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refers to the underlying anti-de Sitter superalgebras OSp(2, p)®OSp(2, ¢) with R-symmetry
group SO(p) x SO(q). We construct off-shell invariants of these theories up to fourth order
in derivatives. As an application of these results, we determine the special combinations
of the N/ = (1, 1) invariants that admit anti-de Sitter vacuum solution about which there
is a ghost-free massive spin-2 multiplet of propagating modes. We also show that the
N = (2,0) invariants do not allow such possibility.

KEYWORDS: Supergravity Models, Extended Supersymmetry

ARX1v EPRINT: 1412.3118

OPEN AcCESs, (© The Authors.

Article funded by SCOAP®. doi:10.1007/JHEP02(2015)125


https://core.ac.uk/display/231872446?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
mailto:g.alkac@rug.nl
mailto:l.basanisi@rug.nl
mailto:e.a.bergshoeff@rug.nl
mailto:m.ozkan@rug.nl
mailto:sezgin@tamu.edu
http://arxiv.org/abs/1412.3118
http://dx.doi.org/10.1007/JHEP02(2015)125

Contents

1 Introduction 1
2 Superconformal tensor calculus 3
2.1 The Weyl and compensating multiplets 3
2.2 Combination of local supermultiplets 7
2.3 Action formulae 10
3 N = (1,1) supergravity models 12
3.1 N =(1,1) cosmological Poincaré supergravity 12
3.2 N = (1,1) higher dimensional invariants 13
3.3 N = (1,1) generalized massive supergravity 14
4 N = (2,0) supergravity models 16
41 N = (2,0) cosmological Poincaré supergravity 16
4.2 N =(2,0) RD and R? invariants 17
4.3 N =(2,0) RZ, invariant 18
4.4 N = (2,0) generalized massive supergravity 21
5 Conclusions 22
A Complex spinor conventions 23
B Fierz identities 25

1 Introduction

The time-honored motivation for studying three dimensional gravity theories is the
prospects of their teaching us lessons about much harder problem of gravity in four dimen-
sions, at the classical as well as quantum level. That the black hole physics is nontrivial in
three dimensions and one can extract valuable information from their study has been long
recognized. It is also well known that the important problem of massive gravity is much
simpler to study and yet very rich in three dimensions. Furthermore, the quantization
problem is more amenable as well in three dimensions though by no means trivial. In all
these areas to explore, the role of higher derivative extensions is highly pertinent question.

The usual dictum that more symmetries give us more control over the theory moti-
vates us to construct higher derivative supergravity theories with extended supersymmetry
in three dimensions. In doing so, the role of off-shell versus on-shell nature of local su-
persymmetry brings in interesting new ingredients. Focusing our attention to supergravity



theories which admit anti-de Sitter space as a vacuum solution, their underlying supersym-
metry algebra is OSp(p, ¢) whose bosonic part is O(2,2) ® SO(p) x SO(q) [1-3]. Off-shell
supergravity invariants up to and including four derivatives are known for N' = (1,0) su-
pergravity in three dimensions [4]. A particular combinations of these invariants constitute
the supersymmetric generalization of the so-called “New Massive Gravity” which has the
virtue of being ghost-free [5]. Some of their properties, such as their supersymmetric vacua
and spectrum about AdSs3 vacuum, have also been studied [4, 6, 7].

Our aim here is to generalize the construction of higher derivative supergravity invari-
ants to those with underlying N' = (1,1) and N/ = (2,0) superalgebras and to look for
their ghost free combinations. The conformal N = 2 supergravity, and the two-derivative
invariants were considered in [8-11]. Off-shell matter-coupled suprgravity theories were
investigated in the superspace framework in [12-15]. The on-shell construction and the
matter couplings of the three dimensional " = 2 supergravity were studied in [16-18]. Here
we shall provide all the four derivative off-shell invariants of the 3D, N = 2 supergravity.
The method we shall employ is the superconformal tensor calculus. The N' = (1,1) and
N = (2,0) supergravities arise from the coupling of Weyl multiplet to a compensating scalar
or vector multiplets, respectively, followed by fixing of conformal symmetries. In the case of
N = (2,0) supersymmetry, we shall employ a map between the Yang-Mills and the super-
gravity multiplet to construct the supersymmetric completion of the Ricci-squared term.

Taking into account the new invariants we construct here, we end up with seven pa-
rameter action with AV = (1, 1) supersymmetry and a six parameter action with A" = (2,0)
supersymmetry. We find that the former admits a four parameter subfamily which admits
AdS vacuum solution around which the spectrum of small fluctuations is ghost-free. In
the latter case, however, we find that such a scenario is not possible. This turns out to
be due to the fact that a particular type of dimension four invariant that exists for the
N = (1,1) model does not seem to exist for the ' = (2,0) model. The existence of the
supersymmetric cosmological extension of the (2,0) supergravity, which does not exist in
the parent N' = 1 new minimal supergravity in 4D, is not sufficient for the existence of a
ghost-free supersymmetric AdSs vacuum.

This paper is organized as follows. In section 2, we give a brief introduction to super-
conformal formalism, and introduce the Weyl multiplet, the scalar and the vector multiplet
of the D = 3, N' = 2 theory in the context of conformal supergravity. We then provide a
multiplication rule for scalar multiplets, and construct composite scalar and vector multi-
plets. Subsequently, we proceed to construct various superconformal actions for these mat-
ter multiplets. In section 3, we consider the scalar multiplet actions constructed in section 2
and gauge fix the superconformal symmetries to obtain AN/ = (1,1) cosmological Poincaré
supergravity as well as the supersymmetric completion of the Riy, R? and the off-diagonal
(RS™+ h.c), where S is the auxiliary scalar of the N' = (1, 1) Poincaré multiplet. We then
present the NV = (1, 1) generalized massive supergravity, and analyze the bosonic spectrum
around a maximally supersymmetric AdSs vacuum. In section 4, we repeat the same analy-
sis for the vector multiplet, and construct the N' = (2, 0) cosmological Poincaré supergravity
and the supersymmetric R? and off-diagonal RD invariants, where D is the auxiliary scalar
of the N' = (2, 0) Poincaré multiplet. This section contains an observation which states that



certain fields in the N' = (2, 0) Poincaré multiplet transform in the same manner as the fields
of a Yang-Mills multiplet with G = SO(2,1). By use of that explicit correspondence, we
construct the supersymmetric RZV invariant. Subsequently, we discuss the ghost-free N' =
(2,0) generalized massive gravity, and analyze the spectrum around a maximally supersym-
metric Minkowski background. In section 5, we give conclusion and discussions. Finally,
the details of the complex spinor conventions and Fierz identities are given in the appendix.

2 Superconformal tensor calculus

In this section we shall describe the Weyl multiplet based on the superconformal algebra
OSp(4]2) in three dimensions. We will then present the off-shell scalar and vector multiples
which will be used in the subsequent sections as compensators. The rules for combining
these multiplets to obtain new (composite) multiplets and action formula will follow. The
action formula will be used in the following sections together with the composite multiplet
formula to obtain several off-shell supergravity invariants. Finally, we shall also record
for completeness the Chern-Simons invariant which does not require any compensating
multiplet coupling since it is superconformal invariant by itself [8].

