYe;-hj=A"  0=cle . fj =AY, (4.19)
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Without the invertibility assumption for e, we could interpret the equations (4.10) as con-
straints on the Lagrange multipliers (eq, ho, fo), in accordance with Dirac’s prescription
for construction of the Hamiltonian [32]. The above constraints are therefore not “sec-
ondary” in Dirac’s sense and must be dealt with differently [16, 33]. Here we follow the
procedure of [16] in which these constraints are omitted from the “total Hamiltonian”; con-
sistency then requires certain conditions on the Poisson bracket relations of the ‘secondary’
constraints, but we find that these are satisfied.

To proceed, it is convenient to first integrate the primary constraint functions, over
a spacelike hypersurface ¥, against a set of smooth Lorentz-vector valued fields {£";r =
1,...,N}. We then have a basis for the (infinite dimensional) vector space of primary
constraints provided by functionals of the form

olé] = /E P €160 + Q) (4.20)

where Q[¢] is a boundary term that we add, in the case that ¥ has a boundary, to ensure
that these functionals have well-defined functional derivatives [17]. The Poisson bracket of
two such functionals, corresponding to fields ¢ and 7, is

{olels ol rs = ollE, ] + /E 0 €8 g PO

— [ € gt + fraaf <), (421)
(o)
where [¢, ]! = 156" x 1, and
Pab _ ft f abqu + 2ft f (Vab)pq (4 22)
rs qlrJs]ptT r[sJq]pt ) .
with
Vv = 5ijafaa3b, AP1 =gl . a;l- . (4.23)

For the particular case of relevance here, we shall need to use the fact that the 3-
form (4.6) is the special N = 4 case of the general CS-like Lagrangian 3-form (4.1) with

gfw:17 gff:_ﬁ? gww:(_m2+’/)7 ghe:_m27
1 1
frow=1, free =V, fffw:_ma ffff:ma
2um*
fwww = (_m2 + I/), fehw - _m2’ feee - 7 ) (424)

where we use the names of the four one-form fields as labels replacing » = 1, 2, 3, 4.

As we have seen, we have two ‘secondary’ constraints in this case, which are A" =
A°f = (. Their Poisson bracket is proportional to A®/ and hence zero on the surface defined
by the enlarged set of constraints, but their Poisson brackets with the primary constraints
is non-zero, such that the rank of the full matrix of Poisson brackets of constraint functions
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is the rank of the sub-matrix (Pyp)rs, but evaluated on the surface defined by the full set
of constraints. We find that

0 0 0 0
If 417hh SR vaL f
(Pab)rs — _#Va% B mTVab mTYabe #Vabe (4.25)
L A
v e
0 w2 Vab 0 TV

The rank of this matrix is 4, which is therefore the dimension of the physical phase space.
This result is expected from the fact that the linearized theory propagates two massive
(spin-2) modes, and this allows us to conclude that no additional modes appear in the
non-linear theory.

5 Linearization about AdS

Any maximally symmetric solution of the EGMG equation (1.8) also solves the simpler
equation

Guw = —Aguw . (5.1)

The parameter A is therefore the cosmological constant; its value determines whether the
vacuum is Minkowski, de Sitter (dS) or anti de Sitter (AdS) according to whether A is
zero, positive or negative. This is in contrast to NMG/GMG, for which the cosmological
constant is a quadratic function of a cosmological parameter Ag.

In the CS-like formulation, a maximally symmetric vacuum solution has

e=¢e, w=w, (5.2)
such that ) ) )
T=D(w)e=0, RER(Q):iAéXé. (5.3)
In addition, the auxiliary fields take the form
h = Che, [ =Cye, (5.4)

for constants C}, and Cy. From the field equations (4.8), and recalling the relation (4.7)
between the parameters v and A, we learn that

1 m* A m*
Ch:—§ <A+M2> <1+> , Cp=——. (5.5)

Following [22], we now expand the 1-form fields about this vacuum solution by writing

