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Abstract. The complete structure of curvature squared terms is analyzed in the context of chirally extended
supergravity, with special emphasis on the gravitationally induced Fayet—Iliopoulos D—term. Coupling of
(chiral) matter is discussed in relation with a possible extension to U(1) supergravity of the equivalence
mechanism between R + aR? and General Relativity coupled to a scalar.

Introduction

Higher derivative supergravity theories [1-5] have been
proposed as messengers for supersymmetry breaking
through gravitational effects [6]. More recently, the equiv-
alence of R+7R? theories to gravity coupled to a scalar [7],
in its supersymmetric version [8], has been advocated to
provide a supersymmetry breaking device as well [9-11].
All these scenarios are based on traditional supergravity.
On the other hand, in the presence of a chiral abelian
gauge structure, known as U(1) supergravity [12,13] a su-
pergravity induced D—term appears naturally [14,15].

In the present paper, we describe explicitly the com-
plete structure of curvature squared terms in U(1) super-
gravity, and discuss possibilities to extend the scheme of
[9] to this case.

In the first chapter we review shortly General Rela-
tivity [16] and Whitt’s mechanism [7]. After an outline of
U(1) superspace and the construction of the pure U(1)
supergravity action in Chapter 2 we turn to the complete
description of curvature squared actions for U(1) super-
gravity. Our description is based on methods of super-
space geometry as reviewed in [17]. The paper closes with
a discussion of matter coupling to U(1) supergravity with
curvature squared terms.

General Relativity
with curvature squared terms

It is known that pure General Relativity is a nonrenor-
malizable theory [18,19]. Adding quadratic terms in the
curvature tensor allows to construct renormalizable ac-
tions [20]. The most general action which contains fourth
order derivatives can be written as

S=n / d'zy/=g (R+a'R* + 'R Ronn
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where 7 is related to the gravitational constant, resp. the

Planck mass,
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whereas ya/, v’ and ~yc are dimensionless. Taking into
account the Gauss—Bonnet combination

Scp = / d*z/=g (R* —4R™ R

FR™P Rnnpq) (3)

which, as a topological invariant, does not depend on the
metric and, as a consequence, does not contribute to the
equations of motion, this action may be written as

Sl =8 - C'YSGB

- 7/d4x,/—g(7a +aR® + BR™ Romn) (4)
with constants a = o’/ — ¢, 8 = 8’ + 4c. This theory de-
scribes [16,21] the graviton together with a massive spin
two “poltergeist” and a massive physical scalar field. For
B = 0 the poltergeist decouples [8] and the action

Spoms =7 [ dav=g(R+aRY) . ()

which, however, is no longer renormalizable [20], describes
a graviton coupled to a massive scalar field [7]. Following
[7], one starts from the action

SRt = 7/d4x\/jg(7?, +2a¢R — a¢?) . (6)

On the one hand, varying with respect to ¢ reproduces the
action (5). On the other hand, performing a Weyl rescaling

Gmn = (1 +2a¢) "¢l (7)
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yields

Sriys =" / d'zy/=g (R +60*(1 +20¢)
XM Pdl ¢ — a1l + 2a¢) 247 (8)

where the presence of the massive scalar field is manifest.
It is in this sense that curvature squared gravity is said
to be equivalent to General Relativity coupled to a scalar
field [7].

U(1) superspace and supergravity

Supergravity is described in terms of the vielbein field
en®(x) and the Rarita-Schwinger field ,,*(z) together
with a set of auxiliary fields' M, M and bg, i.e a complex
scalar and a vector. The latter are necessary to close the
algebra of local supersymmetry transformations. In con-
ventional supergravity which is given as the supersymmet-
ric generalization of the curvature scalar they describe non
propagating degrees of freedom.

On the other hand, in supersymmetric versions of the-
ories with curvature squared terms those fields acquire
derivatives and become propagating fields as well.

In the present paper we will extend this scenario to the
case of U(1) supergravity, describing an enlarged multiplet
with additional components A,,, A* and D. This theory
has an additional gauged chiral U(1) symmetry with A,
as gauge potential, \* the gaugino superpartner and D
the auxiliary field. One of its interesting features is that
it allows the construction of a particular supersymmetric
Fayet—Tliopoulos [22] term in the context of supergravity
[15].

