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Abstract

In the framework of linearized non-minimal supergravity (20/20), we present the embedding of the
R + R? model and we analyze its field spectrum. As usual, the auxiliary fields of the Einstein theory
now become propagating, giving rise to additional degrees of freedom, which organize themselves into
on-shell irreducible supermultiplets. By performing the analysis both in component and superspace formu-
lations we identify the new supermultiplets. On top of the two massive chiral superfields reminiscent of
the old-minimal supergravity embedding, the spectrum contains also a consistent physical, massive, vector
supermultiplet and a tachyonic ghost, massive, vector supermultiplet.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

Supergravity, [ 1], as the low energy limit of superstring theory, offers the proper setup to study
high energy gravitational phenomena. Among others, it provides an appropriate framework for
the accommodation of cosmic inflation. The constraints on the latter released by the Planck
collaboration [2] favor inflationary models which are characterized by plateau potentials with a
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tiny tensor-to-scalar ratio r [3]. Among the candidates is a higher curvature gravitational model,
the Starobinsky model of inflation [4]

-1 1.2 MIZD 2
J—g L=3MpR+ =R, (1)

which stands out for its simplicity in providing a microscopic description of the mechanism
responsible for the quasi de Sitter phase during inflation. This is a particular higher curvature
gravitational theory of the type described in [5]. It is classically equivalent to a theory of stan-
dard gravitation coupled to an additional propagating real scalar degree of freedom [6], with a
sufficiently flat potential at large values, ideal to drive inflation.

However, it is a well known fact that 4D, N' = 1 supergravity does not have a unique off-
shell description. There are two popular minimal formulations with 12 bosonic and 12 fermionic
off-shell degrees of freedom (12/12): the old-minimal [7] and the new-minimal [8—10] super-
gravity. In addition, there exists another one with 20 bosonic and 20 fermionic off-shell degrees
of freedom, which still fill an irreducible supersymmetry multiplet, the 20/20 non-minimal super-
gravity [11]. The Starobinsky model has been embedded in the old-minimal formulation [12-16]
as well as the new-minimal formulation [15,17-20] along with various modifications [21-33].
It has also been studied in the framework of gravitino condensation [34,35]. Nevertheless there
is no analogous discussion for the non-minimal formulation of supergravity. The purpose of this
work is exactly that: to demonstrate the construction of the R + R? Starobinsky model in the
framework of non-minimal supergravity. For completeness, we would like to comment that there
exists another non-minimal formulation [36—39] with 16/16 degrees of freedom. However it is
not an irreducible representation and can be decomposed to old-minimal supergravity with a
chiral supermultiplet.

To outline the procedure, we start with the free theory of nonminimal supergravity which in-
cludes a set of dynamical components that describe gravity (helicity & 2) with its superpartner,
the gravitino (helicity &= 3/2) and another set of auxiliary components just so the SUSY algebra
will close off-shell. Afterwards we introduce the higher curvature terms of the form R2. Due to
the higher derivatives, the auxiliary fields of the free theory start propagating and organize them-
selves into supermultiplets. Nevertheless, these supermultiplets will have to be on-shell because
only their dynamical degrees of freedom appear in the action, no auxiliary fields. The goal is to
uncover these newly formed on-shell supermultiplets and their properties. In order to do that, we
quickly realize that we do not need to start with the full theory but its linearized version will do.
The results of this analysis for the case of old-minimal supergravity [12,13] are two physical,
massive, chiral supermultiplets and for the case of new-minimal supergravity [17] is a physical,
massive, vector supermultiplet.

Linearized supergravity is nothing else but the theory of massless, irreducible representation
of the super-Poincaré group with superhelicity ¥ = 3/2. The superspace and component formula-
tion of the massless, arbitrary superhelicity, irreducible representations and their properties have
been studied in detail in a series of papers [40—42]. For our purpose, we will use the formalism
and the results of [40] and adapt them for the case of superhelicity ¥ = 3/2.

The presentation of this work is organized in the following way. In Section 2 we briefly review
the results of [40] for the case of linearized, non-minimal supergravity in both superspace and
components. Then in Section 3 we construct the R? action in superspace and project to com-
ponents. In Section 4 we combine the two previous results to construct the Starobinsky model
(R + R?) in this framework and study its spectrum. We perform the analysis at the component
level for both bosons and fermions. At the end we verify our results by performing a duality in
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superspace that reveals exactly the same spectrum and demonstrates the classical equivalence
between the R + R? theory of non-minimal supergravity and the standard non-minimal super-
gravity coupled to two massive chiral supermultiplets, a massive vector supermultiplet and a
tachyonic ghost, massive vector supermultiplet. An interesting remark is that all of the massive
supermultiplets turn out to have equal masses.

2. Superhelicity Y = % as linearized non-minimal supergravity

From the investigation of free, massless, higher superspin theories [40] we can extract the 4D,
N =1 superspace action for linearized non-minimal supergravity

SR = /dgz{ HadDyDZDyHad
— 2H*DyD? x4 + c.c.
—2xYD?xq +c.c.
+ 2x“DaD‘5‘xd} : )

which contains the real bosonic superfield H,s and the fermionic superfield x, as a compensator.
The action is invariant under the following transformation

86 Hug =Dy Ly — Dy L, (3a)
86 Xa =D?Lo +DP Ay, (3b)

which forces the following Bianchi identities
DTy —D*Gy =0, (4a)
%D(aGﬂ) =0. (4b)

The superfields Ty and G, are the variations of the action (2) with respect to the unconstrained
superfields Hyg and x,. Their explicit expressions are

Tug = 2D" DDy Hog +2 (DaD? 7o ~ DaD’xa ) (52)
Gy = —2D?D% Hyy — 4D xo + 2Do D% 74 (5b)
The two superfields T, and G4 in (5) have mass dimensionality [Tyq] =2, [Go] =3 /2.'

