7%
university of 5%,
groningen % %

i

University Medical Center Groningen

University of Groningen

On Critical Massive (Super)Gravity in adS(3)
Bergshoeff, Eric A.; Hohm, Olaf; Rosseel, Jan; Sezgin, Ergin; Townsend, Paul K.

Published in:
SPANISH RELATIVITY MEETING (ERE 2010): GRAVITY AS A CROSSROAD IN PHYSICS

DOI:
10.1088/1742-6596/314/1/012009

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2011

Link to publication in University of Groningen/lUMCG research database

Citation for published version (APA):

Bergshoeff, E. A., Hohm, O., Rosseel, J., Sezgin, E., & Townsend, P. K. (2011). On Critical Massive
(Super)Gravity in adS(3). In Aldaya, C. Barcelo, & JL. Jaramillo (Eds.), SPANISH RELATIVITY MEETING
(ERE 2010): GRAVITY AS A CROSSROAD IN PHYSICS [012009] (Journal of Physics Conference Series;
Vol. 314). IOP PUBLISHING LTD. https://doi.org/10.1088/1742-6596/314/1/012009

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/lUMCG research database (Pure): http.//www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 26-04-2023


https://doi.org/10.1088/1742-6596/314/1/012009
https://research.rug.nl/en/publications/b2ee383f-5c5c-416d-b629-52ac75714024
https://doi.org/10.1088/1742-6596/314/1/012009

Spanish Relativity Meeting (ERE 2010): Gravity as a Crossroad in Physics IOP Publishing
Journal of Physics: Conference Series 314 (2011) 012009 doi:10.1088/1742-6596/314/1/012009

On Critical Massive (Super)Gravity in adS;

Eric A. Bergshoeff !, Olaf Hohm 2, Jan Rosseel !, Ergin Sezgin 3 and
Paul K. Townsend 4

! Centre for Theoretical Physics, University of Groningen, Nijenborgh 4, 9747 AG Groningen,
The Netherlands

2 Center for Theoretical Physics, Massachusetts Institute of Technology, Cambridge, MA
02139, USA

3 George and Cynthia Woods Mitchell Institute for Fundamental Physics and Astronomy,
Texas A&M University, College Station, TX 77843, USA

4 Department of Applied Mathematics and Theoretical Physics, Centre for Mathematical
Sciences, University of Cambridge, Wilberforce Road, Cambridge, CB3 0OWA, U.K.

E-mail: E.A.Bergshoeff@rug.nl, ohohm@mit.edu, j.rosseel@rug.nl, sezgin@tamu.edu,
P.K.Townsend@damtp.cam.ac.uk

Abstract.

We review the status of three-dimensional “general massive gravity” (GMG) in its
linearization about an anti-de Sitter (adS) vacuum, focusing on critical points in parameter
space that yield generalizations of “chiral gravity”. We then show how these results extend
to A = 1 super-GMG, expanded about a supersymmetric adS vacuum, and also to the most
general ‘curvature-squared’ 4" = 1 supergravity model.

Massive gravity models in three spacetime dimensions (3D) have been intensively investigated
over the past few years because of the possibility of finding a consistent ‘toy’ model of quantum
gravity from which we might learn something useful. The oldest and simplest of these massive
gravity models is “topologically massive gravity” (TMG), which is defined by the addition to the
usual Einstein-Hilbert (EH) action of a Lorentz Chern-Simons (LCS) term [1]. TMG propagates
a single massive spin-2 mode but this is a ghost unless the EH term has the non-standard sign.
It is useful to define a sign ¢ such that ¢ = 1 yields the standard EH term, so that “non-
standard” means o = —1. The addition of a cosmological term allows the possibility of anti-de
Sitter (adS) vacua, but then ¢ = —1 implies a negative mass for (BTZ) black holes. In the
context of the adS3/CFTs correspondence, this problem with the bulk theory translates to a
negative central charge of the boundary conformal field theory (CFT). Taking o = 1 allows
positive central charges but at the cost of non-unitary propagation of the bulk spin-2 modes,
which again implies [2,3], although less directly, non-unitarity of the boundary CFT.