2
e=c+k, h:—(Aerz> [1<1+A2>+p} ,
w 2 m

w=o+v, :—%(é+k)+q, (5.6)
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where (k,v,p,q) are perturbations. Substitution into the field equations (4.8) yields the
linearized equations

_ 1 = 1
0=Dv—Aexk—-—5Dg——exq,
m 0
0=Dv—Aex k—m?exp,

0=Dk+éexwv,
0=m?Dp—éxq, (5.7)

where D = D(@).
We will not consider here the further analysis of these equations for the dS vacuum
with A > 0. Instead we proceed by supposing that A < 0, so that

A= -1/, (5.8)

where / is the adS radius of curvature. The Minkowski vacuum (A = 0) is found by taking
the ¢ — oo limit.

5.1 No-tachyon conditions

In order to diagonalize the linear equations about an AdS vacuum, we set

4 42 402 4 92,202 9,2
q:flﬁ(\/un’;)(mw_w(m T “)<¢++¢_>,
1 222 252_1 4142
p= (M) (¢++¢—)+<n;wn2€2> (\/14'752) (o4 —9-),

z;ﬂ ( 1+i’;§> (6 —6.) — (64 + )

V=04 + o+ fr+ [, (5.9)

where (¢4,0—, f+, f-) is a new basis for the perturbation one-forms. The field equa-

k — U lfo

tions (5.7) in this basis are
0= D¢, + Myex ¢,
0=D¢_ —M_ex ¢_,
OIDf-ir-‘f‘g_léXf_'_?

0=Df —¢texf, (5.10)
where
m2  m
My = 14+ —5+ — 5.11
+ m + 4M2 2,&] ) ( )

which gives My = m in the EMG (p — oo) limit.

This result for My is independent of ¢ and hence applies in the Minkowski limit, for
which M4 are the masses of the two propagating modes, of helicities +2. As expected, the
masses M agree with those found for GMG in a Minkowski background.
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In a background with A # 0, the particle masses are Mz, where M3 = M2 + A,
and the no-tachyon condition is (for a mode of non-zero spin) M% > 0. Equivalently
(¢M)2 > 1, which is itself equivalent to3

2y
(mb)? — T—' ~1>0. (5.12)
1

m?2 m
ml > /1+—+—. 5.13
V" A 2yl (5.13)

For EMG this no-tachyon condition reduces to mf > 1, which requires the AdS radius to
be larger than the scale set by 1/m. For u # 0, this lower bound becomes more restrictive

This requires

but, for any given ratio m/|ul, it is satisfied for sufficiently large AdS radius.

5.2 Unitarity

When the EGMG Lagrangian 3-form (4.6) is expanded about the AdS vacuum to second
order in perturbations, the second-order term L takes the following form in the basis

(¢+>d)f>f+7f*):
OL® = fa_f (df- — ¢ ex fo) —Llay fr(dfy + 0 EX fy)

09— Moex 6.) = 0.0y + Mg x 0,). (a4
where ) 1 4
(R (5.15)
and
bi:m/f(i\/(rif()Z—KaJra_, K:W. (5.16)

The relation of the parameter v to the AdS radius is just the formula (4.7) for the AdS
case. Notice that

b+b_ = KG+G_ s (517)
and that )
m 1 vo\?2

Following the similar analysis for MMG in [22], we conclude from the form of L(?) that
the no-ghost conditions for perturbative unitarity are

by >0, b_>0. (5.19)

These conditions imply that byb_ > 0, which is certainly not satisfied in the EMG limit
for which |u| — oo; in this case

K=(m)%, ay=5F0m)*[1+ (tm)?] (EMQG) (5.20)

#Equality implies logarithmic modes, which we ignore here; see [34] for a review of the AdSs case.
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and hence by b_ < 0. We conclude that EMG is not perturbatively unitary. This was to
be expected because a parity-odd action for a parity doublet implies that one of the two
modes is a ghost; a simple spin-1 example can be found in [14].