To prove that indeed this action describes the desired representation, using the equations of
motion we can now show that a gauge invariant chiral superfield Fyg, exists ([Fogy,]=5/2)

Fug = L DDy 4% H s (6)
afy = 3' (x0p y)as

and on-shell (T4 = G4 = 0), it satisfies the desired constraints in order to describe a superhelic-
ity Y =3/2 system

Dy Fapy =0,  D%Fyp, =0. (7)

1 The hi ghest spin component of Hy is a propagating boson.
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At the component level, the above superspace action describes the dynamics of the following
bosons
_ i _ _
{DaGd_DdGa}|a vadE_E {DaGd +D(5[GO!}|’
i

. {D“Ga—l_)d(_;d,}l,

1 - 1 _
h= 5 [D* D] Huol + 5 (D" + D% ) I ®)

namely, in 4-component notation, of three vectors A, (Aug), Uy (Ueg) and v, (Vg), three
scalars (S, P, h) and a symmetric traceless rank-2 tensor (the graviton) h,, (h, B ﬁ-). The corre-
sponding gauge transformations acting on the bosons are

86 Axq =0, dGugy =0, dGVag =0,
5SS =0, SgP =0,

1
Schapap = pada@lpp)y

i

1 . _ _
dgh= 70", laa=5 (DoLé +DaLa) |, 9)

which leave 4 degrees of freedom for each vector, 1 for each scalar and 5 for the symmetric
traceless tensor, a total of 20 degrees of freedom to fill the bosonic part of the non-minimal
irreducible supersymmetric multiplet. The bosonic sector of the Lagrangian density is

1 . 1 . 3 . 1 1
LRl = Lp=42 + ¢ U gy — > v*% e + T3 A% Agg — S SS — 3 PP, (10)
where L£;—1, describes a massless helicity +2 particle
Li=s2 =h"PPOhygs s — BP9 00507V g5 42 h*P*P By5055h — 6 hOR

1
= ﬁ[\/ —& Rllinearized, (11)

and [\/—gR]|lincarizea 1s the linearized Einstein—Hilbert Lagrangian, keeping only the terms
quadratic in the fields. At this linear approximation, the Ricci scalar takes the form (up to an
overall normalization)

R=03"0PPh 555 — 60N, (12)

and its mass dimension is [R] = 3. The Ricci scalar is part of the completely antisymmetric 66
term in the expansion of the Ty superfield, specifically

[D"‘, Dd] Toil = —4R — 639y (13)

Also, the linearized Ricci tensor is

1 . 1
Rapap = Ohapap = 5157 0@@d” " hypyy gy + 515 dai@dp)fyhs (14
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and it resides in the fully symmetric part of the 86 term of Ty

1 2
2121 [D(“’ D(“] Tﬁ)f”' - 2!2!3("‘(‘5‘1)/‘3#3) - 4Raﬁd/§’ (15)

while it satisfies
BB . 1 SR — 1
0 Raﬂdﬂ—i—zaaaR_O. (16)
Similarly for the fermionic sector, we have the following components
1 NP T
fu= =7 {DuD*Go 0" G} |
o = Gal,

V2 -
Vapa = TDZD(a Hpgyg |

az—ﬁ{DdeHm+2D2Xa} . (17)

The gauge transformations of the fermionic fields are

36pa =0, 36 YVaps = 5 0@aép),

21
aGﬂa =0, (SGl/fa = _8aa§dv (18)

with £, = —i~/2 D?Ly|. The corresponding free Lagrangian is

LRy =[rh::|:3/2+/3a/0a+5d;5d, (19)

where L3> describes a massless Rarita-Swinger field (gravitino with helicity &+ 3/2)

s 3 . i .
Lhaspp =19 P0P jraps — J10°0" Ve + <5w“ﬂ“aﬂm + c.c.> . (20)
The linearized fermionic curvatures are
3i
Ry = in/20PP waﬁﬂJrﬁa s (21a)
iv2
Raﬁd{ = 21 8(oz Wﬂ)aﬂ + — \/—2 a(aadfﬂ)a (21b)

and they are the (anti)symmetric part of the 6 term of superfield Ty

1 - _
7106 Top) = Rogp: (22a)
DYTys| = R — 480 — 106% pg.- (22b)

Finally they satisfy

IR, o5 — —a/3 iRp =0. (23)
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3. Constructing the R? theory

Now we turn to the construction of a gauge invariant, higher derivative superspace action,
such that it will generate R? terms. The reason that we restrict ourselves only to R? terms and
we do not include for example the square of the Ricci tensor, or equivalently the Weyl tensor
square, is that the inclusion of the latter terms will lead to ghost and/or tachyon states in the
spectrum [5,12].

