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Abstract—We review a duality procedure that relates standard matter-coupled N = 1 supergravity to dual for-
mulations in which auxiliary fields are replaced by field-strengths of gauge three-forms. As examples, we con-
sider the dualization of the rigid Polonyi model and of effective field theories associated with Type I1A string

compactifications with fluxes in supergravity.
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1. INTRODUCTION

In four-dimensions the gauge three-forms do not
carry any propagating degree of freedom. Neverthe-
less, their presence can have non-trivial dynamical
consequences. In particular, they can play an import-
ant role in supergravity and string theory scenarios
(see e.g. [1-9] and references therein).

In generic string compactifications to four-dimen-
sions, gauge three-forms naturally arise from the
KK reduction of higher dimensional gauge forms. The
on-shell value of the corresponding field-strengths is
dual to the value of the internal fluxes threading the
compactification space. The problem of formulating
the low-energy effective theory of string flux compac-
tifications in terms of gauge three-forms, rather than
in terms of the dual internal fluxes, was recently
addressed in [5], focusing on the bosonic sector. These
kinds of effective theories should admit a supersym-
metric completion, but the effective theories obtained
in [5] did not fit into any of the previously known
supersymmetric models including gauge three-forms
[10—14].

In this contribution we review the results of [15] in

which a new broad family of rigid and local N =1
supersymmetric models including gauge three-forms
was proposed. The derivation of these models is based
on a novel non-linear duality between conventional
chiral and three-form multiplets, which has the effect
of promoting to dynamical variables part of the cou-
pling constants defining the superpotential for the
conventional chiral multiplets. This duality procedure
provides a four-dimensional supersymmetric realiza-
tion of what expected from string flux compactifica-
tions and the generalization thereof. Indeed, as
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reviewed below, these general results allow for a super-
symmetric effective description of IIA compactifica-
tions with R-R fluxes in terms of gauge three-forms.

2. RIGID POLONYI MODEL

Let us first demonstrate how the dualization pro-
cedure works in an example describing the dynamics
of a single chiral multiplet (in the conventions of [16])

® = ¢ +V20"y, +0°f, DD =0, (1)
which undergoes spontaneous supersymmetry break-
ing.

The N =1 superspace Lagrangian of the Polonyi
model in the rigid limit is

$ = jd“eq)ci + f d’0b® + cc.), )

where b is a complex constant. For the component
fields we find

L =-0,0"¢—iyc"d, Y+ ff +bf +bf. (3)
Once the auxiliary field f takes its on-shell value
f = —b, the Lagrangian (3) becomes

¥ =-9,99"¢—iyc"0,y — bb. 4)

We see that the last term in (4), associated with the
on-shell value of f, contributes to the vacuum energy.
Supersymmetry here is spontaneously broken and v,
becomes a Goldstone fermion.

Our goal is to find a way to generate the constant b
dynamically without adding a superpotential. This can
be achieved by trading the auxiliary field of @ for the
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field-strength F, = dC; of a complex gauge three-form
C;. Let us call S the special chiral multiplet

S = @+ V20%y, + 0°f;, )

whose highest component f; has the following con-
strained form

fs =*F, =9,C", with C" = %am””qcnpq. (6)

The free Lagrangian for .S, which up to boundary
terms is described in superspace by & = J. d46S§, has
the following component form

g = _amﬁam(p - “I"Gmam\T»’ + |>I<E¥|2

. ~n 7

= 0,(C" *F,) = 0,,(C" *F),
where the total derivative terms have been added to
ensure the correct variation of the gauge three-form.

Indeed, varying with respect to C" and imposing the
gauge invariant boundary conditions 8F4|b 4 = 0, we get

0, *F, =0=*F, =b, (®)

which leads again to (4), with the important difference
that now b appears as a dynamical integration constant
parameter.