The classical equations of TMG depend on a mass parameter p associated to the LCS term,
and a length scale ¢ associated to the cosmological term, which we define such that ¢ is the
radius of curvature in an adS vacuum. However, rescaling the metric is equivalent to rescaling
w1 and £ so the only parameter of the classical theory is the dimensionless product puf. Quantum
corrections will introduce the additional dimensionless constant x2/¢, where x = +/167G3 is the
gravitational coupling constant, but this appears classically only through an overall factor of
¢/k? in the on-shell action. In the equivalent approximation to the boundary CFT, the central
charges take the form cy = (247¢/k?)fi(ul) for dimensionless functions fi. It was pointed
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out in [4] that the parameter uf can be tuned to a critical value, the “chiral point”, at which
either ¢y or c¢_ is zero. The bulk massive graviton mode then disappears from the spectrum,
which suggests that the problem of a non-unitary bulk graviton for ¢ = 1 is circumvented by
this “chiral gravity” theory. The definition of such a theory depends crucially on a choice of
boundary conditions [5,6]. Boundary conditions weaker than the standard Brown-Henneaux
boundary conditions lead to well-defined logarithmic boundary CFTs. They also allow new
logarithmic bulk modes, which is related to the observation of [7] that the bulk spin-2 mode is
replaced by a bulk spin-1 mode at the chiral point.

An alternative, parity-preserving 3D massive gravity is “new massive gravity” (NMG), which
is defined by the addition to the EH plus cosmological terms of a curvature-squared term
constructed from the scalar [8]

G"' S, = R R, — %RZ (1)

where the tensors G, S, R are, respectively, the Einstein, Schouten and Ricci tensors. This
involves the introduction of a mass-squared parameter m? (which is positive for NMG but which
we allow to be negative in the most general curvature-squared model). In an expansion about a
Minkowski vacuum one finds that two spin-2 modes of mass m are propagated and, as for TMG,
that perturbative unitarity requires o = —1. As required by parity, the two spin-2 modes have
opposite sign “helicities” s; i.e. opposite sign of the 3D Pauli-Lubanski pseudo-scalar divided
by the mass; we call |s| the “spin”.

In the adS context, there is a family of classical NMG models parametrized by the
dimensionless constant m2¢2. In any parity-preserving 3D gravity theory with an adS vacuum,
the central charges of the boundary CFT are equal, ¢, = c_ = ¢, and may be computed by the
formula [9-11]

8¢  OLsp
W29 oR,, ®

KV ladS vacuum

C =
where Lsp is the 3D gravity Lagrangian of mass dimension two, i.e. without the factor of 2.
For NMG this gives [12-14]
24wl

CcC =

5 0, o=0+

202m?2 (3)

The expansion of the NMG action about the adS vacuum is greatly facilitated by starting with an
alternative second-order version of the action with an auxiliary tensor field [8]. Diagonalization
of the quadratic term of this action yields the sum of a linearized EH action with coefficient &,
which is therefore the ‘effective’ EH coefficient in the adS background, and a spin-2 Fierz-Pauli
(FP) action with coefficient —1/6 [13]. The linearized EH action propagates no modes so we
get two massive gravitons from the FP action, but these are propagated unitarily only if & < 0.
Hence there is a clash between unitary bulk gravitons and positive CFT central charges, as in
TMG. There is also an analog of chiral gravity because there is a critical value of #2m? at which
¢ =0, and at which the quadratic action becomes equivalent to a spin-1 Proca action [13]. This
critical NMG model is associated to a logarithmic CFT [15].