A necessary condition for non-perturbative unitarity in AdS is that the asymptotic
Virasoro ¢ Virasoro symetry algebra implied by standard Brown-Henneaux boundary con-
ditions have positive central charges cy. These central charges are easily determined in the
CS-like formalism [17]; one finds that ¢4 o< ag for a positive constant of proportionality
that depends on the normalization of the action. Thus, positivity of the central charges is
equivalent to the conditions

ay >0 a_>0. (5.21)

This requires ara_ > 0, so it is already clear from (5.17) that the conditions of perturbative
unitarity in AdS and positive central charges for the asymptotic symmetry algebra cannot
both be satisfied when K < 0, which is equivalent to v < 0. In fact, when v < 0 we see
from (5.15) that

>m2 ! /m?>0 (v < 0) (5.22)
a10_ > —& — —— = —v/m , v .
p? o (me)?
so that b1 b_ < 0 and perturbative unitary is not possible.
That leaves K > 0, which is equivalent to v > 0 (recall that no CS-like EGMG action

exists for v = 0). To analyse this case, we rewrite the expression (5.18) in the form

aja_ = _(mlg)4 (#) [(m€)2 —-1- T:ﬂ [(mﬁ)2 -1+ T:f . (5.23)

The no-tachyon condition (5.13) implies that both bracketed expressions are positive, so
that a;a_ < 0, and hence b1 b_ < 0, for v > 0.

To conclude, the CS-like action for EMG/EGMG does not yield even a perturbatively
unitary theory. This is disappointing but certainly no surprise for EMG because of its
parity odd action.

6 Systematics of CS-like actions
The most general four-flavour (N = 4) CS-like action can be written as
1
L:ale-R(w)—i—gaQe-exe+a36-fxf—|—a4e-e><f
+ase-hxh+age-exh+are-fxh
+as f-Rw)+agf-T(w)+awf fxf+anf -hxh+taf-fxh

+aisf-Dw)f+asf-Dw)h
+a15h'R(w)+a16h-T(w)+a17h-hxh—i—algh-D(w)h

1
+ amg (w-dw+3w-wxw> + agpe - T'(w) . (6.1)

We restrict our attention to this N = 4 case as N > 4 leads to higher than 4th order metric
equations that propagate at least one spin-2 mode that is either a tachyon or a ghost [35],
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and the N < 4 possibilities are already known. As mentioned in the introduction, our
aim will be to identify those cases for which the field equations allow h and f (and w) to
be eliminated algebraically and finitely, i.e. such that the result is not given by an infinite
series of terms. This will exclude theories such as ZDG, but will include NMG and GMG,
possibly in more than one way, in addition to the EMG and EGMG theories presented in
the previous sections. The main issue is whether there are any additional possibilities.
We shall also restrict to actions of definite parity, which is sufficient for equations of
motion that preserve parity. This is partly to keep the analysis manageable and partly
because we expect all parity-violating N = 4 CS-like theories to be connected to a parity-
preserving theory by a limiting process. However, we must still consider actions of both
positive and negative parity, and allow for all possible intrinsic parity assignments for the
auxiliary fields h and f. There is no freedom to choose an intrinsic parity for w; it must
have odd parity because otherwise R(w) would have no definite parity. This is also expected
from the fact that w is the dual spin-connection one-form, i.e.
w® = leab

5 Whe » (6.2)

where wp. is the usual (parity-even) spin-connection one-form. The dreibein one-form e
must also have even parity if we insist on even parity for the integral of the spacetime
volume form e - e X e.

6.1 Parity-even action

We start our investigation by assuming a parity even action. Irrespective of the choice of
intrinsic parity for h and f, this requires

a13 = a18 = A19 = ayp = 0. (63)

We next observe that the coexistence of some terms is not permitted by the even parity
assumption. For example, f - R(w) and f - T(e) cannot coexist since T'(w) is parity even
while R(w) is parity odd; which we allow will depend on the choice of intrinsic parity for
f. This motivates separate consideration of the following possibilities

1. f and h are parity odd.
2. f and h are parity even.
3. f is parity odd and h is parity even.
The 4th case in which f is parity even and h is parity odd is equivalent to case 3.