Having found the dual model, a further question
one can address is whether it is possible to pass
from (2) to (7) in a manifestly supersymmetric way. To
this end, let us note that the special chiral superfield .§
canbe parametrized as follows [14]

1 72
S=--D7%, 9
1 )]

where X is a complex linear multiplet subject to the

superspace constraint D’Y = 0. The gauge three-form
resides in the component field

%6’"““ [D,. D, )%l = C"(x). (10)

Due to the gauge invariance of SunderX — X + L
(where L is a real linear superfield parameter), the chi-
ral multiplet .S contains only the gauge-invariant field
strength of C; as in (5). Note also that the complex lin-
ear superfield can be expressed in terms of a generic

Weyl spinor superfield ¥, as X = D*¥, which can be
used to derive the equations of motion of X.

We are now ready to show how to get the new for-
mulation from the old one by a manifestly supersym-
metric duality procedure. Let us promote the complex
constant b appearing in (3) to a chiral multiplet X and
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add to (2) a term which contains the complex linear
multiplet

$" = [d'60® + [d'0XD +cc.
1 72\, %
+ dze(——D ) X3)+ c.c]
|[o[-1 0 (xx)
By varying (11) with respect to £ we get X = b and
hence recover (2). To find the dual formulation we
vary (11) with respect to X and ®, which produces

SX: @ = —iﬁzi =S, 8D X = i52§.

(11)

(12)

Substituting (12) back into (11) we get the dual
Lagrangian

g = j d*0SS + L., (13)

with
‘EB bd

_ ( I 40X D + ‘—11( j a’eD - j da’60’) ()72)) ree,

where X and @ take the values (12).

One can check that the component form of (13) is
given by (7), while (14) is the superfield extension of
the boundary term appearing in (7). Note that this is
directly produced by the dualization procedure.

3. TYPE IIA EFFECTIVE FIELD THEORY

The dualization procedure of the previous example
can be extended to more general globally and locally
supersymmetric theories. For instance, let us consider

a rigid theory with a set of chiral superfields ®"and a
superpotential of the form

W =e,@" + m'G ,(DP)D° + W (D), (15)

where e, and m” are real constants and W(®),
% ,(®) are arbitrary holomorphic functions which
may also depend on additional chiral superfields. In
[15], it was shown that such a theory admits a dual for-

mulation in which the auxiliary fields f 4 of the chiral
multiplets (along with the ones of the supergravity

multiplets) and eventually the constants e, and m’ get
replaced by combinations of field-strengths

F4A = dC3A , F,, = dC;, associated with pairs of gauge

three-forms C3A , Cy,. The resulting multiplets were
dubbed double three-form multiplets.

Now, being non propagating, the three-forms can
be integrated out by means of their equations of

motion. As a result, the parameters (e, mA) appearing
in (15) are generated dynamically as expectation values
of the four-form field strengths, as in the simple exam-
ple of the previous section. In turn, this implies that
Vol. 49
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the form of the potential of the scalar fields, governed
by the superpotential (15) in the original formulation,
is now determined by the underlying four-forms.

By starting from a super-Weyl invariant superspace
formulation of supergravity, the same procedure can
be applied to locally supersymmetric theories as well
[15]. The only difference is that the chiral fields dual-
ized to double three-form multiplets now include the
conformal compensator. In the following, we will
review the main points of this dualization procedure.
For the sake of concreteness, we will focus on the par-
ticular example provided by the effective theories of
type IIA flux compactifications, whose standard for-
mulation will be reviewed in subsection 1. The deriva-
tion of the dual formulation will then be presented in
subsection 2 and can be easily adapted to more general
models [15].

3.1. Effective N =1, D = 4 Theories from Type 1I1A

The four-dimensional theory that we are going to
examine is the N =1 supergravity arising from the
compactifications of type IIA string theory on a Cal-
abi—Yau three-fold Y with O6-planes, studied, for
example, in [17].

The gauge sector of the ten-dimensional type 1A
effective theory consists of the p-forms A4, (with
p =2n-1). Their (p+1)-form field strengths G,,,
can be compactly arranged into the polyform

G=F+G)nre” (16)

where F = dA and G is the polyform of the internal
fluxes (that is, those with “legs” along the Calabi—Yau
space only). The higher-rank forms are related to the
lower-rank ones by the ten-dimensional Hodge dual-

ity G,, = *,0Gjp_ap-

The internal flux quanta eo,e[,mi and m" are
defined as follows

=G, Im;/\(_iz,

-

where o,; and @, are harmonic bases of the CY orien-
tifold-odd H’(Y,Z) and orientifold-even H}(Y,Z)
(withj = l,...,hl’l(Y )), respectively.