To proceed in our construction, we recall that the available gauge invariant objects are the
superfields Ty4, Gy and Fug), . However Fyg,, due to its chiral property and its index structure,
it can only couple to itself, giving a term of the form F®fY Fypy . But such an object will give
rise to the square of the Weyl tensor, so it is rejected. The rest of the objects could be combined
in many different ways. We organize them in the following manner.

The general structure of all possible terms that we are interested in, are schematically of the
form

T" DF G/, (24)

which means that any possible term will include n T,g’s, k superspace covariant derivatives and
I Gy ’s. The dimensionality of these terms is

k31
n+ -+ =, 25
n+2+2 (25)

Then, if we project to components, we have to integrate over superspace D*D? (T” Dk G! ) |, and
therefore the mass dimension of the component terms that we can, in principle, construct is
3!

k
2n+ =+ =42 26
nts+o+ (26)

The final step is the fact that the desired R? term has dimensionality 6 and we require to have
expressions quadratic in the components (linear approximation). Therefore we must have
m+fe o6 27a)
n+ -+ — =6, a
2 2
n+1=2. (27b)

The solutions of this Diophantine system, and the corresponding terms allowed are given in the
following table

k|1 term
00 TT,,
1| 1] 1] T%DyGg +c.c.
G¥DyD% Gy,
0212 GYDDy Gy
G*D?Gy + c.c.

Note that we have not included the_: term G*D?*G,, + c.c. since it is zero due to (4b). Moreover
because of Eq. (4a) the terms T*“Dy Gy + c.c. and GYD2Gy + c.c. are identical.
Hence the R? superspace action must be of the form

Sg2 = / d®z {goT“d‘Tad + 816D DGy + g2G*DYDy Gy + (83G%D*Gy + c.c.)}
(28)



F. Farakos et al. / Nuclear Physics B 894 (2015) 569-584 575

where go, g1, g2 € R. Now what remains is to project this action to components and pick the
coefficients in a way such that we generate R? terms and canonical kinematic terms for any
additional propagating fields.
The component Lagrangian we get from the above action (28) is
L = g0D’D*(T*“ Tog)| + g1D°D*(G*DuD* Go)|
+ 6D?D2(GDYD, G| + {g3]32D2(G“]_)2Ga)| + c.c.} . (29)
The basic rules for projection are

1. Use the ‘Leibniz’ rule

D’D?*(AB)| =D’D?A|B| + (- )Y DPD?A|D, B| + D*A|D*B|
+ (=1)*YD’DPAD,B| — D’D? A|D;D, B|
+ (=D)*YDPAD’D, B|
+D?AID?B| + (—1)YDP AID;D*B| + A|D*D?B], (30)

where € is zero for bosonic and one for fermionic superfields.
2. Use the Bianchi identities (4).
3. Use the component definitions of (8) and (17).

First we focus on the bosonic sector of the theory, therefore we restrict the above calculation
to the bosonic part of the projection. That means, we keep only the terms with even number of
D’s when acting on a bosonic superfield (like 7y5) and with odd number of D’s when acting on
a fermionic superfield (like G4). We get

Lpalg =1loly + Nily + L2y + Iy, (31)
with

Il , = goD* DX (T Tye)l 5. (32a)

I, = g1D*D*(G*Dy DGy (32b)

|, = 2D’D*(G*D*Dy Gy )l 4, (32¢)

|, = g3D*D*(G*D*Gy)l, + c.c. (32d)

It is evident that Io|, includes a term proportional to [D®, D% ] T%%|[Dy,, D(; ] Ta)a), which

based on (15) makes it obvious that it generates the Ricci tensor square, ReBap R, 544> a term that
is not considered here (as it leads to ghost and/or tachyonic states [5,12]). On top of that, such a
term cannot be canceled by any of the other contributions to the bosonic Lagrangian. Therefore
the only possibility out of that is to choose

80 =0. (33)

The rest of the terms are relevant and after putting everything together, we find that the total
bosonic sector is
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L _ 1 R [0 2% ﬂﬂ N
R2|B—Z 81— 8 —83 [A 0aq 9" Agy

I o
+e (481 = g2+ 268 | A" 00"Pu g

1 . . .
+ 5 [4g1 —Tgr+ 8g3R] u‘maadaﬂﬂuﬂg + [gz — 2g§] u“ Ouge
+ [481 — T8+ 8g§] vadaaaaﬂ’évgg + [gz + 2g§] VY Ovgg
+2[4g1 - Sg2 + 6gF | v 40ua R + 3¢5 | A™“00607 vy

1 .
+ [—gl + zgz] SOS + [2g§] A%, R

1 1| ada
+|—81+ Egz POP + [—4g3] U Ovgg

R 2 4 1 ad

4o - g2+ of | R+ | ~Seh |uBuaR, (34)

where g§ and g§ are the real and imaginary parts of g3. Notice that the higher curvature terms
are accompanied by kinematic terms for all the previously auxiliary fields. This is a standard
property of higher curvature supergravity.

Similarly, we find that the fermionic sector is

Lroly = 4481~ Tg2+ 88| ip%0 s

1 y
-3 [481 ~Tg+ 8g§] i6%00% pa
+ [4g1 +3g — 8g§] B%0py + c.c.

+[g2] iRY“4Rq

—4g>—g3] iB*3*4Ry +c.c.