6.1.1 f and h are parity odd

In this case we require

a4 = ag = ag = ajp = a11 = a12 = a4 = a15 = a7 = 0. (6.4)
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As a result, the e,w, h and f field equations are given by

0=aR(w)+asexe+asf x f+ashxh+arf xXh+agDw)f+ argD(w)h.
0=a1T(w)+ age X f 4+ ajge X h,

0 =a16T(w) + are X f + 2aze x h,

0 =aygT(w) + 2ase X f+aze X h. (6.5)

These equations do not allow the simultaneous algebraic elimination of h, f and w.

6.1.2 f and h are parity even
In this case we require

ag = aiy = aie =0, (6.6)

which leads to the field equations

0=a1R(w) + aze x e+ asf x f+2a4e X f + ash X h+ 2a¢e X h+ a7 f X h.
0=a1T(w) + asD(w)f + a1sD(w)h,
0=2ase x h+age X e+ are X f+2a11f X h+aaf X f
+ aisR(w) + 3ai7h x h,
0 =2ase x f+aqe x e+ are X h+ agR(w) + 3a0f x f
¥ aith x h+ 2a1af X h. (6.7)

These equations do not allow the simultaneous algebraic elimination of h, f and w.

6.1.3 f is parity odd and h is parity even

In this case we need to set
a4:a7:a8:a10:a11:a16:0, (6.8)
which reduces the e, w, h, f field equations to, respectively,

0=a1R(w) + aze x e+asf x f+ash X h+ 2age X h+ agD(w) f .

0=a1T(w) + age X [+ aiaf X h+ a;sD(w)h,

0 =2ase X h+age x e + arnf X [+ auD(w)f + aisR(w) + 3ay7h X h,

0 =2ase X [+ agT(w) + 2a12f X h+ ajaD(w)h, (6.9)

Combining the w and f field equations, we find that

0= (a9a15 — a1a14)D(w)h + (ag — 2&1&3)6 x f+ (a9a14 — 2&12a1)f X h (6.10)

0= (a1a14 — a9a15)T(w) -+ (a9a14 — 2(13@15)6 X f =+ (ai — 2a12a15)f X h.

The first of these equations may be used to express f in terms of h and D(w)h but this
requires a non-zero coefficient for e x f, and the f x h term must be absent to avoid an
inversion of (e — h) that would lead to an infinite series. The second equation is now the
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only one involving T'(w), and must be used to eliminate w, but this requires a non-zero
coefficient for the T'(w) term; in addition the f x h term must be absent because otherwise
w will include a torsion tensor that depends on A, which now depends on w, and this would
again lead to an infinite series. These considerations imply that we should impose

2
A1y — 2&120,15 == 0, agalq4 — a1a12 — azals = O, (611)

and
a1ai14 — agais ;é 0, a?) — 2@1@3 75 0. (6.12)

The equations of (6.10) then become equivalent to the two equations

ala — aga
TQ)=0, exf= (W) D(Q)h, (6.13)
9

where )
aga14 — 2a3a
Q=w+af, =24 2T (6.14)
a1a14 — G9A15

This tells us that € is the usual torsion-free (Lorentz dual) spin connection one-form, and

allows us to express f in terms of h.
Now we turn our attention to the e and h field equations, which we can rewrite as

0=a1R() +aze x e+ ash X h+2age x h+~yD(Q)f,
0 =ai15R(2) + age x e + 3airh X h + 2ase X h, (6.15)

where )
2 —
y = @5(2013 — G5) (6.16)
ajalg — agals

The second of these equations (the h-equation) may be solved for h, algebraically and
finitely (and non-trivially), provided that

a7y = 0, as5a15 7& 0. (6.17)