2.1 The Weyl and compensating multiplets

Weyl multiplet. The A/ = 2 Weyl multiplet in three dimensions is based on the the
conformal superalgebra OSp(4|2) and consists of the fields

(eua7¢u7vu7bu7wuabafua7¢u> I (21)

where e, is the dreibein, 1, is the gravitino represented by a Dirac vector-spinor, V,, is the
U(1) R-symmetry gauge field, b, is the dilatation gauge field, w,ﬂb is the spin connection,
fu® is the conformal boost gauge field and ¢, is the special supersymmetry gauge field
represented by a Dirac vector-spinor. The corresponding gauge parameters are

(€% e, A, Ap, A% A% 7). (2.2)

The gauge fields wu“b, ®u, [u® can be expressed in terms of the remaining fields by imposing
the constraints [8]

R.,(P)=0, Ru,™M)=0, Ru(Q) =0, (2.3)

where the supercovariant curvatures associated with translations, Lorentz rotations and
supersymmetry are defined as

R 1
R,u,l/a(P) = 2(6[u + b[u) el/]a + 2w[uabey}b - §(¢[u7awu] + hC) )
~ 1- 1-
R,ul/ab(M) = Qa[pwy]ab + QW[MQC Wy}cb + Sf[p, [aeu]b] - §¢u’7ab¢l/ - §¢u7ab¢u + h.c

~ 1 .
R/w(Q) = 28[u¢u] + §w[uab’7ab 1/]1/] + b[pﬂbu] - 2’7[p¢u] - 21‘/[;1,1/)11} : (24)



These constraints together with the Bianchi identity for (P) also imply that the

(D) = 0. Solving the

R,
curvature associated with dilatation also vanishes, viz. R,

constraints (2.3) gives
1_
w,® = 26”[“8[#6,,117] - e”[aeb]aeuc Oveqs + 26M[abb] + §¢M7[a¢b]
1 1
591 + S,

=/

1 ~
¢M = _’YaRua(Q) + Z’YMfyabRab(Q) ’

fo= —§ﬁ;a(M) + <€, "R (M), (2.5)

where the prime in the curvatures used in (2.5) means that the term including the field we
are solving for is excluded. The transformation rules for the independent fields are given by

1
de, ' = —A%, eub —Ape,* + 567“1@ + h.c.,
1 1 .
&pu = _ZAab7ab¢u - iADwu +Due —yun + 1A¢,u )

1 1
db, = OulAp + 2A Ky + 5@% - irwu + h.c,

1 1
where . .
DHG = <<9“ + ib“ + Zw,uab'-)/ab — IV#> €. (27)

Finally, we give the transformation rule for ¢, for later convenience

~ 1 =
6¢H = ...+ ifYVF,u,VG — 11’)/“’}/ . FuyG? (28)

where we have displayed the supercovariant terms and the ellipses refer to the remaining
terms implied by the OSp(4|2) algebra, and F),, is given by

~ — —

ij = 26[MVV] — i?/)mqby] — igb[pﬂj}y] . (2.9)

Scalar multiplet. The off-shell NV = 2 scalar multiplet with 4+4 degrees of freedom
consists of a physical complex scalar A, a Dirac fermion x and an auxiliary complex scalar F
with the following transformation rules’

1
0A = 5€x+wADA—iwAA,
1 1
ox = DAe— 5]—"(36)* +2wAn+ <w + 2>ADX +i(—w+1)Ax,

1
OF = —Eﬂx+2(w—2>ﬁx+(w—i—l)AD}"+i(—w—|—2)A]—", (2.10)

'See appendix A for the definition of 77 and the constant matrix B.



where the supercovariant derivatives are given by
D,A = (0, —wby, +iwV,)A — %&ux,
D,x = <6“ - (w + ;) by + iwu“b Yab + i(w — 1)Vu>x — DAY,
—%]—"(Bwu)* —2wA¢,, . (2.11)

Note that the lowest component has Weyl weight w and U(1)gr weight —w. Another
multiplet with its lowest component having Weyl weight w and U(1)r weight w can be
obtained by charge conjugation

1
SA* = 56(3)()* +wApA* +iwAA*,

5 (Bx)" = PA* (Be)" — %F*e +2wA* (Bn)" + (w + ;)AD (Bx)*
+i(w—1)A(Bx)",

SF* = —eP(By) +2 (w - ;)me)* T (w+ DAF

+Hi(w —2)AF*, (2.12)
where the supercovariant derivatives are
* . * 1- *
D,A* = (0, —wb, —iwV,)A* — 51,[)“(3)() ,
1 1
DM(BX)* = <8ﬂ - <'w + 2>bM + Zwuab’yab - 1(’[1) - 1)VM> (BX)*
* * ]' * * *
—DA (BYu)* + 5.7: Yy — 2wA* (Boy)™,
1 . * A *
D, P* = <3# — 5()# — (w —2)i VH>P + wuZD(Bx)
1 I *
—2<w - 2> du(BXx)". (2.13)
Vector multiplet. The off-shell vector N' = 2 vector multiplet with 4 + 4 degrees of

freedom consists of a gauge field C);, a scalar p, a spinor A and an auxiliary scalar D. Their
transformation rules are given by

—_

1
(SC# = ig’YHA— legw“—i-hC,

dp = (IEAX+ h.c.)+ App,

1 ~ 1 1 1 3
O\ = _ZYWGWG + §iDe — Zi@pe — §ip77 +iA N+ §AD)\,

1 1
5D = ( — JIEPA+ SinA + h.c.> +2ApD, (2.14)



Multiplet | Field Type Off-shell w q
Weyl ep” dreibein 2 -1 0
Yy gravitino 4 — % 1
V., | U(1)g gauge field 2 0 0
Scalar A complex scalar 2 wy —wy
X Dirac spinor 4 wa + % —wa + 1
F complex auxiliary 2 wya+1 | —wq +2
Vector P real scalar 1 1 0
Cu gauge field 2 0 0
A Dirac spinor 4 % 1
D real auxiliary 1 2 0

Table 1. Properties of the 3D, N' = 2 Weyl and compensating multiplets where (w, q) label the
dilatation weight and the U(1)z charge, respectively.

Components | w q
(5) ®, M) % _%
(Z,Q, F) 2 -2
(6.¢.8) | 3 |3
(0,9, N) 0|0
(q)a \IJ’P) _% %

Table 2. Compensating scalar multiplets with (w, ¢) denoting the Weyl weight and U(1) charge
of the lowest component scalar field.

where

Dup = (0 —by) p+ (—ihuA + h.c.)
3 1

a . 1 Al
D\ = (8# — 5()# + 1 wy, b'Yab — 1VM>)‘ + Zwyp Gpo Vu
1. 1. 1.
_§1D¢u + lep Yy + 51/) bu s
~ - 1. -
G = 20,,C,) + < — YA + 5P Yuthy + h.c.) . (2.15)

As we shall discuss in the subsection 4.3, the nonabelian versions of (2.14) and (2.15) can
be obtained by taking the fields of the vector multiplet in adjoint representation of a Lie
group G, and imposing the closure of the algebra accordingly.