Both TMG and NMG are special cases of “general massive gravity” (GMG) [8], defined by
the addition of both the LCS and the NMG curvature-squared term to the EH plus cosmological
terms. FExpanded about a Minkowski vacuum, this model propagates two spin-2 modes of
opposite helicity but with different masses. In an adS vacuum there is a two-parameter family
of classical GMG models parametrized by the constants pf and m?¢2. The central charges of the
boundary CFT can be computed by a generalization of (2) to allow for parity-odd terms [16].
The result is

K

e = (247L/K2) fo, (g:&i;[ (4)
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The no-ghost conditions follow from an expansion of the GMG action about an adS vacuum,
but this ‘off-shell’ analysis is more subtle here, in part because the auxiliary tensor field ‘trick’
reduces the order in derivatives to three rather than two when the LCS term is present. Recent
results in [17] indicate that the parameter ranges with positive central charge and positive energy
of the graviton modes are mutually exclusive in GMG, as in TMG and NMG. Here we shall
review, with some simplifications, the results of the on-shell analysis of [18] and explain how it
extends to supergravity.

To facilitate our task, it will be convenient to first review the connection between a unitary
irreducible representation (UIR) of the SO(2,2) isometry group of adSs and fields on adSs.
Let () be a rank-|s| (|s| > 1) totally-symmetric and tracefree field on adS3 subject to the
‘divergence-free’ condition

Dﬂgpl(lslzl-“l/s—1 =0, (5)

where D is the covariant derivative with respect to a background adSs metric g. Let 2(n) be
the family of first-order linear differential operators, parametrized by a dimensionless constant
7, that act on the space of such tensors according to the definition

s S v —1sv Ui TV
R R CC) R 7 S C U S 5D (O

Despite appearances, the rank-|s| tensor 2(n)¢(®) is also traceless, totally symmetric and
‘divergence-free’. Using the identity

22 (=)@ = —n® [D* + 072 (|s| + 1 = ?)] (7)

we see that eigenfunctions of the covariant D’Alembertian D? acting on spin-|s| fields are linear
combinations of solutions to the first-order equations

2 =0,  D(-n)™ =0. (8)

A physically acceptable! solution of either equation furnishes a UIR of SO(2,2) labelled by its
lowest weights (Ej, s), where £~ Ey is the lowest energy?, which is real and satisfies the condition
Ep > |s| [19-21]. The UIR furnished by a solution of (8) has lowest weights [22]

Bo—1+L, o= lbm )
7] ]
We see that the sign of 1 gives the sign of the helicity s. The UIR’s with Ey = |s| for s # 0 are
called singleton irreps; their weight space is drastically reduced compared to a typical UIR, and
they can be interpreted as describing modes that are confined to the 2D boundary of adSs [23].
More generally, the adS/CFT correspondence assigns to every UIR an operator in a dual 2D
CFT with conformal weights hy = (Ey =+ s)/2, in which context the bound Ej > |s| translates
into h4 > 0.
The above analysis applies for |s| > 0. For s = 0 we must consider the solutions of the
second-order equation

(D> — 4?) =0 (10)
for constant .#. The solutions, if physically acceptable, furnish UIRs with s = 0 and

Eo=1+1+02.x2. (11)

i.e. nonsingular at the origin and normalizable with respect to the SO(2,2) invariant measure [19,20].
2 Or highest energy. It is not possible to distinguish between the two at the level of the equations of motion.
This is why the unitarity of the irreducible representation is not sufficient for unitarity of the field theory.

1
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Reality of Ey implies the Breitenlohner-Freedman (BF) bound ¢2.#?% > —1. In addition, Ey > 0
is required for a UIR. This condition allows both signs in (11) when —1 < ¢2.#? < 0; otherwise
only the plus sign is allowed.