The superspace formulation of U(1) supergravity [12,
13] is a generalization of that of conventional supergravity
[23]: in addition to the Lorentz group in the superspace
structure group it contains a chiral U(1). In order to be
more explicit we review shortly the salient features of U(1)
superspace geometry, following closely [24,17]. The basic
objects are the vielbein E4, the Lorentz connection ¢z
and the U(1) connection A. They are all one—forms in
superspace:

EA =dMEW* (9)
ot = dzM oyt (10)
A=dMAy . (11)

Correspondingly, one defines the torsion T4, the Lorentz
curvature Rg?, and the U(1) fieldstrength F:

T4 = dE* + EB¢p? + w(EAEAA (12)
Rp* = dpp™ + b | (13)
F=dA, (14)

! This set of auxiliary fields corresponds to the so called
“old—minimal” formulation. Other choices are possible, as for
instance “new—minimal” and “non—minimal” formulations, but
they will not be considered here
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which are two—forms in superspace. The chiral weights of
the vielbein are defined to be

WE)Y=0, wEY) =1, w(E;)=-1. (15)
The basic covariant superfields which completely describe
torsion, curvature and U(1) fieldstrength are

___apy
Waﬁ’y ’ W~ )

~—

X -

(16)
Component fields are defined as lowest components of su-
perfields in the usual way

R, R', G.. and X°,

a a « 1 «
E, |:em (17) R |: iwm (.Z’) , Am| :Am(x) )

(17)
for the gauge fields. In particular the metric tensor is de-
fined as gmn = em®en’Nay, with 0., = diag(—, +, +, +).
Moreover one has the usual definitions

M

M b
Rl=-%, Rl=—"%, Gl=—2, (1§
in the gravity sector and
Xo|l = —ida, X'|=i\*, D°X,|=-2D, (19)

in the U(1) sector. We also define a gauge potential® A,,
which is related to A, by

A, = A, + %bm , (20)

and which will be used as the basic component field from
now on. Correspondingly, we define the U(1) covariant
derivative D,, X

DX = O X +w(X) A X = DmX+%w(X)me . (21)

The supergravity action is given in compact form as the
volume element of U(1) superspace, i.e3

si=-3 (k.

The corresponding component field expression is most con-
veniently extracted from the generic lagrangian [24]:

(22)

1 . _
e L, = jpm —r|(M + &™)y,

+% (Vmad™ ) Dar| + he (23)
with the choice

r=-3R. (24)

2 This definition takes into account the constraint: FBa =
—3G*,, which is used in [24]
3 Action and lagrangian are related by the relation: S =

f d*zL
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Using the explicit component field form of D, R|, D?R|,
one obtains?*

M2
6_1£1 = —JR +

2
—M?(MM b"ba)

MNPy (@mén@pwq - men@;lﬂZ(J

1 - _

+§(wm6m/\ — o™ N)Mp + DMp . (25)
Clearly, this lagrangian exhibits the usual Einstein term
together with a kinetic term for the gravitino and the aux-
iliary field terms for M, M and b, as in usual supergravity.
One of the new features due to the chiral U(1) is the ap-

pearance of A,, in the covariant derivative of the gravitino
field

ﬁmwna = amwna + wnﬁwmﬁa + ql)na;lm

Moreover there is a term linear in D, which clearly shows
that this theory in itself cannot be complete. It is com-
pleted in adding a kinetic term for the U(1) gauge mul-
tiplet. In this case the term linear in D can play the role
of a Fayet—Iliopoulos term [15]. The superfield action is
defined as

1 [E 1 — 4
- [ =X°X - X, xX°
S/R a+8/RT

1

Taking 7 = 7 X*X, in the generic construction (23), one
derives the component field expression

(26)

(27)

e Lxe = D4 F Ey
i <
—5)\0 DA
.
—5)\0 DA
~+other fermionic terms . (28)

These two lagrangians are separately invariant under the
following supersymmetry transformations (as derived from
superspace geometry in the usual way)

Seem” = i(E0 m + E5%Pm)Mp" (29)
Sethm® = (Qﬁmga —ig%b,,

—é(&a“frm)“ba + ;(iam)“M> Mp , (30)
OcPma = (2D + i€abm

+é(5&“om) ba + 3(§Jm)aM> Mp , (31)