— [gz — g3] p*“0ORy +c.c. (35)

4. The spectrum of R + R? non-minimal supergravity

So far we have developed the superspace action for the R and R? theories. In this section we
combine them in order to study the spectrum of the R 4+ R? theory. Specifically we will analyze
the propagating degrees of freedom of the Lagrangian

1
L=L —L .
R+ P R2 (36)

To do this we must first bring the full Lagrangian into a diagonal form and subsequently study
their field equations. Typically one can achieve that by doing redefinitions of the various fields
and a clever choice of coefficients. But, in this case due to the fact that the L is already diagonal,
we cannot perform any redefinitions and the only thing left to do is to choose appropriately the
coefficients of the non-diagonal terms.
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4.1. Bosonic sector spectrum

Following the previously explained strategy, we must impose the constraints

4g1— g2 +2¢F =0 |

4g1 —Sgr+6gX =0} g =28 8=8=¢8 gck. (37)
1

g3=0

With the above coefficients (37), we find that the linearized, bosonic part of the component
Lagrangian is

Lly = Limir + R
m

3 . 9 g : ;
- ._ 2 5 . 98B .
A Ay — TS A 0407 A
1
+ gu‘muad — %M‘WDMW
1
_ vavw +3—2v°‘°‘|:|vaa
1, 3¢
—-s*+>% sos
8 + 4 m?
1 , 3¢
——P -— POP. 38
8 +4m2 (38)

The equations of motion for the various fields and the degrees of freedom they allow to propagate
are:

1. For Ayq we have

. . 2 .
Agg — 3%30[&355/1% =0 ~ 00% Ay = ’:—ga““Aad. (39)

From the left equation we see that three of the degrees of freedom of the vector field Ay
remain auxiliary and are solved in terms of the scalar 9% Ay. From the right equation
we see that for g > 0, 9%% A, is a physical, real, propagating, massive scalar with mass
w? =m?/6g.
2. For uyg we find
1 g m?

guad - leuad =0 ~ Ougg = @uad. 40)

This describes the propagation of a real, massive, scalar Bo‘d‘uad with equations of mo-
tion 00 ugy = 'g—;a“duad and mass ,uz = m2/6g, and the propagation of a real, mas-
sive vector with the same mass described by the divergent-less field defined as iigg =
Ugg — %8@ RLL Bh with equations of motion Oilgg ’g—:ﬁad. Both of them are tachyonic
ghosts (for g > 0) since they appear in the Lagrangian with an opposite overall sign.

3. For vy we have

1 m?

8
—Evad+3m\]vad =0 ~ Dvad:@an 41
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As before this equation includes both the spin zero part, described by 3%, and the spin
one part, described by the Vg = vog — %aad aPhy Bh- Both of them have the same mass
w? =m?/6g and are physical for g > 0.

For S we find
L4138 08w os=""5 42)
I _— PONY = —
2 m? 6g

which describes a physical (g > 0), real, massive propagating scalar with mass > = m?/6g.
For P we find

m2

1 g
——P+3=0P OoP =—P. 43
2 + m? - 6g 43)

Same as S, it describes a physical (g > 0), real, massive propagating scalar with mass u? =
m2/6g.
The gravitational sector of the action is

S/|B :/d4x£h=j:2+ %/CIAXRZ, (44)
m

which can be re-expressed with the help of a Lagrange multiplier ¢ in the following form

S|, = /d“x.ch:ﬂ +f f d*x¢pR — f:—;nﬂ / d*x¢?, (45)
where [¢] = 1. Now we perform the following redefinition of &

h—h+co. (46)
The change of L,—17 is

8Lp—ir =2cdR — 6790, (47)
and the change of R is

SR =—6¢c0¢. (48)

Therefore we get for S'|,

S|, = / d*xLp—s2 + Q2c+ f) / d*x¢pR

2
—6c(c+ f) / d*x¢png — j:—mz / d*x¢>. (49)
8
We choose ¢ such that the cross term vanish
2c+ f =0, (50)

hence we get

Sy = /d4x£h=ﬂ:2
32 4 _ f_2 2 442
+=f° | d’x¢0¢ m~ | d*x¢”, (51
2 4g
which describes a helicity £2 and a physical (for g > 0), real, massive, scalar ¢ with mass
u?=m?/(6g).
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To summarize, beside the helicity 2 system, the spectrum organizes into two physical mas-
sive chiral supermultiplets (0% Ayg, @) and (S, P), one physical massive vector supermultiplet
(Vgg, 0% vgg) and one tachyonic-ghost massive vector supermultiplet (fgg, 0%% Ugg).

4.2. Fermionic sector spectrum

In order to verify the fermionic spectrum, we start with Eq. (35) and make the same choice of
coefficients as in (37), which give

8
Ll = Ly=t3/2 + B pa — 65" 0
m
+ B o — 655 P + i3 RY0%4 Ry (52)
m m
The equations of motion for the various fields are

1. From B, and B we find
m2 2

_ m= _
— Pa> Ops = — Pa> (53)
6g

O =
Pa 62

which describe a pair of massive Weyl spinors with Dirac mass > = m?/(6g).
2. From p, and p; we find
m2 2

OB = @ﬁa, OBs = —PBas (54)

which again describe a pair of massive Weyl spinors with Dirac mass u? = m?/(6g). Note
that, in order to reveal the fermions that belong to the tachyonic-ghost vector multiplet, we
have to diagonalize the Lagrangian (52). Once we do that, we will get one positive and one
negative eigenvalue, which signals the propagation of one physical and one tachyonic-ghost
fermion.