2.2 Combination of local supermultiplets

To provide a supersymmetric completion of the Poincaré supergravity and of the higher
dimensional invariants, we need to produce multiplets with different weights. We thus give
now general rules to do so and we introduce all composite multiplets that will be needed
to construct invariant actions.

Scalar multiplets. We will construct composite scalar multiplets using the multipli-
cation rules for scalar multiplets. One can start with two scalar multiplets (A;, xi, F3),
1 = 1,2 and obtain a multiplet whose lowest component having Weyl weight w = wq + ws
and U(1)g weight ¢ = ¢1 + g2 as follows

A= AjAy,
x = Aixz + Aaxa,
F = A1 Fy+ APy + X1X2 - (216)

It is also possible to use the inverse of the multiplication rule (2.16) to obtain a multiplet
with Weyl weight w = w; — wg and U(1)r weight ¢ = ¢1 — ¢2

A= A0,
X = Ay'xa — 41477,
F = A;lFl — A1A52F2 — A;z)zgxl + A1A£3)22X2 . (217)

Given the scalar multiplet (see table 1),

2= (¢7<7S> ’ (2'18)

the associated inverse multiplet has the components
S =@, P) = (671, —07X, 0725+ 670C) . (2.19)

as can be seen by considering the multiplication of the unit multiplet (Ay, x1, F1) = (1,0,0),
which has weights (w,c) = (0,0), with the multiplet (Asg, x2, F2) = 3, by means of the
formula (2.17).

Next, we note that a scalar multiplet (¢,(,S) with weights (w,q) = (%, —%) has the

corresponding kinetic multiplet with weights (w, q) = (%, —%) given by

K = (S*,—2P(B¢)*,40%") (2.20)
where

.
%" = (aa - QV> Dat® +wa"Dy* + f20"

500" (BO)" =S4 Da(BE) (221)



Using the above multiplets as building blocks and using the product formula (2.16) we can
construct a number of multiplets which will be useful in building actions. To begin with,
we consider the four-fold product of ¥ obtaining

S (Z.9.F) = (6, 46 4675 +66%C) . (2.22)

Note that Z has the weights (w, ¢) = (2, —2) and will be useful to construct a cosmological
constant invariant. Another multiplet with the same weights (2, —2) is

CxK o 7 =¢S5,
Q' = (8" —2¢P(BC),
F' = 4¢0%* + |S|?> — 2(D(BC)* . (2.23)

We will use this multiplet to construct the Einstein-Hilbert action. A composite neutral
multiplet with (w, q) = (0,0) can be obtained as follows

Kx X3 .
o= ¢ 1S*,
b = 207D (B()" - 3¢7157¢,
N = 4¢730% — 3674 |S|> + 664CP (BC)* + 6¢°S* A, (2.24)

which can be used to produce new scalar multiplets without changing the weights of the
original multiplets

(0,0, N)" x (Z,Q,F) :
ZM = "7
QMW = ne" 1 Zy + 0",
F = 6"F 4+ no" ' ZN +n(n —1)0" 2 Zy
+no" 10 (2.25)

(@, N) xS (9,0,8) = (06, oC+0v, oS+6N+Cv). (2.26)

Finally, we construct the multiplet (£, p, M), with weights (%, —%), in terms of the elements
of the multiplet (®, ¥, P) as

¢ =0°P",
@ = —20°D(BY)* — 2iy"D*F,, (BA)* + 2ir" F,, D" (BA)*
HVPE,, (BA)* + gify“”ﬁWZD(B/\)* ,
M = 4A0°0°D* — 8iD*Fpy DP®* — 2F,, F°®* + fermions, (2.27)
where we have omitted the complicated fermionic expressions in the composite formula

for M as we shall be interested in the bosonic part of an action formula for which this
multiplet will be used. With this multiplet we will produce a Ricci tensor squared invariant.



Vector multiplets. For the construction of the n vector multiplet action, we first intro-
duce a real function C7;(p), which is a function of the vector multiplet scalars p’, and the
n vector multiplets are labeled by I, .J,...=1,2,...,n. The lowest component of a vector
multiplet can then be composed as

pr = C[JDJ+C[JK S\J)\K. (2.28)

The label I is fixed, and it differs from the indices that are being summed over. We also
define
Crix = o Crkr = OCrs_ Crikim = %
OpkK ' OpK dpL” OpK dpL 0pM

In order to ensure that the p; is the scalar of a superconformal vector multiplet, we impose

(2.29)

that the conformal weight of C7; is w(Cry) = —1, and following constraints are satisfied
Crik =Cruky, Crkp® =-Cr;. (2.30)

Furthermore, additional constraints are needed to ensure that Ay, Dy and @HVI are also the
elements of a superconformal vector multiplet

Crixrp* = —2Crrx, Criximp™ = -3Crikr. (2.31)

Therefore, applying a sequence of Q- and S-transformations, we find the elements of the
composite vector multiplet as

pr = Cry D7 + Cryr NMAK
Al = %CIJK DIAE — % Cry PN — %iCIJK V’Wéil)\K
—i Crig Do’ N + Cryrp NPATAE
Dy = % Cryx D'D" + i Cr,0%7 - % Crik @,{V G
+% Crix Dup’ DHp" — % Crix NP + % Crix DN APAE
—%1 Crogr Nyt G NS + Cryger, DYNENE + Crygepa MAEXENM

~

1 ~ . - 1 ~
Gur = 5Ps (GAW Cry G”U) + 2iDy, <CIJK )\J%]AK) ~1 Crsp’ Fu, (2.32)
where the superconformal d’Alambertian for p! is given by
0% = (aa — 2% + wbba) Dap’ +2f3p" + (=" DN + ey N + h.c.) . (2.33)

Note that G w1 satisfies the Bianchi identity due to the constraints (2.30).

The composition formula (2.32) can be truncated to a map between two vector multi-

1

plets by choosing C2; = p~", in which case one obtains, for the bosonic fields,

pl=p"'D—p AN,

1 1 1 54 —~ 1
D = — 3P 2p? 4 77 0% + 1’ 2G GM — 3’ *DupD¥p
_ 1 L As ~
G/uy = §Da (O\m/p 'G A) - EF/U/’ (2:34)



where 1 labels the multiplet (p, Cyy, A, D), and 2 labels the multiplet (o', C},, \', D). Another

1'in the composi-

composite multiplet is obtained by choosing C3; = —p~2p’ and C3y = p~
tion formula (2.32). The bosonic components of the composite multiplet (p”, A", C7, D"),

labeled by 3, can then be written as

pl/: _p72p/D+plel7
1 1
D// — p—3p/D2 _ p_2DD, _ Zp—Qp/DCp + ip—lmcpl

PP R
=5 G G+ Sp T GG+ L p o Dup Dl

1 _
=3P "Dup'D'p,

. 1 . N
Gy = 5e)\W,DU (—pfzp’G‘”\ + pflG’U)‘> : (2.35)

2.3 Action formulae

In this section, we collect the action formulae for scalar and vector multiplets that we shall
use in the subsequent sections when constructing supergravity models. The construction
of the supergravity invariants require coupling the Weyl multiplet to at least one com-
pensating multiplet. We, therefore, consider two classes of supersymmetric invariants in
accordance with the compensating multiplet under consideration. Finally, we also present
the superconformal completion of the Chern-Simons action [8], which does not require a
compensating multiplet.