Let us now see how all this applies to the ‘Einstein’ theory defined by the EH and cosmological
terms alone. We write the metric as

1
G = Guv <1 + 3h> + Hyw s guVH/w =0, (12)

so that (H,h) are the tracefree and trace perturbations respectively. In the gauge
D'H,, =0, (13)
the linearized field equations may now be written as

[2()2(~1)H],, = —% (DMDV _ ;gW[ﬂ) h, (D> —3)h=o0. (14)

We have coupled equations for H and h but there is still a residual gauge invariance. If we write
the vector gauge parameter of linearized diffeomorphisms as 5,7; + 0,§, where D“{Z = 0, then
the gauge condition (13) is invariant provided that

A (12D2 2 72 T 272 A T

D, (°D*-3)¢=0, ((°D*=2)¢, =0 = (?D*+2)Dy&, =0. (15)
The variation of h is dh ~ D?¢ but this implies dh ~ & for D?¢ ~ £. Since € is a residual gauge

parameter, we may use it to set h to zero. This leaves us with the equation 2(1)Z(—1)H = 0,
but the identity (7) implies that this is equivalent to

(*D*+2)H =0. (16)

This is clearly invariant under the residual gauge invariance, which suffices to remove all local
degrees of freedom of H.

We are now in a position to discuss GMG. Linearized about an adS vacuum, the GMG
equations are

1 [~ - 1
FWHDI)T0H, = 5 (DuD = 3D ) b, (7
%(€2D2—3)h = 0, (18)
where

Q=0rm? -1 (19)

and [18]

¢m? 2m4
— -1 2= —

nt =9 ( 2 + 12 Q) (20)

We have retained the factor of ) in the h-equation because it allows the 2 = 0 equations to be
obtained by taking the €2 — 0 limit. The region in parameter space with 2 > 0 is divided from
the region with 2 < 0 by the curve 2 = 0. To see the significance of this division, we observe
that

nen- =Q7" (21)
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This shows that the parameters ni+ have opposite signs in the 2 < 0 region and the same sign
in the Q > 0 region. The reality of 7+ and the UIR condition |n+| < 1 translate into m?cy < 0
for Q < 0 and m2cy >0, *m* > 414242 for Q > 0.

Provided that Q # 0, we may proceed as in the ‘Einstein’ case, eliminating h by a combination
of its field equation and a residual gauge transformation, to arrive at the single 4th order equation

2M2(-1)2(n+)Z(n-)H = 0. (22)

As long as (ny —n-) (In+| — 1) (Jn—| — 1) # 0 the general solution is a linear combination of the
two singleton modes and solutions of the first-order equations Z(n+)H = 0. This state of affairs
applies in the NMG limit |u| = oo since we then have

Ny =—n-=—1/v-Q. (23)

Clearly, we must be on the 2 < 0 side of the parameter space divide to take this limit, in which
the bound |n+| < 1 becomes m?6 < 0. As confirmed by the computation of the quadratic action
in [13], this bound is the condition for the absence of tachyons. This computation also shows
that & < 0 is the no-ghost condition, i.e. for unitarity of the quantum field theory. As m? > 0
for NMG, the absence of tachyons implies the absence of ghosts. It seems likely to us that this
will remain true for GMG as long as 2 < 0. However, it also seems likely that GMG has ghosts
when > 0, even though it is certainly possible to satisfy the UIR bound |n4| < 1, and hence
avoid tachyons. This is because solutions of the equation 2(n)Z(n')H = 0 with nn’ > 0 could
be expected to arise naturally in the context of 5th order 3D gravity models, which necessarily
propagate ghosts in a Minkowski vacuum [24]. To settle this issue we would need an ‘off-shell’
analysis like that presented for NMG in [13].

When Q = 0 the h-equation drops out. This leaves us with the H-equation, that can be
shown to reduce to

n:fi
m?2’

Unless |n| = 1, the solutions space is spanned by the singletons, the solution of Z(n)H = 0, and
the solution of

(2 2(1)2(-1)), ", DaHgy =0, (24)

£, Do Hpg, = 0. (25)

By acting on this equation with the operator €)™ D,, we see that the solution of (25) also obeys
((2D? + 3)H = 0. Comparing this with (7), we might naively conclude that it requires 7 = co
and hence Ey = 1, which violates the spin-2 bound Ey > 2. The resolution of this puzzle is
subtle because of an additional gauge invariance; the relevant solutions of (25) are “partially
massless” [25, 26].