3. The rest of the action includes £,—+3,2 and R, and can be expressed in the following way

S'I; =/d4X£h=i3/2+igfd4xé:d3adia
4 o RO‘
+m | d'x ¢% {¢q — — ¢ +c.C. (55)
m
Now we redefine ¥,

Yo = Yo +dog. (56)
The change of £;—13/2 is

d
Ly =———¢“R, +c.c.
h=-+3/2 2ﬁ¢ "
3
= 141169 a¢a, (57)
and the change of Ry is
3d . .-
SRy = —i3,%pg. (58)

V2



580 F. Farakos et al. / Nuclear Physics B 894 (2015) 569-584

So we get that

Sty =fd4x£h:ia/z+igfd4x E‘i’a%cwm/d“x {¢°‘ca+<z'>°"5d}

d
—(—=+1 4x ¢*Ry + c.c.
<2ﬁ+ )/dx¢ Tec

3 6d \ . _.
- <Z|d|2 + ﬁ) 1 /d4x ¢%0% 3 Pa- (59
Finally we choose d in order to cancel the interaction term with Ry
d+2v2=0, (60)

and we get
S'l; =/d4xﬁh=i3/2 +ig/a’4x 799% ¢y +6i/d4x Y% 4y

+m/d4x{¢“§a+d_>dg:d]. ©61)

The equations of motion from Lagrangian (61) on top of the massless gravitino, give two
massive Weyl spinors with Dirac mass w?=m?/(6g).

Therefore the spectrum of fermions gives, as expected, the same structure.
4.3. Superspace duality

From our previous considerations, we find that this higher curvature theory has additional
propagating degrees of freedom. Since this is a supersymmetric theory it should be possible
to identify the multiplet structure of these new degrees of freedom directly from superspace
manipulations. In other words we expect to find that our higher curvature theory is classically
equivalent to a particular set of matter fields coupled to standard non-minimal supergravity (i.e.
a supergravity with no higher curvature terms). The Superspace action for the above choice of
coefficients is of the form

1 o
S=8z — -2 [ a¥26°D,D¥G,
4 m?

e e
m
+ % /dSZG“l_)ZGd +c.c.
— Sk + i/dszcbcb _ ifdgzvadvm, (62)
4m? 2m?

for the chiral ® = D¥Gy, and the real vector Vg = i (Dy Gy + Dy Gy). The action (62) can be
re-written as

@ 3 i
S:SR—i—mk/dSzT(S— —)+mkfd8zT(S— —)+§/d8zss
m m

. 12 .
+1 / 4 Y+ / B2 F g, (63)
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where T ([T] = 0) is an unconstrained scalar superfield, S ([S] = 1) is a chiral superfield and
Fos ([Fagl = 0) is a real vector superfield. Indeed, the equations of motion of T and Fy lead to
the original action (62). Now we perform the following shift

Xoe = Xa + Do T + id]_)dF(m',, (64)
under which we find
__ _ 12 .
S =8k +mk/d8z{TS+TS}+%/dngS+m22—/d8zF““Fad
m g
—[k+c]/d8z{Td>+T<T>}+[l+d]/d81F“dVaa

+ [4kd + 4cd + 4ic) f d8zTD?0% Fyg + c.c.
— [16ke + 862]/d82T]32D2T

d? : _ B .

+l5 + Id) / d®z {F‘”‘[Da, D4 ][DP, DF1Fyp + 38ad8‘3‘3Fﬂﬁ;} . (65)

‘We now choose coefficients ¢ and d to eliminate the cross terms involving superfields ® and Vg
respectively, which gives ¢ = —k and d = —/, leading to

_ _ 12 .
S=8r +mk/d81{TS+TS}—i—%/dngS-l-mzz—/dng““Fad
m 8

— 4k ( / d3zTD*0% Fpp + c.c.> + 8k? / da3;TD*D*T

2 . _ _ .
- d®z {F‘“"[Da, D4 ][DF, DF1Fyp + 33aé,af’f’Fﬂﬂ-} . (66)

It is obvious that the above action contains linearized non-minimal supergravity with no higher
curvature terms and an independent additional matter sector. Before we conclude let us study the
on-shell superfield content of the matter sector, and compare to our findings from the component
discussion.

The equations of motion for superfields Fy4, T', S are

EL) = —1P[Dy. D4IDP, D1 Fy — 3120050 Fy

_ _ 2
+ 4k (DzT n D2T> +—m Fy, (672)

g
ET = 8K°D?D*T — 4IkD?*3% Fyg + mkS, (67b)
£S5 = —%1‘)23 _ mkD?T. (67¢)

Looking for the solution of the above equations, we do the following ansatz:
_ 1 _ _
Fadzaadv‘i‘[Da»Dd]W‘f‘Waad (D2T+D2T)’ (68)

where V and W are on-shell, real, superfields which they satisfy the constraints D?V =D?V =
0, D?W =D?W = 0 and we have for their equations of motion

D'D’D, V +«ym*V =0,  D'D?D, W +kwm*W =0. (69)
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By doing that, we realize that there are two on-shell chiral supermultiplets, described by the
chiral superfields D?7 and S and they satisfy the following equations of motion