Scalar multiplet actions. We start with the action for a scalar multiplet (Z, €, F')
e 'Lr = Re (F — Q- Z@ZW”V%) : (2.36)

which is invariant under dilatations and U(1)r transformations since the highest component
field F' has the weight (w,q) = (3,0).

The composite multiplet given in (2.25) can be used in the action formula (2.36) to
produce

e_1£F<n) = Re(a”F +no" Y ZN +n(n — 1)0”_2Z1;¢ +no"PQ
_ngn_lziu'}/uw - 0"%7“ Q- UnZ"L,u'Ylwwu) ) (2'37)

which we shall use below to obtain an action providing a supersymmetric completion
of RS".

Next, we use the components of the composite scalar multiplet multiplet (2.23) in the
action formula (2.36) which yields the following action that will be used to construct the
supersymmetric completions of the Einstein-Hilbert term as well as the R? term

e Lk = 490" + |S|* — 2( D (BO)* + 299" P (BE)*
_S*J}u'yug -9 S*i’u'yuy¢u . (2.38)

,10,



We next consider the scalar multiplets (£, ¢, M) and (®, V¥, P). Using the multiplication
rule (2.16), the action describing the coupling of these multiplets can be given by

e 'Lep = Re (gp F M + Ty — Dbyl — T — DE z;,ﬁ/wzpy) . (2.39)

Using the composite expressions (2.27), the bosonic part of the action that gives rise to
the wa invariant is given by

e Ly = Re (4c1> O°0C®* + POCP* — 8i® DF, DY — 2F,, ﬁ“bcp@*) L (2.40)

Vector multiplet actions. Supersymmetric Lagrangians for vector multiplet can be
constructed starting from an action formula which describes coupling of two vector multi-
plets as

e YLpp = pD' +p'D+2 (5\/\' + h.c.) — 26“””0“81,0;)
1, - _ 1, -
—5i (PN + Yy A+ hee.) — 3 (P by + hoc) . (2.41)

As a special case, one can set the primed and the un-primed multiplet equal to each other,
obtaining [14]
e Lp =2pD — PO, Gyp + 4NN — i (p Yy + h.c.)
1 _
—Z(p2w,ﬁ’w¢y + h.c). (2.42)
Using the composite multiplets (2.34) in this action formula, we also obtain the con-
formal vector multiplet action
1

1
1 C —1 2
Ly =-0+=p 'D?> -
¢ 4 PP

1 1 1
gp_laup Mp — Zp_lGu,, G 450 CLa,V,,  (243)
up to fermionic terms.

Considering the coupling of a primed and double-primed multiplets in accordance
with the action formula (2.41), and employing the composite expressions (2.35) result in

an action that will be used in the construction of a supersymmetric completion of R? term,

) B B ) 1
e 'Lyyr = p ()’ D* = 2p ' DD + p~ (D) + 1 p~ PO

4
1 —2 /2|:|C 1 -3 /2D DM 1 / 72,D IDH
PP p+ qP PP PR = p mPup PRp
1 ~ = ~ A 1 ~
=P () G G 4 PG, G = SpT G, G (2.44)

where we have provided the terms that contributes to the bosonic part of the action. More
generally, we obtain the most general 2—derivative vector multiplet coupling, by using the

action formula (2.41), as
. 1 1 1 T A
e 'Ly, = 1C1 p'Op” + JCrx p'Dyup” DHp™ — 5C1 emeis
1 ~7 o~ 1
_ZCIJK pIGiVG“VK +Cry DD’ + §C]JK pID‘]DK

1
+ECIJ pJE‘wPCi F,,p. (2'45)

— 11 —



Note that the index I is fixed to represent a certain multiplet by construction due to (2.32),
and summing over I indices correspond to summing different off-shell invariants.

Finally, there also exists an action that constitutes the superconformal completion of
the Lorentz Chern-Simons term. It is given by [8]

1 2 _
Lcs = ~1 ghv? Ru,,ab(w) Woab + gwuab Wb Woea | +MPFLV, — RF vy, RY,  (2.46)

where the Hodge dual of the gravitino curvature is defined by
Rl = e"P(Dy(w) =iV, ), . (2.47)

The supersymmetric Chern-Simons action is invariant under the Weyl multiplet trans-
formation rules (2.6). Therefore, it can be used for both N' = (1,1) and N' = (2,0)
supergravities.

3 N = (1,1) supergravity models

The off-shell N' = (1, 1) Poincaré supergravity and the supersymmetric completion of the
cosmological term are already given in the literature, and they are also referred to as Type
I minimal supergravity or three dimensional old minimal supergravity [8-10, 12]. Here we
shall derive them from the superconformal tensor calculus point of view, which will also
serve to establish our notation and conventions. Again using the superconformal tensor
calculus we shall construct three new invariants, namely the supersymmetric completion
of the R* and R, terms and of (RS + h.c.), where S is the complex auxiliary field. The
last invariant is key to the construction of ghost-free massive supergravity with N = (1,1)
supersymmetry.

3.1 N = (1,1) cosmological Poincaré supergravity

The off-shell Poincaré supergravity action is readily obtained from the action formula (2.38)
by fixing the dilatation, conformal boost and special supersymmetry transformation by
imposing

6=1, (=0, b,=0. (3.1)

The first one fixes dilatation and U(1)r transformation, the second fixes the S-
supersymmetry and the last one fixes the special conformal transformations. Maintaining
these gauge conditions imply that

Ap =iA =0,
1_ 1_
Ak, = Z”¢u - Eeqﬁ“ + h.c.,
1 1
n= —iify"Vye + 55’ (Be)* . (3.2)
These imply the super supersymmetry transformation rules
1
de,* = §E7a¢/t + h.c.

1. » 1 %
0y = Dy(w) e — §1V,,’y Yy € — §S’Yu (Be)
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1., . o *
5‘/# = gl&”y p’)/,u (wup — Ve ¥y — Sy (B¢p) ) t hec.