Since as # 0, there is an ase - h X h term in the action and a shift of A by a factor times e
will allow us to set ag = 0 without loss of generality. Similarly, the freedom to shift w by a
factor times f in the action, and the fact that ai5 # 0, allows us to set a4 = 0 without loss
of generality, but it then follows from (6.11) that ag = a12 = 0 too. We may therefore set

a3 =ag=ai2 = a4 =0 = a=0, ~v=ag. (6.18)
We then have
exh=—BRw), exf=-SDw)h, (6.19)
2as5 a9

for non-zero as, ag and aj5. The dreibein equation, which is the first of equations (6.15),
now simplifies to
0 =age x e + a1 R(w) + 2ash X h + 2a9D(w) f . (6.20)
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The Lagrangian 3-form that yields these equations is
1
L =ae- R(w)+ g02¢ - € X e+agf - T(w)+ase-h x h+ash- Rw). (6.21)

For the choice of coefficients

1 1 1
ap = —o, a2=§1\0, a5 =—5 5, @=1, ais=——g,

ol (6.22)

this Lagrangian three-form coincides with the NMG Lagrangian three-form found in [15]
except for an interchange of the roles of h and f.

6.2 Parity-odd action

As in the previous subsection, our starting point is the Lagrangian three-form (6.1). The
assumption of odd parity now forces us to set

a1:a2:a3:a5:0. (623)

Furthermore, as in the parity-even case, not all of the remaining terms in (6.1) can coexist.
To deal with this we again consider separately the possible parity assignments for h and f.

6.2.1 f and h are parity even

When both f and h are parity even, we require
a4:a6:a7:a8:a10:a11:a12:a15:a17:0. (6.24)
As a result, the e,w, h and f field equations are, respectively,

0 =a9D(w)f + a1gD(w)h + 2a20T (w) .
0=age X f+aisf X f+auf xXh
+ ajge X h+ aigh x h + 2a19R(w) + agee X e,
0=auDw)f+ acT(w)+ 2a18D(w)h,
0 =a9gT(w) + 2a13D(w) f + a14D(w)h . (6.25)

These equations cannot be used to determine f and h in terms of e and w because that
would require at least two equations with e x f and e x h terms.

6.2.2 f and h are parity odd

When both f and h are parity odd, we require

a7 = a9 = a1 = 0. (6.26)
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As a result, the e,w, h and f field equations become, respectively,

0 = 2a4e X f+ 2age X h + 2a207T (w),
0=a1T(w) 4+ agD(w)f + a13f X f + araf X h+ aisD(w)h
+ aigh X h + 2a19R(w) + agpe X e,
0=uage x e+2a11f x h+aiaf X f+auDw)f
+ a3 R(w) + 3ai7h X h + 2a;8D(w)h,
0 =age x e+ agR(w) + 3a10f X f+ aith X h+2a1af x h
+ 2a13D(w) f + a1aD(w)h. (6.27)

The first of these equations equation can be solved for w, but the remaining three equations
cannot be used to solve for f and h because all e x f and e x h terms appear in only one
of them.

6.2.3 f is parity odd and h is parity even
In this case a parity-odd action requires

ag — a9 — a12 = a14 — a15 = aA17 = 0. (628)
As a result, the e,w, h and f field equations become, respectively,

0=2a4e X f+arf X h+ aigD(w)h + 2a20T (w)

0 =2a19R(w) + agee X e +agD(w)f + aisf X f+ ajge X h+ aigh x h
0=arex f+2a11f X h+ a16T(w) + 2a18D(w)h (6.29)
0=age X e+ are X h+ agR(w) + 3a10f X f+ anh x h+2a13D(w) f .

The e and h equations are jointly equivalent to

0= (4a18a20 — a%6)T(w) + 2((17&18 — a11a16)h X f + (4(14&18 — a7a16)e X f (6.30)

0= (a%G — 4a18a20)D(w)h + (a7a16 — 4a11a20)h x f+ 2(&4(116 — a7a20)e x f.