OD?T) = krm*(DT), 0S = kgm>S. (70)
The above equations (69) and (70) solve the system (67) if we set
! k ! (71)
Ky = = = = -, - .
V =Kw = KT =K§ 6g 12¢

From (69) and (70) we see that indeed we get two vector supermultiplets and two chiral super-
multiplets with equal masses 2 = 6 . The final expression for the superspace action is

12
S= SR—E— d®z {Ts+Ts}+—/d8zss+m —/dst"“’ wi
2 12 _ .
 T8g2 d*zTD’D*T + <3g /dszTDzao‘“Fad +c.c.)
- E/dsz{F“d‘[Da,Dd][Dﬁ,Dﬂ]FﬂB +3amaf‘f3FﬂB} (72)

where g and [ are free, non-zero parameters. Furthermore, due to the different integration by
parts properties of the two operators dyg and [Dy, Dy4l, we immediately conclude that there
will be an overall minus in front of the terms quadratic to W, illustrating that the W massive
vector supermultiplet will be a tachyonic ghost one. The above performed superspace duality
demonstrated the classical equivalence between the higher curvature non-minimal supergravity
theory and the non-minimal supergravity with the addition of a specific spectrum that we are
expecting from the previous component discussions.

5. Conclusions

In this work we have studied the spectrum of the Starobinsky model R + R?, embedded in
the framework of non-minimal supergravity. We have utilized the linearized theory since it is
sufficient for the understanding of the field content. As expected from a supergravity theory, on
top of the scalaron degree of freedom, there are previously auxiliary fields which now pick up
kinematic terms due to the new action. We have identified these fields and the way they organize
inside supermultiplets. Our findings show that the 20/20 higher curvature supergravity is clas-
sically equivalent to a 20/20 supergravity coupled to two vector supermultiplets (one of which
is a tachyonic ghost multiplet) and two chiral supermultiplets with equal masses. Therefore, the
embedding of the R + R? theory in non-minimal supergravity is reminiscent of the correspond-
ing embedding of the general quadratic gravity (with R? and Weyl square terms) in minimal
supergravity, as in both cases unphysical states appear in the spectrum.

Acknowledgements

The work of EF. is supported by the Grant Agency of the Czech Republic under Grant
P201/12/G028. The research of A.K. was implemented under the “Aristeia II” Action of the
Operational Programme “Education and Lifelong Learning” and is co-funded by the European
Social Fund (ESF) and National Resources. It is partially supported by the European Union’s
Seventh Framework Programme (FP7/2007-2013) under REA grant agreement No. 329083.