1

55 - _ng}/ﬂ” (711/,“/ - 1‘/:7' WU’YMZJV - 57M (B@Z’u)*) ? (33)

where

1
D, (w)e= <8M + Zwuab ’7ab>€» Yy = 2D[u(w)¢u] . (3.4)

Using the gauge fixing conditions (3.1) in the action (2.38) gives the the action of Poincaré
supergravity

e Lew=R+2V:—-2|S]> = (Y1 Dy (W), + h.c.) . (3.5)

where V2 := V,V#. Next, we construct the supersymmetric cosmological term by using
the multiplet (Z,, F') given in (2.22) in the action formula (2.36), imposing the gauge
fixing conditions (3.1), and multiplying the action by 1/2, arriving at the result

1-
e 1Le=5— Z@ZJ” v b, + h.c. (3.6)

3.2 N = (1,1) higher dimensional invariants

We begin with the construction of the R? invariant. To this end, we employ the composite
scalar multiplet ¥’ from (2.26) in the action formula (2.38). In the resulting action we
use the composite neutral multiplet from (2.24). Subsequently we fix the extra gauge
symmetries as in (3.1). These are straightforward manipulations which give the full R?
invariant whose bosonic part is given by

e 'Lp = R24+16|5)* +4(VH? + 6R|S|* + 4RV? 4+ 12|S|* V2
160,85 91S* — 8iVES* 0, S + 16 (V,VH)? | (3.7)

where $* 8, 5 = §°8,5 — 5,5,

To construct the supersymmetric wa invariant, we employ the action formula (2.40).
Substituting for the components of the multiplet (®, ¥, P) given in (2.19), and impos-
ing gauge-fixing conditions (3.1), give the supersymmetric completion of the Ricci tensor
squared as follows

— 17 23 14
e 1£R;W+R2 = R, R" — RQ——R|S| — R, V'V + 1 RV2 (V2)2 (3.8)

64 6 16
—%vﬂsy —Zaﬂsaﬂs* VNS*?S+ (V, V)2 — Fpy FHY |

where we have exhibited the bosonic part of the Lagrangian. The R? dependent part can
be removed by adding 62 L2 to this Lagrangian, obtaining

7
e 'Lz, = RuRY — Ry, VIV + ZRV2 42 R 1S|” + —\514 F, Fr

11
+6 (V, V) + g(v2)2 + sz \S! — 60,,S0"S* — 51V“S*§fs. (3.9)
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Next, we construct the supersymmetric completion of the RS™ term. To this end,
we employ the action formula (2.37), in which we substitute for the components of the
multiplets (o,%, N) and (Z',, F’) given in (2.24) and (2.23), respectively. Imposing
the gauge fixing conditions (3.1) in the resulting Lagrangian, and dividing by an overall
constant factor of —(n + 1), we obtain

1 2(3n — 1)

el =~ |R+

5 o S| +2V? — 4V, V*| S™ + h.c., (3.10)

where we have given the bosonic part of the result. Note that the n = 0 case agrees with
the Poincaré supergravity action (3.5) which we obtained by an alternative procedure.

3.3 N = (1,1) generalized massive supergravity

We now consider a combination of the invariants up to dimension four, namely,
1 3 |1 1 1 1
I = 2 d’x §M£c+J£EH+;ﬁcs—l—;ﬁRs—FWﬁRzu—I—ClﬁRz +coLps2| , (3.11)

where (o, M, i, v,m?, ¢y, ca) are arbitrary real constants. Defining
S=A+iB, (3.12)

where A and B are real scalar fields, the ' = (1,0) supersymmetric truncation is achieved
by setting V}, = 0 and B = 0. In that case the so-called generalized massive gravity (GMG)
model is defined by setting

3 1

- = —. 3.13
8m?2’ 2= 8m2 (3.13)

V=00, 1 =
With these choices of the coupling constants the model expanded around supersymmetric
AdS3 vacuum propagates only helicity £+ 2 and + 3/2 states with AdS energies that respect
perturbative unitarity. We shall define the A" = (1, 1) supersymmetric version of the GMG
model by choosing the coupling constants as in (3.13) as well, since the quadratic action
obtained by expanding around the supersymmetric AdSs vacuum contains the N' = (1,0)
sector as an independent subsector. In this case the total Lagrangian becomes

e 'Loya =o(R+2V2—2|S*)+ MA

1 2
_@ |:€MVP (leab Wpab + gwuab w,/bc Wpca) _ 8€MVPVH6VVP:|

1 v 3 2 v v 1 2 2
+W [RWR” - gR - R, VIVY — F, F* 4 ZR(V — B?)
+%|S\2(A2 —4B?%) — %1/2(3142 +4B?) — 2V“B(9MA} . (3.14)
Remarkably, all terms proportional to [05|?, RA%, (V,V#)? and (V,,V#)? have cancelled.

The cancellation of the |05|? and RA? require ¢; and ¢y to have the values given in (3.13),
and it is crucial for having ghost-free propagation of massive modes, as we shall see below.

— 14 —



Notwithstanding that the fields A and B do not propagate, their elimination yields
highly nonlinear interactions, including those which take the form of an infinite power
series in the Ricci curvature scalar R. In that sense, the notion of a supersymmetric GMG
model is extended here, compared to the case of N’ = (1,0) supersymmetric version where
the single auxiliary field, a real scalar, can be eliminated from the action by means of its
algebraic equation of motion, yielding the standard bosonic GMG action. Nonetheless, in
both cases the action contains the combination (R, R* — %Rz), and if we take this feature
to be the defining one for an extended definition of super GMG models, it is clear that such
an extension is not unique. In such models, there is no need for eliminating the auxiliary
fields, even when they are non-propagating, unless their field equations are algebraic ones.

Turning to the model with parameters chosen as in (3.13), here we shall focus on
maximally supersymmetric AdS vacuum and determine the spectrum of fluctuations around
it. In view of the results of [19], the following background is maximally supersymmetric

_ 2 1 _ _
Rw/:_ﬁgwju :_Z s Vu:Oa BZO, (315)

N

where g, is the AdS3 metric, and ¢ is the AdS3 radius which must obey the equation

2

Let us define the fluctuation fields around this vacuum as
1
Guv = g;w <1 + 3h> + H;w, gl“’H/W =0,
A=A+a, B=DB+b, V=V, +u,, (3.17)

and choose the gauge condition
V*H,, =0. (3.18)

The linearized field equations then take the form

1 /o 1 _
DU D) D) D) Hl, = =g (T~ 390 ) 1.
Q- Q Q
W(él:' 3)h:0, WGZO, Wb: ,
Q
—3 [P(n+) D(n-)v], = 0, (3.19)
where
m? 2mA 1
— QO = _ — 2. 2 o+
Nt =Q ( o + 12 Q) , Q=0olm 5 (3.20)

and D(n) is a first-order linear differential operator, parametrized by a dimensionless con-
stant 7, that acts on a rank-s > 1 totally symmetric, traceless and divergence-free tensor as

D] =D, s PO = e (321)

M1 Ms |g|
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The equations for H,, and h agree precisely with those arising in the N' = (1,0) GMG
model [4, 6] whose spectrum was studied in detail in [7], extending earlier results of [21]
for the bosonic model. For “non-critical” values of the couplings summarized by the
condition m2Q(ny — n_)(Ine| — 1)(|n_| — 1) # 0, these equations describe the UIRs of
SO(2,2) with lowest weight (Ep,s), and where £~1Ej is the lowest energy, and s is the
helicity, their values given by

| . RN RIS
Eo: @2 @, (g dt) (eppih). e

The new degrees of freedom arising here furnished by the field v,. From (3.19) it follows
the propagating modes have the representation content

(Eo, 5) : <1+1 77*) , <1+1 77> . (3.23)

4] 04| In-|" In-|

Together with the spin-2 modes displayed in (3.22), these form the bosonic content of
a massive spin-2 supermultiplet of N' = (2,0) supersymmetry in three dimensions. The
structure of this multiplet is similar to the one studied in detail in [22]. The critical
versions of our N' = (2,0) GMG model arises for

m=2Qns — 1) (Ins| = 1)(In-| = 1) = 0. (3.24)

We shall not examine these points here but we note that the spin-2 sector at critical
points has been analyzed in considerable detail in [4]. As for the spin-1 sector, it follows
a pattern similar to the one discussed in great detail in [22], in the context of a parent
supergravity theory whose off-shell degrees of freedom coincide with those of N' = (2,0)
supergravity in three dimensions upon a circle reduction.