Expanding the field strengths in the external (that
is, four-dimensional space-time) and the internal
parts, we may write the fluxes as expansions over the
internal bases in the schematic form (see [5, 18])

GO == mo,
G, =F +ed, +..

(17)
7Go « =[G

L =moy, + ...,
o Go=F Aoy, + ey +..., (18)

GSZFA[/\G)Q'F..., G10=E10/\0)6+....
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Here e,, e;, m' and m® are the flux quanta defined

in (17) and (F,, F,, F,;, F,,) are field-strengths in the
external 4D space-time which are related by the 10.D
Hodge duality to the values of the internal fluxes.

Let us now consider the scalar sector. We shall only
focus on the closed string moduli. One set of these
moduli originates from the expansion of the CY

Kahler form J and the NS-NS two-form B, in the
basis of orientifold-odd integral harmonic 2-forms ®,;

J=v'w,, B, =bo,. (19)

The moduli v' and #’, along with their supersym-
metric partners, combine into n = 4" (Y) 4D chiral

multiplet @' whose lowest components are

@'l = d'logeo = ¢ = v/ —ib'. (20)
Another set of moduli is given by the complex

structure, the dilaton and the internal R-R three-form
moduli which combine into additional chiral multi-

plets 7%, with g = 1,...,h”'(Y) + 1. In the following, we

9 — _1 p2ga
=-1pr .
In the large volume and constant warping approxi-
mation, the Kihler potential can be split into two con-
tributions as

will denote ¢/ =

H(D,®,T,T) = K(®, D)+ K(T,T), (1)

where the Kéhler potentials K(®,®) and K(T,T) sat-
isfy the no-scale conditions

KKK, =3, K"Kk, =4, (22)
2 _
where K, = E)K" K; = a,K_, . and K" is the
0’ 0D 0P’

inverse of the Kéihler metric K5, and similarly for K.
We assume that the Kihler potential K(®d,®) solely

depends on the real parts of the superfields @' as follows
K(®,®) = —log [3 ki (Re ®')(Re ®’)(Re ® )} (23)

where k; are the triple intersection numbers

ke = L(’)zi ANy A Oy
The last ingredient which defines the theory is the
flux-induced superpotential, which depends only on

the chiral multiplets @' (see also [3, 18])

W =e, +ied — lk ' @Dk 11 6 m’ky; D' D D . (24)
Aswe will see, (24) is a particular case of the locally
supersymmetric counterpart of (15), where the flux

quanta (17) appear.

2018



826 FARAKOS et al.

3.2. The Dual Formulation

The expansion (18) of the ten-dimensional field-
strengths produces external space-time field-strengths
and the four-dimensional effective field theory is nat-
urally endowed with non-propagating gauge three-
forms. Therefore, as in the example of Section 2, we

aim at making the 2n + 2 constants (e A,mA) in (24)
dynamical by replacing them with their dual four-
dimensional four-form field-strengths given in (18).

The starting point is the super-Weyl invariant
supergravity theory coupled to # + 1 chiral multiplets
%4 = (%#°,%'), among which we single out the chiral

compensator Z and the chiral matter superfields as fol-
lows

¥ =7 7' =izZd'. (25)
In addition, there are also the “spectator” chiral

multiplets 77 which play an important role in deter-
mining the final structure of the Lagrangian for the
four-forms in the dual formulation.

Introducing the “kinetic
= — 2
Q%.%,T,T)=ZBexp (—%f]{) and the homogeneous

superpotential W(%¥,T) with the following homoge-
neity properties under the Weyl rescaling

potential”

QOENF.T.T) = N3 Q*.%.T,T),
WOF.T) = \WE.T),

we construct the super-Weyl invariant superfield
Lagrangian for chiral matter coupled to old minimal
supergravity which takes the form [19]

$ =3 j d*0EQE, %, T,T)
+ j COREW(E.T) +cc).