Our main interest here is in the ‘critical’ GMG cases. For finite non-zero {2 these are those
for which

(n4 —n-) (In+| = 1) (In-| = 1) = 0. (26)
When this condition holds, the solution space is no longer spanned by solutions of first-order
equations of the form Z(n)H = 0. However, subject to appropriate boundary conditions, one
finds that additional solutions appear. In the case that two of the n values coincide, these are
logarithmic solutions of 22(n)H = 0 that do not solve 2(n)H = 0. In the case that three n
values coincide we get additional doubly-logarithmic solutions of 23(n)H = 0 that solve neither
P (n)H = 0 nor 2(n)H = 0. A similar statement applies when = 0 but then the only critical
case occurs when ¢m? = ||, in which case we get a logarithmic solution of 2%(+1)H = 0. The
catalog of critical points for  # 0 is much richer>:

3 The critical points of GMG have also been studied in [18]. Recently, properties of the logarithmic CFT dual to
GMG at the critical points have been investigated in [17].
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(i)

(iii)

mne| = 1 but |n_| # 1 and Q! # 0. We find that 7, = +1 when /ué6 = F1 and then
n- = F1/ (1 :l:EmQ/u). We get no propagating graviton mode from Z(n;)H = 0, just
an extra logarithmic solution to 2%(+1)H = 0. In this case there is therefore a single
propagating massive graviton of helicity 2n_/|n_|. If Q=1 — 0, then m? — oo, giving the
TMG limit. In this case n— = 0, and |[fuo| = 1.

n_| = 1 but |ns| # 1 and Q! # 0. In this case - = +1 when fué = F1 and then
n- = F1/ (1 +/m?/ /J,). In this case there is a single propagating massive graviton of
helicity 21, /|ns|. If Q71 — 0, then m? — oo, giving the TMG limit. In this case n, = 0,
and [luo| = 1.

N+ = —n— and |ne| = 1. This case is realized by n— = —n; = 1, which requires |u| = oo,
m?2& = 0. This is the critical limit of NMG. In this case (22) degenerates to

2(1)*9(-1)*H =0. (27)

Although this propagates no gravitons, it does propagate two spin-1 modes [27]. One way
to see this is to rewrite the fourth-order equation as the pair of second-order equations

(’D*+2)H =U, (°D*+2)U =0, (28)

where U is another symmetric traceless and ‘divergence-free’ tensor. Applying to the U-
equation the same reasoning that we used above for the ‘Einstein’ case, we deduce that
Uw = 2D(MAV) for some vector field A satisfying (€2D2 — 2) A, = 0 and, since U is traceless,
D“Au = 0. In other words H satisfies

(¢*°D* +2) Hyy = 2D, A, (29)
for a vector field such that
(*D* —2) A, =0, DFA, =0. (30)

These equations for A, which also follow from taking the divergence and trace of (29), are
Proca equations in the adS background. They are derivable from the Proca Lagrangian
density

Lproca = —Fu " — 2072 A4, Fu = 20,4, - (31)

For singleton solutions the left-hand-side of (29) vanishes, implying that A is a Killing
vector of the adS background. In contrast, the left-hand-side of (29) is non-vanishing for
the logarithmic solutions of (27) and hence these must be related to non-trivial Proca modes.
However, although a solution of the Proca equations furnishes a UIR of the adSs isometry
group, with (Ep,s) = (2,1), a careful study of (29) shows that these solutions correspond to
the first descendants of the logarithmic modes; see [28] for a detailed description of precisely
such a descendant mode.

ny = n_ but |n+| # 1. This is possible only when € > 0. In this case, no = —2u/(m?).
We get one propagating massive graviton from the solution to 2(—2u/(m?¢)) = 0 and an
additional logarithmic solution of 22(—2u/(m?2¢)) = 0.