The first of these equations is now the only one involving T'(w), and must be used to
eliminate w, and the second equation is now the only one involving D(w)h, and must be
used to eliminate f, but this requires

araig — airaie = 0, aga1g — airaz =0, (6.31)

and
4a18a20 — afﬁ 75 0, aqsa16 — a7 7é 0. (6.32)

The equations (6.30) are then equivalent to the two equations

4a18a20 - a%()- >
T(Q) =0, ex f= D(Q)h, 6.33
() / (2(a4a16 — aras) () (6.33)
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where
_dagars — arase

Q=w+pf, b= (6.34)

4a18a20 - CL%G .
This tells us that  is the usual torsion-free (Lorentz dual) spin connection one-form, and
it allows us to solve for f in terms of Dh.

Now we turn our attention to the w and f equations, which we may rewrite as

0= 2a19R(Q) -+ le(Q)f + & f X f 4+ aspe X e +ajge X h+ aigh x h,

0=asR(Q)+&D(Q)f +&f X f+ase X e+are x h+ajih x h, (6.35)
where
§1 = ag — 2Payg, & = ar3 — Pas + Bag,
&4 =2a13 — Bag, & = 3aip — 2Bar3 + %5%8 : (6.36)

We need to solve some linear combination of these equations for A, which means that we
need an equation involving e x h, and this equation should not involve f because f ~ Dh,
and that would lead to a differential equation for h. It should also not have an h x h
term because this will lead to an infinite series solution for h. However, the relation
araig = aii1aig implies that the e x h and h X h terms cannot be separated by taking linear
combinations of the w and f equations. This means that we must set to zero the coefficient
of the h x h term in at least one of these equations; i.e. either a;g = 0 or a;; = 0. If we set
a1s = 0 then the constraints (6.31) and inequalities (6.32) imply that a;; = 0 too. If we
instead set a1; = 0 then either a1 = 0 or ay = 0, but the latter option leaves us without
an equation containing e x h but not A x h. We are therefore forced to choose

aig=ai1 =0 (:> B = a7/a16) . (637)

The constraints (6.31) are now satisfied, and the first of the inequalities (6.32) reduce to
a1 # 0. Recalling that a6 is the coefficient of k- T'(w) in the action, we see that a shift of
w by a factor times f can be used to set to zero the coefficient ay of thee- f xh=h- f xe
term, and a shift of h by a factor times e can be used to set to zero the coefficient agg of
the e - T'(w) term. So, without loss of generality, we now set

a7 =0 (=> b= 0) , az = 0. (6.38)
The w and f equations (6.35) now simplify to

0 =2a19R(Q2) +agD(Q) f + a1z f x f+ aiee x h,
0=agR(Q) 4+ 2a13D(Q)f + 3aiof X [+ ase X €, (6.39)

where the coefficients are subject to the two inequalities

aile 7& O, aq 7é 0. (6.40)

We must now combine the w and e equations to get an equation involving e x h for which
both the D(€2)f and h x h terms are absent. If aj3 = 0 this cannot be done, except trivially
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when ag = 0 too, in which case the e equation reduces to a quadratic curvature constraint.
We therefore exclude a13 = 0, which will allow us to take a combination for which the
D(Q)f term cancels. Requiring that the f x f cancels too, but that the e x h does not,
leads to the additional constraint on coefficients

3agayg = 2a%5 # 0, (6.41)

and the equation

exh=— [(4&13(119 - ag) R(Q) - 2@4@8 e X 6] . (6.42)

2a13a16

Taking into account the constraint (6.41), we may write the e equation as

2
O:R(Q)+a46><e+2<m>D(Q)f+2<m> Fxf. (6.43)
as as as
We still have the freedom to normalize the action and the four one-form fields. If we
choose to do this by imposing the five conditions
1 A (m? +A)

2
ag=1, aiz3=—-——5, ag=-m", a=——, a9=— 5 ;

. 5 (6.44)

then we recover precisely the EMG action (4.4).