F. Farakos et al. / Nuclear Physics B 894 (2015) 569-584 583

References

[1] S.J. Gates, M.T. Grisaru, M. Rocek, W. Siegel, Superspace or one thousand and one lessons in supersymmetry,
arXiv:hep-th/0108200;
L.L. Buchbinder, S.M. Kuzenko, Ideas and Methods of Supersymmetry and Supergravity: A Walk Through Super-
space, IOP, Bristol, UK, 1995;
D.Z. Freedman, A. Van Proeyen, Supergravity, Cambridge Univ. Press, Cambridge, UK, 2012.
[2] P.A.R. Ade, et al., Planck Collaboration, Astron. Astrophys. 571 (2014) A22, arXiv:1303.5082.
[3] D.H. Lyth, A. Riotto, Phys. Rep. 314 (1999) 1, arXiv:hep-ph/9807278.
[4] A.A. Starobinsky, Phys. Lett. B 91 (1980) 99.
[5] K.S. Stelle, Gen. Relativ. Gravit. 9 (1978) 353;
K.S. Stelle, Phys. Rev. D 16 (1977) 953.
[6] B. Whitt, Phys. Lett. B 145 (1984) 176.
[7] J. Wess, B. Zumino, Phys. Lett. B 74 (1978) 51;
K.S. Stelle, P.C. West, Phys. Lett. B 74 (1978) 330;
S. Ferrara, P. van Nieuwenhuizen, Phys. Lett. B 74 (1978) 333.
[8] MLE. Sohnius, P.C. West, Phys. Lett. B 105 (1981) 353.
[9] P.S. Howe, K.S. Stelle, P.K. Townsend, Phys. Lett. B 107 (1981) 420;
S.J. Gates Jr., M. Rocek, W. Siegel, Nucl. Phys. B 198 (1982) 113.
[10] R. D’ Auria, P. Fre, G. de Matteis, 1. Pesando, Int. J. Mod. Phys. A 4 (1989) 3577.
[11] W. Siegel, S.J. Gates Jr., Nucl. Phys. B 147 (1979) 77,
P. Breitenlohner, Phys. Lett. B 80 (1979) 217.
[12] S. Ferrara, M.T. Grisaru, P. van Nieuwenhuizen, Nucl. Phys. B 138 (1978) 430.
[13] S. Cecotti, Phys. Lett. B 190 (1987) 86.
[14] R. Kallosh, A. Linde, J. Cosmol. Astropart. Phys. 1306 (2013) 028, arXiv:1306.3214 [hep-th].
[15] E. Farakos, A. Kehagias, A. Riotto, Nucl. Phys. B 876 (2013) 187, arXiv:1307.1137.
[16] 1. Dalianis, F. Farakos, A. Kehagias, A. Riotto, R. von Unge, arXiv:1409.8299 [hep-th].
[17] S. Cecotti, S. Ferrara, M. Porrati, S. Sabharwal, Nucl. Phys. B 306 (1988) 160.
[18] S. Cecotti, S. Ferrara, L. Girardello, Nucl. Phys. B 294 (1987) 537.
[19] S. Ferrara, R. Kallosh, A. Linde, M. Porrati, Phys. Rev. D 88 (8) (2013) 085038, arXiv:1307.7696 [hep-th].
[20] S. Ferrara, M. Porrati, Phys. Lett. B 737 (2014) 135, arXiv:1407.6164 [hep-th].
[21] J. Ellis, D.V. Nanopoulos, K.A. Olive, Phys. Rev. Lett. 111 (2013) 111301, arXiv:1305.1247 [hep-th];
J. Ellis, D.V. Nanopoulos, K.A. Olive, Phys. Rev. Lett. 111 (12) (2013) 129902 (Erratum).
[22] J. Ellis, D.V. Nanopoulos, K.A. Olive, J. Cosmol. Astropart. Phys. 1310 (2013) 009, arXiv:1307.3537.
[23] S. Ferrara, P. Fre, A.S. Sorin, J. High Energy Phys. 1404 (2014) 095, arXiv:1311.5059 [hep-th].
[24] S. Ferrara, P. Fre, A.S. Sorin, Fortschr. Phys. 62 (2014) 277, arXiv:1401.1201 [hep-th].
[25] 1. Antoniadis, E. Dudas, S. Ferrara, A. Sagnotti, Phys. Lett. B 733 (2014) 32, arXiv:1403.3269 [hep-th].
[26] F. Farakos, R. von Unge, J. High Energy Phys. 1408 (2014) 168, arXiv:1404.3739 [hep-th].
[27] J. Ellis, M.A.G. Garcia, D.V. Nanopoulos, K.A. Olive, J. Cosmol. Astropart. Phys. 1408 (2014) 044, arXiv:
1405.0271 [hep-ph].
[28] S.V. Ketov, T. Terada, Phys. Lett. B 736 (2014) 272, arXiv:1406.0252 [hep-th].
[29] S. Ferrara, A. Kehagias, arXiv:1407.5187 [hep-th].
[30] S. Ferrara, R. Kallosh, A. Linde, J. High Energy Phys. 1410 (2014) 143, arXiv:1408.4096 [hep-th].
[31] S.V. Ketov, T. Terada, J. High Energy Phys. 1412 (2014) 062, arXiv:1408.6524 [hep-th].
[32] G. Dall’ Agata, F. Zwirner, J. High Energy Phys. 1412 (2014) 172, arXiv:1411.2605 [hep-th].
[33] T. Terada, Y. Watanabe, Y. Yamada, J. Yokoyama, arXiv:1411.6746 [hep-ph].
[34] J. Alexandre, N. Houston, N.E. Mavromatos, Phys. Rev. D 89 (2) (2014) 027703, arXiv:1312.5197 [gr-qc].
[35] J. Alexandre, N. Houston, N.E. Mavromatos, arXiv:1409.3183 [gr-qc].
[36] W. Lang, J. Louis, B.A. Ovrut, Phys. Lett. B 158 (1985) 40.
[37] M. Hayashi, S. Uehara, Phys. Lett. B 172 (1986) 348.
[38] C.S. Aulakh, J.P. Derendinger, S. Ouvry, Phys. Lett. B 169 (1986) 201.
[39] W. Siegel, Class. Quantum Gravity 3 (1986) L47.
[40] S.J. Gates, K. Koutrolikos, J. High Energy Phys. 1406 (2014) 098;
S.J. Gates Jr., K. Koutrolikos, arXiv:1310.7386 [hep-th];