ne = n_ and |n+| = 1. This is possible only when Q = 1, which requires 2u = Fm?/
according to whether n. = n- = 1 or n = n— = —1. In this case we have, apart

from singletons, only logarithmic and doubly logarithmic modes from 23(1)H = 0 or
P3(—1)H = 0.
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Observe that only cases (i)-(iv) are possible for 2 < 0, which may be required if ghosts are
to be avoided, for the reason given above. In these four cases we have

cye— =0. (32)

In other words, at least one of the two central charges of the boundary CFT is zero. Unless both
are zero, “critical” can be interpreted as “chiral”. As pointed out in [18], the “chiral GMG”
models interpolate between chiral TMG, which is case (iii), and critical NMG, which is case (iv).

In the remainder of this paper, we shall explain how these results extend to the supergravity
case. The ./ = 1 supersymmetric extensions of NMG and GMG have been found in recent
work, along with all possible maximally supersymmetric vacua [27,29]. These constructions are
complicated by the fact that the off-shell graviton multiplet contains not just the metric but also
an additional scalar field S, which is auxiliary in 3D ‘Einstein’ supergravity [30] and in super-
TMG [31] but which propagates in generic curvature-squared models. Even when the kinetic
term for S is absent it will still propagate a scalar mode in adS vacua unless the coefficients of
the cubic equation of motion for S are constants?, and this condition defines a “super-GMG”
model for which the bosonic action is precisely of GMG-form after elimination of S. Remarkably,
all adS vacua of GMG correspond to supersymmetric vacua of super-GMG, so the spectrum in
such vacua is determined by the GMG spectrum. Of course, the boundary CFT must now
be a boundary SCFT, but it will still have the same central charge [32]. For these reasons,
the results summarized above for GMG extend with no essential modifications to super-GMG.
Unfortunately, this makes it unlikely that supersymmetry can help to resolve the boundary/bulk
unitarity “clash” explained above.

Although the super-GMG model is the most interesting special case of the generic curvature
squared 3D supergravity model constructed in [27], the results for the generic model provide us
with the opportunity to explore some issues in the context of a model with more parameters.
The bosonic Lagrangian is

1 3 1 1
-1 — - i N » Y 2 2 - -1
e Loy = —V(S) + (R + — <R Ry = SR > + 5 [R 16 (8S) } o ios |
(33)
where .Z1cs is the Lorentz-Chern-Simons term, and
1 3 1 9
V(S)=-MS+205% - -+ [ =+ — +—5 | S*,
i 2m?2  m2  2m? (34)

1 1 3 3\
f(S)—a+2ﬂS+( 2m2+10m2+2m2)s .

The model has six independent mass parameters (M, m,m,m, fi, 1), which can be traded for
dimensionless parameters using the gravitational coupling constant, and one discrete parameter
o = £1,0. Despite the notation, (m?2,m?2,m?) are allowed to take either sign.

The field equations following from (33) are given in [27]. The supersymmetric adS vacuum
solutions of these equations have®

G -1 -1 2
S=8=—¢1, M=—¢ <4J+W : (35)

4 This condition may be relaxed slightly but we refer to [27] for a discussion of this point.
5 We choose the sign of S so as to agree with the sign choice made in [27].
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The central charges are given by (4) with & given by

1 3

2 T loem2 (36)

6=o0

The adS/CFT correspondence suggests that the spectrum of propagating gravitons will be

independent of m and will depend on the fi and m only through the parameter . We shall
verify this.