4 N = (2,0) supergravity models

This section is devoted to the construction of N' = (2,0) supergravity invariants. The
Poincaré supergravity and its cosmological extension has already been given in [12, 13|, and
it is also referred to as Type Il minimal supergravity. In this section, we first introduce our
gauge fixing choices, and construct the Poincaré supergravity and the supersymmetric cos-
mological constant based on the conformal vector multiplet actions discussed in section 2.
We then proceed to the four-derivative invariants and construct the supersymmetric R?

invariant by the same method. Finally, establishing an analogy between the non-abelian
2

Y
the ghost-free maximally supersymmetric vacuum of the four-derivative extended theory.

vector multiplet and the Poincaré multiplet, we construct the RZ , invariant, and discuss

4.1 N = (2,0) cosmological Poincaré supergravity

The off-shell Poincaré supergravity is obtained from the action formula (2.43) and gauge
fixing the superconformal transformations by imposing the following gauge conditions

p=1, A=0, b,=0, (4.1)
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where the first choice fixes dilatations, the second fixes the S-supersymmetry and the third
fixes the special conformal symmetry. These gauge choices are maintained provided that

AD = 0)
1_ 1_
Agy = ——€p, + N1, + h.c.,
4 4
1~
nziify-Ge—l—De. (4.2)
a

/,L?
a gravitino v, a U(1)g symmetry gauge field V},, a vector gauge field C), and an auxiliary

We therefore end up with the new minimal Poincaré multiplet consisting of a dreibein e

scalar D. The resulting local supersymmetry transformation rules are

1
deu = 57"t + huc.

1 . 1, ~
Sipy = <6ﬂ + Zwuab Yab — 1Vu> €= iy Ge — v, De
1
0C, = _Zig¢“ + h.c.

1 ~ 1 ~ 1 ~
oV, = —§i€7y¢uv + gi@’yu’y S — 5@7 -Gy +iDe, + h.c.
1 ~
0D = —EE’y 1+ h.c. (4.3)

where the U(1)r covariant gravitino field strength is given by

~ 1 . . -~
Vv = 2 (% + 390l Yab = IVM) o) = VY - Gy = 2Dty - (4.4)

Substituting the gauge fixing conditions (4.1) into the Lagrangian (2.43), and rescaling
with a factor of —16, we obtain the following Poincaré supergravity

e 'Lpy = R—2G* —8D* - 8"* C,0,V,, (4.5)

where we have defined
G = ew,G"",  G*:=G,G". (4.6)

Consequently, G, is a covariantly conserved tensor V#G,, = 0. A supersymmetric cosmo-
logical constant can be added to the Poincaré supergravity (4.5), which can be obtained
from the action formula (2.42), and imposing the gauge fixing choices (4.1), obtaining

1-
e 'Lo=2D—e""C, Gy, — (81% Yy + h.c.> . (4.7)

4.2 N = (2,0) RD and R? invariants

For the construction of the RD invariant, we consider the vector multiplet action (2.42)
for the primed vector multiplet (p',Cj, X', D’). Using the composite expressions given
in (2.34) and fixing the redundant superconformal symmetries by using the gauge fixing
choices (4.1), give the supersymmetric completion of the RD action

1
e 'Lrp = RD +8D® — 2G* (F,,, + V.G, + 2DG ) + 3@ Vi Fyp, (4.8)
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where we have rescaled the Lagrangian with an overall factor of —8. Note that although
the RD invariant and the Lorentz-Chern-Simons invariant (2.46) have the same conformal
e"’PV, F,, term, the RD invariant is not conformally invariant as can be understood from
the existence of the Ricci scalar. Such non-conformal invariants are studied in detail in the
context of Chern-Simons contact terms in three dimensions [23-25].

Next, we construct the supersymmetric completion of R?. Using the composition
formula (2.34) and employing the gauge fixing choices (4.1) in the action formula (2.44),
we obtain

e 'Ly = (R +24D% 4 2G*)? — 8 (Fyu, + 2V,G,) + 4DG,,)* + 64D0D.. (4.9)

4.3 N =(2,0) RZV invariant

The supersymmetric completion of the Ricci tensor-squared term is most conveniently
obtained by establishing a map between Yang-Mills and supergravity multiplets. To do
so, we begin by gauge fixing the nonabelian version of the transformation rules (2.14) in
accordance with (4.1), obtaining

1 1

I N -

6C, = §€’m)\ — e €Yy + h.c.,
opl = ie + h.e.,

1 ~ 1 1 1 1 ~
6)\1 = _ZPYMVG{LVG -+ iiDIﬁ — Zlﬁplﬁ — EIPIDE + Zp17 . GE,

§D! = <— éiéﬁ)\l + %iDE)xI - %Efy NE)UmE ig efr! p? NE + h.c.) . (4.10)
where
Dup" = 3up" + (—iu N + hee) + g frr! CF o5,
D\ = (aﬂ + %wu“b Yab — iVu> A4 i’yp”@fw W — %in P+ iiﬁpl by
5o D= 300 G g S CIE,
G, = 20,,Cl - <¢WV]AI — %pl Pty + h.c.> +gflclok. (4.11)
We will next show that the following set of fields

(€, G PV, w, Q7)) (4.12)

transform as a Yang-Mills multiplet (Cﬁ ,pl A D), where the ab index pair plays the role
of Yang-Mills index. The definitions of the torsionful spin connection Qlf“b, the gravitino
field strength 1,5, and the modified U(1)r gauge field are given by

%% = w," +2,"D, (4.13)
Yab = 2V (W, @7, V )by — iy - Gy (4.14)

1, ~
Var = Vo + §€achbC7 (4'15)
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where in the definition of Jab, the connection w rotates the Lorentz vector index while the
connection Q7 rotates the Lorentz spinor index.
First, we calculate the transformation rules for w,ﬁb, D and Gy

1~ 1 _
S, ™ = — 1€ Mtab + 5@7%% + Deyap P, — i€, G + hec., (4.16)
1 ~
0D =~ &y W+ he., (4.17)
~ 1 ~
0Gap = _Zigwab + h.c.. (4.18)

From the first two equations, we observe that
—ab 1 — Tab . ~ab
00, = —5¢ Y — i€, G* + h.c.. (4.19)
Next, we compute the transformation rule for the gravitino curvature

~ 1o P . o e
5'Lﬁab = E’yCd Rabcd(Q+)€ — lFab(V)G - QIV[Q(W)GI,]C’)/ €

—iV[a(w) @Cd&“b]cd + 2iD éab€ — @ab'y . ée
—I—iévab v ée, (4.20)

where ﬁabcd(Q+) represents a torsionful supercovariant Riemann tensor. Using the defini-

tion of V. given in (4.15), the Bianchi identity V[a@bc] =0 and ﬁabcd(Q+) = Reqap(27),
we rewrite the transformation rule for the gravitino curvature as