6 M = —2i(EN) (+4(60™ Drnthn)

4 In this part, one introduces the Planck mass in order to
see how it appears in the lagrangian and also in the super-
symmetry transformations. In particular, one can notice that
a cosmological constant appears with M. In the following, we
will take Mp =1
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+i(Pm&)b™ + i (Y E)M) M (32)
67 = 2i(EN) (+4<fam”7>m¢n>
_Z(’J}mg)bm - ( m)M) M ! (33)
Seba — (;(saa Boiln) + 3 (€0 m“wn)bm)Mpl
3 o 3 _
<2(£0mno—apmwn) - 2(50mn¢n)bm> M];l

1 - )
<_2eam(£0'd¢m)bd + 56
+i(E0N\) + h.c,

5D = (£ D) — (€™ D) — £ (E0™ X+ E0™ b

amwm)M) My
(34)

1 _ _
+§(¢maklgm§ - wma_kla—_mg)
X (QiﬁklM;1 + iwkal;\M};2 + ilzka'l)\M;%

(- —m m & -
+§(1/)m0 §+¢m0 g)DMPl 3 (35)
- 1 _ _
0eAm = 5()\amg + Aamé) , (36)
SeA = (E0™™)Y(2iFyp + nom AM 5!
FUnomAMp') +i°D (37)
555\0'4 = (ga'nm)d(2ipnm + ¢n0'm5\M1;1
+1zn6m)‘M1;1) - ing (38)
Here the U(1) fieldstrength
Fry = OpA; — 9 A (39)
and the covariant derivatives
DA = O A* + NPw,s® + XA, | (40)
DA —8)\+)\ﬁwma AaAn, (41)
as well as
Din&” = Om€® + oo +5“21m : (42)
ﬁmg = mfa +§ﬁwm & Ea m (43)

occur.

Observe that the sum of £, and L x=, which might be
referred to as pure U(1) supergravity, gives rise to a cos-
mological constant after diagonalization in the field D, as
discussed in [15,14,25]. In our case this action provides
the starting point for the discussion of curvature squared
terms and diagonalization should only be performed af-
terwards.

Curvature squared terms
and U (1) supergravity

As is well known [1] curvature squared terms in tradi-
tional supergravity are identified in the highest superfield
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components of the combinations W "W, 3., G°G, and
RR' of basic supergravity superfields. In the case of U(1)
supergravity a number of modifications arise due to the
presence of the U(1) sector in the geometry, as explained
in detail in [17]. In order to fix our notations we shall
consider here the three superspace actions®

E (5
Sw2 /QR(W W(@) the, (44)

ScrtorRt = / E(G"G, +2RR) , (45)

Srrt = —3 / E(36RR') . (46)
Complete component field expressions can be evaluated
in using the generic component field action (23) with the
identifications, respectively®,

afy
w2 =W Wagy (47)

1,
TG2{2RRt = ) (D2 - SR) (GaGa + 2RRT) ,» (48)
S g(ﬁ — 8R) (36RRY) , (49)

for the generic chiral superfield r.
In what follows we shall only discuss the purely bosonic
contributions of these actions. Following [17] one obtains

6_1,Cw2

1 1
_ gwdqbaWdc,ba + g(F”man) , (50)

6_1£G2+2RRT
1~ - 1 1
_ —*RbaR " 7732 o 7D2
8 b+ 56 6
1 .
—2 (Fm"an T 2F’""an) ,

G_IERRt
3 2 1. —
= —1(R—2D)"+ (bmbm + 2MM>

xR —2(b™by, + 2MM)D
13D MD,, M — 3 (eamﬁmba) i
b (M@mM _ Mﬁmﬁ)
—%((MM)Q + MBIV, + (074)°) |
with the conventions
Fpn=Fpn + %an ,
Bun=0mbpn — Opby,

® The combination G°G4 + 2RR' which appears in the sec-
ond action is particularly convenient for discussion of the su-
persymmetric Gauss—Bonnet invariant

6 Component formulation of a lagrangian f EX, where X is
a real and U(1) invariant superfield, is obtained by using the
generic lagrangian (23), with r = —% (ﬁ2 — 8R)X, (@2 - SR)
is called the chiral projector
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and where the Weyl tensor Wy pq, the Ricci tensor Rea
and the curvature scalar R are identified as usual in the
decomposition of the Riemann tensor Rgc,pq:

Rdc,ba

1 ~ ~ ~ ~
= Wdc,ba + 5 (ndbRca - ndaRcb - nchda + ncaRdb)

1
+7(77db77(:a - ndancb)R .