To expand the field equations about a supersymmetric adS vacuum, we write the metric as

in (12) and we write B
S=S+¢1s (37)

for dimensionless scalar perturbation s. To present the results, we shall again make use of the
parameters 74 and € defined in (19) and (20) in terms of &, although it should be remembered
that ¢ is now given by (36). In addition, it is useful to define the dimensionless parameter

2|_2 6 6 _ L), (38)

T TEw W g
This agrees with the definition in [27] when restricted to the models (with m? = co) for which this
parameter was defined there. We will also need the following (dimensionless) linear differential
operators:
— ~ m2
L=10D*-3, L=—L-Q. (39)
m
Using these definitions, one finds that the h and s equations are, respectively,

1

1 ~ ~ a
L <Lh—|—3as) =0,  — <L+2a>s+mLh:0, (40)
and that the linearized H-equation is
IM2(-1)2(n+)2(n-)H =Q7" T, (41)
where )
Jur = 555 (DuDy = $3,0,D?) |Lh -+ 3as] . (42)

The integrability condition D*.J,,, = 0 is satisfied as a consequence of the h-field equation.

Observe that we recover the GMG equations that we have already analyzed on setting
m? = |ji| = oo and @ = 0. In that case, we argued that it was possible to set h = 0, and
hence J = 0, by using a combination of the h-equation and a residual gauge transformation. It
is no longer so clear that this argument still applies, but a simpler one is available, as long as
Q) #£ 0. We define the new symmetric traceless and ‘divergence-free’ perturbation

H=H-m*Q7'J. (43)
Using the relation 5(MO‘5D|QJ5‘V) = 0, we may deduce that
IV 2(-1)2(1:)2 (1) Hyuy =0 . (44)
The analysis of critical points for €2 # 0 now proceeds ezactly as for the GMG case. For 2 =0
the H-equation is given by

[-@(n)-@(l)-@(_l)]upgpaﬂljaHﬁu = _"7J/wa n= —T (45)

m .
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Note that by acting on this equation with the operator £\™* D, we can arrive at the integrability
condition Z(n)2(1)2(—1)(#2D? + 3)H = 0, an equation that also follows from (24). To
summarize, the critical point structure of the generic curvature-squared supergravity model,
expanded about a supersymmetric adS vacuum, is identical to that of the GMG model, with all
dependence on the extra parameters absorbed into the effective EH coefficient &, as anticipated
above.

The main difference of the generic case as compared to GMG is the possibility of additional
scalar modes arising from the h and s equations (40). Here we shall consider some special cases.

e m? = co and a = 0; this case was called “generalized GMG” in [27]; it reduces to the GMG
case analysed above when |fi| = co. For this case, and assuming non-zero finite m?, the

equations (40) become
QLh =0, (2a—Q)s=0 (46)

We see that s = 0 (unless 2 = 2a but then it is undetermined, implying an ‘accidental’
gauge invariance that allows one to choose s = 0). Provided Q # 0 we have Lh = 0 and
residual gauge invariances allow us to set A = 0. There are therefore no propagating scalars.
One can show that the generalized super-NMG limit (|u| = oo) is ghost-free for & < 0 [27].

e m? = 0o but a # 0. In this case the S-equation of motion is algebraic but it still propagates

modes in adS, for reasons explained in [27]. Here we verify this for the generic {2 # 0 case.
Under these conditions, the equations (40) become equivalent to (for m? # 0 and finite)

_ 49 (Q — 2a)

L (h — SaQ_ls) =0, Ls 5

S 47
- (47)
As the addition of a scalar to h does not change its residual gauge transformation, the first
equation does not lead to propagating modes. The second one takes the form (10) with
¢ = s and .#? = 3 +4Q(Q — 2a) /a®. This equation therefore propagates a scalar mode
that is non-tachyonic. However there is no guarantee that it is not a ghost.

e a =0 but m? # co. The equations (40) now reduce to

~ 2 ~ 2
L<L—Qn;)h:0, (L—Qm>s:0. (48)
m

The first of these is a fourth-order equation for h that is not easy to analyse. The second
equation takes the form (10) with ¢ = s and (2.#% = 3 + m?Q/m?. We therefore get a
non-tachyonic scalar provided that 4 > —m?Q/m?, although there is again no guarantee
that it is not a ghost.
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