1 . A . .
Sthap = ZVCd Redab(27)e — iFp(Vi)e +iV(Q7)Gape — Gap v - Ge, (4.21)

~

where in V,(27)Ggp, the connection Q7 rotates both a and b indices. Finally, defining
Fop(Vi,w,Q7) where w rotates the Lorentz vector index b, whereas the connection Q~
rotates the index ¢ in the covariant derivative acting on Gy, we have

~ 1 ~ B o~ B . oA
Oap = Z’)/Cd Rcdab(Q )6 — lFab(V+, w, )6 + IW(Q )Gab €
—Gapy-Ge+2iDGgpe. (4.22)
Finally, we consider the transformation rule for ﬁab(V+, w, Q)

. 1 - 1 - PN U
5Fab(v+7 W, Qi) = ZiEV(W, Qi)wab - ZiDgwab + s€vy- Gwab —ie Gc[ad}b}c + h.c. ) (423)

o =

where in V. (w, Q_){p\ab the connection w acts on the spinor index, whereas 2~ acts on both
a and b indices.

Comparing the transformation rules (4.18), (4.19), (4.22) and (4.23) with those of the
nonabelian vector multiplet, we find the following correspondence

Qb OL 4GP pl P e AL 2V, ,w,Q7) & DI (4.24)
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We now turn to the supersymmetric completion of the Ricci squared term. To this
end, we first construct the following Lagrangian

e eya = 3(Gh — PG (@~ )

1 1
—5(D" = p'D)* + 2 Dyp D"p!, (4.25)
describing the bosonic sector of Yang-Mills multiplet coupling to supergravity. This is
obtained by generalizing the superconformal invariant action (2.44) and then fixing gauges
according to (4.1). It is now straightforward to use the map (4.24) which gives the bosonic
part of the supersymmetric completion of the Riemann squared action

- 1 - ra — a v
€ 1£Riem2 = Z (—R,ul/ab(g2 ) - 4Gab Guy) (RN b(Q ) — 4G b G'u )
—2<Fab(V+,w, ) - 2DGab> (F“b(V+,w, 0 — 2DG“b)
2V, (27) Gy VA(QT)G . (4.26)

Finally, expanding the torsion terms and using the definition of three-dimensional Riemann
tensor

1
R,uzzab = Euvp €abe <Rpc - 2€pCR> ) (427)

we obtain the supersymmetric completion of the Ricci squared action

¢ 'Lpp, = R R — iRZ +4RD?* + RG? — 2R, G" G* + 48D* + 8DOD
+8D?G? + (G?)? — 2(Fyu + V[,G,))? — (VuGy + 4DG ) (4.28)

where we recall that G, := €., G*P. If desired, a term proportional to Lz from (4.9) can
be added to this result to obtain the invariant in which the only curvature squared term is
that of the Ricci tensor.

We conclude this subsection with comments on the existence of an off-shell RD? in-
variant. Considering the vector multiplet action (2.45) and the composite formulae (2.34)
and (2.35), we find the following choices for C7; to obtain a supersymmetric completion
for the RD? term:

1. The supersymmetric completion of the RD? term can be obtained by supersym-
metrizing the (1°(p~3D?) term. In order to do so, we can consider two vector multi-
plets: (p, Oy, A, D) labeled by 1, and (p”, Cjj, \", D") labeled by 3, and set C13 = p L
Making this choice, we find that all the terms in the Lagrangian (2.45) cancel each
other out, thus, not giving rise to an RD? invariant.

2. Alternatively, one can consider the supersymmetric completion of p~2D?[¢p which
gives rise to an RD? term after gauge fixing. Such a model can be obtained by con-
sidering two vector multiplets: (p,C, A, D) labeled by 1, and (o', C},, ', D') labeled
by 2, and set C = p~!. Making this choice, however, we find that the resulting
action is the R? action given in (4.9).
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3. Another alternative is the supersymmetric completion of p~2D¢(p~' D). This con-
struction also corresponds to the choice Cy = p_l, and coincides with the R2 action
given in (4.9)

In view of these arguments, it is not clear to us how the supersymmetric completion of
RD? as an off-shell invariant independent of the R? and wa invariants can be obtained
within the tensor calculus framework presented in section 2.

4.4 N = (2,0) generalized massive supergravity

We now consider a combination of the invariants unto dimension four, namely,

I = % dg:ﬂ |:MEC+O'»CEH+1£C’S+1£RD+12£R2V+CER2 R (4.29)
K 0 v m Z

where (o, M, i, v, m?, ¢) are arbitrary real constants. This action is invariant under the off-
shell supersymmetry transformation rules given in (4.3). If we consider the defining feature
of a super GMG model to be that it contains the term R, R" — %RQ, such an extension
is clearly not not unique, as discussed earlier. Focusing on maximally supersymmetric
backgrounds and ghost free fluctuations around it, we begin by noting that the metric for
such backgrounds is AdS or Minkowski. In the former case, D must be non-vanishing, and
this is problematic for ghost-freedom due the presence of the RD? term in the action. Such
a term is akin to the RA? term in the A" = (1,1) model which we are able to eliminate.
In the case of Minkowski background, the presence of the RD? term is harmless. Thus,
to achieve maximally supersymmetric Minkowski background, we are led to consider the
model with the following choice of parameters

M =0, v =00, c=——. (4.30)
In this case, the total Lagrangian becomes
e 'Loywg = o (R—2G,G" —8D* — 4G"V,,)
—ie‘“"’ [Rm,“b Woab + gwﬂ“b Wi’ Woea — SVH&,VP]

4p 3

1 v 3 2 2 v 1 2
+m2[RWR“ ~ B~ 2RD® — Ry, G*G” + JRG (4.31)

1 v v
—24D* + 5(G2)2 —4D*G? — F,,, F* + 8DG" (F,,, + VMG,,)} :

For the maximally supersymmetric background, the fields (D,V),,C),) are vanishing.
Therefore, the analysis of the linearized fluctuations for spin-2 modes around this back-
ground is the same as that of standard GMG model, amounting to the purely gravitational
part of the action above. Thus, we know that the system describes two massive helicity
+2 modes with masses [26]

4
m
mi =—om®+ —

1+14/1
212

g (4.32)

40/1,2]
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Ghosts are absent for m? > 0 and o < 0 [5, 6, 26]. Next, we note that the linearized
fluctuation of the field D vanishes. Denoting the linearized vector fluctuations of (V,,,C},)
by the same symbols and choosing the Lorentz gauges 9,V# = 0 and 9,C* = 0, one finds
that their linearized field equations are

1 1,
W‘:‘V“ — ;GM P 61/‘/p —+ O'G'u = 0, Fl“’ —+ QO[MGV} = 0 . (433)

A simple manipulation of these equations gives

2 F,
(O + om?)8.57 — 7 e[uﬂ"ay}] ( ”") =0, (4.34)
p Gpo

Diagonalizing the mass matrix one finds that the masses for V# and C* are given by the
formula (4.32). Thus, we have found the bosonic sector of two massive spin-2 multiplets
of N'= (2,0) supersymmetry.