5 (55)

With the first two lagrangians (50) and (51), one can
obtain the supersymmetric version of the pure Gauss—
Bonnet invariant (3) plus terms involving D? and
FmnE . These new contributions are due to the addi-
tional U(1) sector, they can be cancelled by adding £ x-=.
As a result, the pure super—Gauss—Bonnet combination is:
16

£GB:8£W2 + 16£G2+2RRT + E‘CXZ . (56)
In terms of component fields this reproduces exactly the
combination of equation (3), i.e:

S 1
e L= W pa — 2RP Ry, + 6R2 . (57)

In order to discuss the most general form of U(1) super-
gravity with curvature squared terms we shall consider the
combination”

Liot=a1L1 + a2Lx2 + azLrRt

+G’G‘CG2+2RRT + GWL:V[/2 (58)

with £1 and Ly2 defined in the previous section. Inspec-
tion of the individual contributions shows that diagonal-
ization in the auxiliary field D of the U(1) sector will in-
troduce additional curvature scalar squared terms. More
precisely, defining

D=D+ g(al + 3asR — dasMM — 2a3bmbm) , (59)

with

as ag\ !
= —3 _— 7> s
¢ ( Bty TG

gives rises to the component field lagrangian

(60)

eilﬁtot:*%(l + 3(136)R — %(1 — 60,30)MM
+%(1 + 3a3¢)b%b,
+a?wwdc’bawdc7ba . %kbaﬁba

3a3 aq 2
+ =201+ + =
( 1 ( 3a30) 9% )R

a ~ ~ 1
+<a2 - ?G)anan + E(QU'W - aG)anan
+3a3D™MD,, M + ¢ 'D?
- 2
—3as (eamDmb“)

" a; are real constants
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+iagh™ (MDy M ~ MD,, M)

+%(1 +12a3¢)RM M

+as(1 + 3azc)Rb%b, — %

*%(1 + 12az¢) ((MM)? + MMb™b,)
— (L + Bage) (4°0,)” (61)

The Lorentz and U (1) covariant derivatives appearing here
are defined as

Dy M=0,, M + 2A,,M , (62)
Db =0, b + bwpn® (63)

according to the chiral weights:
wM)=2, w(*)=0. (64)

This is the (bosonic part) of the component field lagrangian
which is relevant for the discussion of curvature squared
terms in U(1) supergravity. As a first observation consider
the special case

(65)

which adjusts the relative factor between the squares of
the Weyl and the Ricci tensors to that occurring in the
Gauss—Bonnet combination. In this case the general action
is specified to

ag = 2aw

eilﬁmt:f% (14 3asc)R

a1

(1= 6ase) M + %(1 + 3a3¢)b%,

L 1
+%W (Wd“bawdc,ba — 2R Ryu + 6722)

3 L
—%(1 + 3a3¢)R2 + 2¢1(1 + 3azc) F™ Fyy

- o “ - 2
+3asD™MD,, M + ¢ 'D? — 3as (eamDmb“)

+iazb™ (MﬁmM - Mﬁmﬂ)
—%(1 + 12a5¢) ((MD)? + MMb D,)

_%(1 + 3asc) (b, )2

+%(1 +12a3¢)RM

aje

4

This action is the U(1) supergravity analogue of the case
B = 0 discussed for the non—supersymmetric case (5).

As an aside, note that in order to obtain the Gauss—
Bonnet combination of curvature squared terms one has
to cancel the additional R? term. This can be done by
choosing either ag = 0 or (1 4 3agc) = 0. In the first case,
the lagrangian is reduced to

+as(1 + 3azc)Rb%b, (66)

1 ay ay = ay
Looi=—2R — C AT + Lo,
€ FamT 3 T3
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2
aic

4
S 1
+ (Wdc’bawdc,ba = 2R Ry + GRQ) /(67)

+2¢ L EM B, 4+ ¢ TD? —

and in the second case one obtains
2

. ~ 2
—3a3D? — 3a5 (eamDmb“>

e VLop=—ar MM — =2 MMR + 3a3D™MD,,, M

Tiash™ (H@mM _ Mﬁmﬁ)
2

Toq; T ((MDM)? + MMb®b,)

~ b 1
+5 (Wd@b“wdc,ba — 2RY Ry + 6732) :
(68)

Clearly, the first case describes a generalization of a su-
pergravity action with a correctly normalized (for a; = 1)
curvature scalar term.