http://refhub.elsevier.com/S0550-3213(15)00092-9/bib5347s1
http://refhub.elsevier.com/S0550-3213(15)00092-9/bib5347s1
http://refhub.elsevier.com/S0550-3213(15)00092-9/bib5347s2
http://refhub.elsevier.com/S0550-3213(15)00092-9/bib5347s2
http://refhub.elsevier.com/S0550-3213(15)00092-9/bib5347s3
http://refhub.elsevier.com/S0550-3213(15)00092-9/bib4164653A32303133756C6Es1
http://refhub.elsevier.com/S0550-3213(15)00092-9/bib4C7974683A31393938786Es1
http://refhub.elsevier.com/S0550-3213(15)00092-9/bib537461726F62696E736B793A313938307465s1
http://refhub.elsevier.com/S0550-3213(15)00092-9/bib5374656C6C65s1
http://refhub.elsevier.com/S0550-3213(15)00092-9/bib5374656C6C65s2
http://refhub.elsevier.com/S0550-3213(15)00092-9/bib57686974743A313938347064s1
http://refhub.elsevier.com/S0550-3213(15)00092-9/bib576573733A313937386275s1
http://refhub.elsevier.com/S0550-3213(15)00092-9/bib576573733A313937386275s2
http://refhub.elsevier.com/S0550-3213(15)00092-9/bib576573733A313937386275s3
http://refhub.elsevier.com/S0550-3213(15)00092-9/bib77657374s1
http://refhub.elsevier.com/S0550-3213(15)00092-9/bib486F77653A313938316574s1
http://refhub.elsevier.com/S0550-3213(15)00092-9/bib486F77653A313938316574s2
http://refhub.elsevier.com/S0550-3213(15)00092-9/bib442741757269613A31393838716Ds1
http://refhub.elsevier.com/S0550-3213(15)00092-9/bib53696567656C3A313937386D6As1
http://refhub.elsevier.com/S0550-3213(15)00092-9/bib53696567656C3A313937386D6As2
http://refhub.elsevier.com/S0550-3213(15)00092-9/bib466572726172613A31393738726Bs1
http://refhub.elsevier.com/S0550-3213(15)00092-9/bib4365636F7474693A313938377361s1
http://refhub.elsevier.com/S0550-3213(15)00092-9/bib4B616C6C6F73683A323031336C6B72s1
http://refhub.elsevier.com/S0550-3213(15)00092-9/bib466172616B6F733A32303133637161s1
http://refhub.elsevier.com/S0550-3213(15)00092-9/bib44616C69616E69733A32303134617961s1
http://refhub.elsevier.com/S0550-3213(15)00092-9/bib4365636F7474693A313938377165s1
http://refhub.elsevier.com/S0550-3213(15)00092-9/bib4365636F7474693A313938377172s1
http://refhub.elsevier.com/S0550-3213(15)00092-9/bib466572726172613A32303133727361s1
http://refhub.elsevier.com/S0550-3213(15)00092-9/bib466572726172613A32303134636361s1
http://refhub.elsevier.com/S0550-3213(15)00092-9/bib456C6C69733A32303133786F61s1
http://refhub.elsevier.com/S0550-3213(15)00092-9/bib456C6C69733A32303133786F61s2
http://refhub.elsevier.com/S0550-3213(15)00092-9/bib456C6C69733A323031336E7861s1
http://refhub.elsevier.com/S0550-3213(15)00092-9/bib466572726172613A32303133657161s1
http://refhub.elsevier.com/S0550-3213(15)00092-9/bib466572726172613A32303134727961s1
http://refhub.elsevier.com/S0550-3213(15)00092-9/bib416E746F6E69616469733A323031346F7961s1
http://refhub.elsevier.com/S0550-3213(15)00092-9/bib466172616B6F733A32303134676261s1
http://refhub.elsevier.com/S0550-3213(15)00092-9/bib456C6C69733A32303134677861s1
http://refhub.elsevier.com/S0550-3213(15)00092-9/bib456C6C69733A32303134677861s1
http://refhub.elsevier.com/S0550-3213(15)00092-9/bib4B65746F763A32303134716861s1
http://refhub.elsevier.com/S0550-3213(15)00092-9/bib466572726172613A32303134796E61s1
http://refhub.elsevier.com/S0550-3213(15)00092-9/bib466572726172613A323031346B7661s1
http://refhub.elsevier.com/S0550-3213(15)00092-9/bib4B65746F763A32303134687961s1
http://refhub.elsevier.com/S0550-3213(15)00092-9/bib44616C6C2741676174613A323031346F6B61s1
http://refhub.elsevier.com/S0550-3213(15)00092-9/bib5465726164613A32303134756961s1
http://refhub.elsevier.com/S0550-3213(15)00092-9/bib416C6578616E6472653A323031336E7161s1
http://refhub.elsevier.com/S0550-3213(15)00092-9/bib416C6578616E6472653A323031346C6C61s1
http://refhub.elsevier.com/S0550-3213(15)00092-9/bib4C616E673A31393835786Bs1
http://refhub.elsevier.com/S0550-3213(15)00092-9/bib486179617368693A313938357664s1
http://refhub.elsevier.com/S0550-3213(15)00092-9/bib41756C616B683A31393835646Es1
http://refhub.elsevier.com/S0550-3213(15)00092-9/bib53696567656C3A313938367376s1
http://refhub.elsevier.com/S0550-3213(15)00092-9/bib47617465733A32303134746561s1
http://refhub.elsevier.com/S0550-3213(15)00092-9/bib47617465733A32303134746561s2

584 F. Farakos et al. / Nuclear Physics B 894 (2015) 569-584

S.J. Gates Jr., K. Koutrolikos, arXiv:1310.7385 [hep-th].

[41] S.M. Kuzenko, A.G. Sibiryakov, JETP Lett. 57 (1993) 539, Pisma Zh. Eksp. Teor. Fiz. 57 (1993) 526.

[42] S.M. Kuzenko, A.G. Sibiryakov, V.V. Postnikov, JETP Lett. 57 (1993) 534, Pisma Zh. Eksp. Teor. Fiz. 57 (1993)
521.


http://refhub.elsevier.com/S0550-3213(15)00092-9/bib47617465733A32303134746561s3
http://refhub.elsevier.com/S0550-3213(15)00092-9/bib4B757A656E6B6F3A313939336A71s1
http://refhub.elsevier.com/S0550-3213(15)00092-9/bib4B757A656E6B6F3A313939336A70s1
http://refhub.elsevier.com/S0550-3213(15)00092-9/bib4B757A656E6B6F3A313939336A70s1

	Linearized non-minimal higher curvature supergravity
	1 Introduction
	2 Superhelicity Y=3/2 as linearized non-minimal supergravity
	3 Constructing the R2 theory
	4 The spectrum of R+R2 non-minimal supergravity
	4.1 Bosonic sector spectrum
	4.2 Fermionic sector spectrum
	4.3 Superspace duality

	5 Conclusions
	Acknowledgements
	References