7 Discussion

A peculiarity of gauge theories in a three-dimensional spacetime is that they may describe
massive particles; of any spin s but s > 1 requires a higher-derivative field equation. The
simplest s = 2 example is the parity-violating Topologically Massive Gravity, or TMG,
which is a 3rd-order extension of 3D General Relativity (GR) propagating a single massive
spin-2 mode. If we insist on preservation of parity, which implies propagation of a parity
doublet of massive spin-2 modes, then the simplest example is “New Massive Gravity”, or
NMG, which is a 4th-order extension of 3D GR. Although these massive 3D gravity theories
have higher than second-order field equations, they are still second-order in time derivatives,
and their linearizations about a Minkowski vacuum are equivalent to the second-order
Fierz-Pauli (FP) equations for a massive spin-2 particle (in the NMG case) or the related
“square-root” FP equations (in the TMG case).

In contrast to 4D GR, which is the unique field theory describing interactions of mass-
less spin-2 particles at arbitrarily low energy, there can be many inequivalent, but gen-
erally covariant, field theories describing interactions of massive spin-2 particles in a 3D
spacetime. For example, there are bi-metric alternatives to NMG, such as “Zwei-Dreibein
Gravity (ZDG). In fact, NMG can be viewed as a bi-metric theory but with an auxiliary
second ‘metric’ that can be trivially eliminated. In contrast, the attempt to eliminate the
second metric of a bi-metric alternative to NMG leads to a field equation for the remaining
metric that involves an infinite series of terms. This last observation suggests that TMG
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and NMG could be the unique 3D gravity theories propagating, respectively, a single mas-
sive spin-2 mode or a parity doublet of them, if a restriction is made to field equations
given by a finite number of terms involving a single metric and its derivatives.

As far as we know, TMG and NMG are indeed unique in this sense if it is additionally
assumed that the field equation arises from variation of an action that also involves only
the single metric and its derivatives. This additional assumption appears innocuous but
it overlooks the possibility that an equation involving only the metric and its derivatives
may be derivable from an action with auxiliary fields that cannot be eliminated from the
action, even though (by definition of “auxiliary”) they can be eliminated from the field
equations. In this case the field equation, call it £, = 0, will be such that V*E,, # 0,
but the inconsistency that this usually entails is absent.

This new possibility for consistent field equations, dubbed “third-way” consistency,
was originally discovered from an exploration of possible modifications of TMG within
the Chern-Simons-like formulation of massive 3D gauge theories, motivated by unitarity
problems of TMG with an AdS vacuum. This led to “Minimal Massive Gravity”, or MMG,
which resolves the unitary problems of TMG. We have shown here that a similar exploration
of the possible modifications of NMG yields a third-way consistent alternative to NMG,
but the CS-like action is parity-odd rather than parity even. By analogy with the “exotic”
parity-odd CS action for 3D GR with AdS vacuum, we have called this new massive gravity
theory “Exotic Massive Gravity”, or EMG; the analogy is imperfect but one aspect of it is
that, in both cases, the action requires a non-zero cosmological constant term.

We have also shown that there is a generalization of the CS-like action for EMG to one
of no definite parity; a zero cosmological constant is now allowed and linearization about
the Minkowski vacuum yields a 4th-order equation that is identical to that of linearized
“General Massive Gravity”, or GMG, so called because it generalizes NMG to allow for
arbitrary masses of the two spin-2 modes. As the action for this new parity-violating
massive gravity model reduces to the parity-odd EMG action in the limit of equal masses
for the two spin-2 modes, we have referred to it as “Exotic General Massive Gravity”,
or EGMG.

A feature of the CS-like formulation of massive 3D gravity theories is that it greatly
simplifies the Hamiltonian formulation, thereby making possible a simple count of the
number of local degrees of freedom independently of any linearized approximation. We
have used this method to confirm that the physical phase space of EMG and EGMG is
exactly what one expects from the propagation of two spin-2 modes in a Minkowski or AdS
vacuum. This tells us that there are no additional local degrees of freedom hiding in the
non-linearities.