The interpretation of the second case is more subtle in
that a Weyl rescaling in M M should be performed [6,9]
to arrive at a correctly normalized Einstein term.

Finally, the coupling of curvature squared term to tra-
ditional supergravity can be recovered from equation (61)
in simply switching off the U(1) sector, i.e taking as = 0,
A, = 0 and substituting D = S(ar + 3a3R—
4azM M — 2a3b™b,,), which eliminates the c-dependence
in (61).

Coupling to matter

As chirally extended U(1) supergravity provides a natu-
ral framework for a gravity coupled Fayet—Iliopoulos term
[14,15], it is interesting to investigate couplings to chiral
matter in this context. This discussion serves at the same
time as a prerequisite for the generalization of the Whitt
mechanism, as alluded to in the first section, to the case
of U(1) supergravity.

To begin with, we consider a single chiral superfield &
of U(1) weight w(®) = w, and, correspondingly @ of U(1)
weight w(®) = —w. Evaluating the supersymmetric action

S=a1851 + asSx2 + a4/Ef(§Zi, 95)

E . E _.
+a5(/2R¢ +/2RT¢),

where z is given in term of the chiral weight: x = % for

(69)

w(®) # 0. In terms of component fields, one finds, for the
purely bosonic contribution,

_ 1 1 — 1
6_1£:(a1 + a4f(A, A)) (—2R — gMM + 3bmbm)

+(a1 + asf(A,A) — ZCMW(][AA + fAA)>D
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+ D% + P Py
Fiagb™ ( FaDmA— fZﬁmZ)
+3a.f 5 (D" AD, A - FF)
+ay(faMF + fxMF)

+a5x(FA(x—l) _i_m(xfl)) ’ (70)
with the definitions
Pl=A, D*P| = —4F . (71)

Clearly, this provides a generalization of the Fayet—
Iliopoulos term to the case of matter—coupled chirally ex-
tended supergravity, and possible applications to symme-
try breaking mechanisms deserve further study.

On the other hand, this action is the starting point for
the generalization of the Whitt’s mechanism as well. In
order to establish the relation between curvature squared
U(1) supergravity with its matter coupled counterpart,
linear in the curvature scalar, we shall start from (66)
with the particular choice ag = ayw =0, i.e

L=a1L1+asLx2+ asLRrpt , (72)

which is a supersymmetric version of (5). As to the super-
symmetric analogue of (6) we consider

S=a181 + a2Sxs + as (_3 [ B@s+a+ )

E E .
+/2RA¢+/2RTA@> :

which has the same appearance as the corresponding ac-
tion in traditional supergravity [8]. However, in the present
context a number of new features appear. In particular,
for reasons of consistency with the U(1) gauge structure,
the U(1) weights of the chiral superfields ¢ and A are
determined to be:

w(@) =2,

(73)

w(A)=0. (74)

Evaluation of the purely bosonic part of this action in
terms of component fields gives

e 'L=(a; +a3(AA+ B+ B))

11 1
SR MM + 0"y,
X( R gMM g )

+ <a1 + as <1 — gw(¢)) AA+a3(B+ B))D
+%D2 + asF™E,.,

+iagh" (ADy A — ADyp A+ Dy B — D)
—|—3a3’l5mA15mZ

+a3(—3FF + AMF + AMF + FB + FB)
+as (G(M + A) + G(M + A)

—ABM — ABM) (75)
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with the definitions:

A|=B, DAl = —4G . (76)
Taking into account the equations of motion®
A=—-M | (77)
F=AM + %R - %bmbm
IESYs 7 iea" Db — D | (78)

3

reproduces exactly the lagrangian (66) of curvature
squared U(1) supergravity.

On the other hand, performing appropriately a Weyl
rescaling in the supersymmetric context [23,9], this action
will describe supergravity, with a properly normalized cur-
vature scalar, coupled to two chiral matter multiplets in
the presence of a Fayet—Iliopoulos term.

In conclusion, we expect that this mechanism might
open new possibilities for scenarios of gravity induced su-
persymmetry breaking in the presence of curvature
squared terms [9].
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