5 Conclusions

In this paper we have completed the construction of all off-shell Poincaré supergravity in-
variants up to mass dimension four and with N' = (1,1) and ' = (2,0) supersymmetry.
We have mostly utilized superconformal tensor calculus except for the supersymmetric
completion of Ricci tensor squared invariant with A' = (2,0) supersymmetry, where we
have employed a map between the Yang-Mills multiplet and the Poincaré multiplet. The
resulting Lagrangians with A/ = (1,1) and N/ = (2, 0) supersymmetry contain seven and six
free parameters respectively, each of which corresponds to separate off-shell invariants. We
have determined the relation between the parameters so that the spectrum of fluctuations
about a maximally symmetric vacuum solution is ghost-free. For ghost-free fluctuations
about AdSs vacuum, certain type of off-diagonal invariants with mass dimension four,
namely RS? for N = (1, 1) supersymmetry and RD? for N = (2,0) supersymmetry, with-
out curvature squared terms in their supersymmetric completion, play a crucial role. We
have constructed the former, but surprisingly we have found that the latter does not seem
to exist. Consequently, the N' = (2,0) model does not seem to have a supersymmetric AdS
vacuum with ghost-free spectrum, even though it does admit a supersymmetric Minkowski
vacuum that gives ghost-free massive spin-2 multiplet.

There are a number of directions to pursue in probing the properties of the general
class of off-shell supergravities constructed here. While the supersymmetric AdS vacuum
solutions were examined here, it will be instructive to study the non-supersymmetric AdS
vacuum solutions as well. A systematic study of the ghost-free vacua and their stability
under quantum corrections would also be useful. Such studies would also shed light on
the role of extended supersymmetry and the differences between the two versions of the
off-shell /' = 2 theory at the quantum level.

Although we constructed vector multiplet actions by using an arbitrary function of
vector multiplet scalars, as given in (2.45, we did not consider such constructions for the
scalar multiplet in this paper. It would be interesting to consider the coupling of an
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arbitrary number of scalar multiplets and vector multiplets, since that would enable us
to construct a large class of supergravity Lagrangians [27]. The composite expression we
derived for both scalar and vector multiplet can also be used to construct matter-coupled
higher derivative supergravity models. Such three dimensional matter coupled theories have
attracted considerable amount of attention in the context of rigid supersymmetric theories
on three-manifolds [23, 28]. Since the compensating multiplet used in the construction
of N = (1,1) theory includes a complex scalar, our gauge choice fixes R-symmetry in
addition to dilatations. However, this is not the case for the N = (2,0) theory, since we
gauge fix dilatations with a real scalar. Therefore, one can use this setup to obtain an
Einstein-Maxwell theory where the R-symmetry is dynamically gauged.

Finally, we would like to mention that since N' = (1,1) generalized massive gravity
admits a maximally supersymmetric AdSs; vacuum, one should expect a holographically
dual superconformal field theory. Here, we do not attempt to calculate the central charge
as in the original argument of Brown-Henneaux [29], but consider the bosonic truncation of
the N = (1, 1) generalized massive gravity (3.14) as in [4, 6]. For parity-preserving theories
with higher derivative extensions, the left and right central charges are given by [30, 31]

¢ (el
G .
2G5 7" R,

cL =CR = (5.1)
Parity-violating terms result in a difference in the left and right central charges. Given
the Lagrangian (3.11) with parameter choices (3.13), the only parity violating contribution
comes from the Lorentz Chern-Simons term and it is given by iﬁ.Therefore, the central
charges read

30 11
= +— . 2
T (” T omze ;w) (5:2)

Note that this result precisely matches with the three dimensional N = (1,0) model [6]
since vacuum expectation values for the R-symmetry gauge field V,, and the imaginary part
of the auxiliary scalar S vanish (3.15).
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A Complex spinor conventions

The metric signature is (—,+,+). The gamma matrices satisfy the Clifford algebra, i.e.
{’7a7 ’Yb} = 21’ and the identities

() =220 (T =-0yeT, (") =By BT, (A1)
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where C' is the charge conjugation matrix and B is a unitary matrix with properties

cot =1, co* =—1, ct=—cC. (A.2)
C =iBy°, BBt =1, BB* =1, BT = B. (A.3)

For Dirac spinors, there are two different definitions of the conjugate which are given by [10]

e=iely0, &= (Be)*. (A.4)

For Majorana spinors, we impose the reality condition ¢* = Be and Majorana conjugation
€ = €/'C is equivalent to Dirac conjugation € = ief~Y.

In order to obtain the flipping rules for bilinears formed by Dirac spinors, it is useful
to decompose a Dirac spinor into two Majorana spinors as ep = €1 + i€po. As a result,
we have

(Bep)™ = em1 — ienra, €p = €n1 — i€ar2, €p = €1 + €2, (A.5)
from which one can obtain
el (BGQ)* =ael’ (Bel)* , €il'es = aéley (AG)

where ' is any element of the Clifford algebra and « is the corresponding numerical factor
in the Majorana flipping relations. Using the decomposition, one also gets

el (362)* =aéle. (A7)

Note that this time we get a different type of bilinear, which becomes an important issue
in the closure of the algebra on the scalar multiplet. Namely, QQ commutation leads to a

translation parameter

1. « 1. *
5= 5627“ (Be) —5617“ (Bea)™ (A.8)

which can be shown to be identical to the usual translation parameter

1 1
& = 5@7“61 - 5517“627 (A.9)

by using (A.7).
The charge conjugation of a spinor is defined by A\ = B~'A\* = (BA)* and the complex
conjugation of bilinears are

(XTA)* = (\TA)© = xCTENC = ¢ (BA)* (A.10)
(XTN)* = (RTN) = xCTONC = x19(BA)*, (A.11)

where the charge conjugation of matrices are determined by (I'; FQ)C = F?Fg and fyg = Y.
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B Fierz identities

Elements of the Clifford algebra in 3D are {F 4 ]l,fy“} with the orthogonality relation
Tr (FAFB) = 26§. Therefore, any 2-dimensional matrix can be expanded in the basis
{I‘A} as M = %ZA Tr (MT 4) T4, As a result, the Fierz identity in 3D is given by

1
X1X2€= 5 (X1€x2 + X17"€YaX2) (B.1)

from which one can also obtain

X17X2 Y€ = —X1X2€ — 2X1€ X2, (B.2)
X1 X2 Yabe = 2X1 X2 €+ 4X1 € X2 (B.3)

Whenever flipping relations are applicable, one can also obtain additional identities by
antisymmetrizing (B.2)—(B.3) with respect to 1 +— 2

X17°X27a€ = —X1€X2 + X2€X1, (B.4)
X17"x2 Vabe = 2%1 € X2 — 2X2 € X1 (B.5)

which are also true for bilinears of type &I (Be2)*. Using (B.4) in (B.1) we also obtain

X1X2€=—X1€X2 — X2€X1- (B.6)
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