Although EMG and EGMG both arise naturally within the CS-like formalism as alter-
natives to NMG and GMG, respectively, we originally found them from a semi-systematic
investigation, in the context of 3D gravity, of third-way consistent field equations. We have
presented a fairly general construction that yields an infinite series of such field equations,
of which MMG is the simplest example and EMG/EGMG the next simplest examples;
further examples are higher than 4th-order. The results of this direct construction of the
EMG/EGMG field equations are slightly more general than those of the CS-like action
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route, in the sense that the parameter space is slightly larger; for example, the EMG field
equations remain consistent for zero cosmological constant even though there is no EMG
action for this case.

Another feature of our general construction of third-way consistent field equations is
that it can be easily modified to generate consistent matter-coupling. The usual procedure,
in which the matter stress tensor becomes the source for the metric equation, is inconsistent
if the consistency of the matter-free metric equation is of third-way type; for MMG, for
example, the consistent source tensor is quadratic in the matter stress tensor. We have
recovered this result very simply from our general construction and we have also found
the corresponding matter-coupled extension of EGMG, and of EMG but in this case the
matter coupling violates parity; this is yet another exotic feature of EMG.

Our general construction of third-way consistent 3D massive gravity models includes
all those with a “four-flavour” CS-like action (appropriate to the assumption of 4th-order
field equations) on the assumption that the action is either parity even or parity odd. We
have also shown that it includes the EGMG theory for which the action has no definite
parity. We have not attempted a systematic analysis of the general parity-violating case,
but we suspect that such an analysis will not lead to any new theories. Of course, we are
excluding here those 3D massive gravity theories, such as ZDG and its generalizations, that
lead to an equation for the metric that involves an infinite series of terms in the curvature
and its derivatives; one motivation for this exclusion is that the infinite series will likely
diverge for strong fields.

A unusual property of the EMG and EGMG field equations, given that they involve
tensors quadratic in the curvature, is that there is a unique maximally symmetric vacuum,
which may be de Sitter, Minkowski or anti-de Sitter according to the choice of cosmological
parameter A, which is also the cosmological constant. In contrast, the cosmological constant
for NMG and GMG is a quadratic function of the cosmological parameter. We have
examined the linearization of EMG and EGMG about its AdS vacuum, both at the level of
field equations and at the level of the action. At the level of the field equations, the EGMG
parameter space is restricted only by a simple no-tachyon condition, which is satisfied for
an AdS radius larger than some critical value that depends on the other parameters.

Given an action, one can ask whether both modes have positive kinetic energies; this is
the no-ghost condition required for unitarity of the perturbative quantum gravity theory. It
is a general feature of parity-preserving 3D field theories, in a Minkowski or an AdS vacuum,
that if one mode of a parity doublet is physical then the other mode is also physical if the
action is parity-even (i.e. invariant) but a ghost if the action is parity-odd, so EMG cannot
be ghost-free. We have confirmed this and further shown that EGMG also propagates one
spin-2 mode as a ghost, so neither EMG nor EGMG is perturbatively unitary. In addition,
and for similar reasons, one of the two central charges of the asymptotic symmetry algebra
is negative, implying that the holographically dual 2D conformal field theory, if it exists,
is also non-unitary.

This conclusion is disappointing but we have not considered here the “critical” points
in parameter space at which any holographical 2D dual would be a logarithmic CFT; such
CFTs are non-unitary but have applications in condensed matter; see e.g. [36]. We have
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also not considered how the new “exotic” massive gravity models introduced here differ
from their “standard” NMG/GMG counterparts in a non-relativistic limit; they provide
new possible relativistic extensions of the non-relativistic spin-2 theories proposed in the
context of bulk properties of fractional quantum Hall states; see [13] for a discussion of this
idea with references to the condensed matter literature.

Finally, since the EMG/EGMG theories admit anti-de Sitter vacua, they also admit
Banados-Teitelboim-Zanelli black holes [37], but the thermodynamics will be “exotic”, as it
is for the exotic Chern-Simons formulation of 3D General Relativity [26] and 3D conformal
gravity [29]. The new models found here provide a means for exploration of this topic
in the context of massive gravity rather than topological gravity; the EGMG model, in
particular, could be viewed as a “massive deformation” of 3D conformal gravity.
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