Here FE is the Berezin super-determinant and

(20)

27)

J.d2®2% is the chiral superspace measure which trans-
form under the Weyl rescaling as follows

2 _
E I3 E, d’e2€ - 1 'd°e2¢. (28)
We will focus on the specific class of the Kihler
potentials (21), (22), (23) and the homogeneous

superpotential W' corresponding to the standard
superpotential (24). This can be written in the form

W) =e, X" +m'G ;)% (29)
with § ,;(%) = 0 ,0,9(%), where
G(f) = ékwg"%’%k. (30)

Notice that %9 is homogeneous of degree-two

GOF) = M*Y(%), consistently with the degree-one
homogeneity of W'. We may regard % as a prepotential

PHYSICS OF PARTICLES AND NUCLEI

defining a special Kahler geometry locally parame-

trized bythe homogeneous coordinates 9%,
As explained in [15], one can perform a dualization

to a new theory in which the chiral multiplets %" are

replaced by special chiral fields S”. However, in this
more general case, the linear relation (9) is substituted by

§' = 2@ [ M2, -y,

with M ,, = Im%Y ;5 and M"* = (M )" Here T, are
complex linear multiplets (i.e. _%‘(gbz -8R 4=0)

1)

which contain the double sets of real gauge three-
forms (A3A, A, 1) among their componets

%c‘siﬁ“[@w@am e Ay + G 15 AD),. (32)

The special chiral multiplets s? parametrize the
gauge invariant degrees of freedom of the double

three-form multiplets X .
In [15], to which we address the reader for details

about the dualization procedure, it was shown that
(27) can be dualized to the Lagrangian

Lo = —3j d*0EQ(S, S5, T,T) + Ly (33)

In practice, the dualization has replaced %* with

S” and removed the superpotential from (27), coher-
ently with the presence of four-forms. Furthermore
boundary terms are produced, which are needed to
ensure the correct variation of the action.

In order to arrive at a more standard Einstein-
frame formulation, one should fix the super-Weyl

invariance, for instance by setting S” = 1. If we focus
on the purely bosonic sector and ignore fermions, this

immediately gives s° =1 and Fb? = 0. From the com-
ponent expansion of (31) one can then extract the fol-
lowing relations

M = —iMOB(Za 2) [*EB + @BC(Z) *E;C],
2 o (34)
Fy = M+ S M@ D) [y + e @) *E ],

where F;' = dA{', F,, = dA,, and M is the complex
scalar auxiliary field of the gravity multiplet. These

equations explicitly show that M and the o’ -compo-

nents of S are expressed in terms of the four-form
field strengths, which is the core of our dualization
procedure.

Finally, after performing a standard Weyl rescaling
in order to go to the Einstein frame and integrating out

the auxiliary fields F; of the ‘spectators’ 7", one

Vol. 49 No.5 2018
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derives from (33) the following Lagrangian for the
bosonic fields

-1
e ‘££bos =

—%R — K (0,0)9¢'0¢

- kq7(l,7)atqat_7 + 6_13340”“ + e_lgbd,

(35)

where (pi were defined in (20), we have reintroduced

the explicit dependece on #(x) = T and

ke P = e1—6(*9*73)2 +e" K" F, *63’74,-
K o ~ 2 (36)
+ eTK-- I T+ 4e* (*9;40) + Lo,

3-form
y

where the four-forms @Z and @7’4 4 are defined as fol-
lows

Fo=-F, Fy=-F+b'F,
9;;41' = Eti + kijkbjEtk _% ijkbjbkEtoy
(37)

Fao = Foo + b o Sk E
- ék[/.kb"bfbkﬂo.

Notice that these are identical to four-forms
obtained in [5, 18] by direct dimensional reduction.
The explicit form of the boundary term &£, in (36)
can be found in [15]. It ensures that the variational
principle for the gauge three-forms is well defined.

From the three-form Lagrangian (36) it is clear
that this dual description produces a dynamically gen-
erated potential. In fact, the integration of the equa-
tions of motion which follow from (35) produces the
following expressions involving 2n + 2 integration

constants e, and m” such that

-K K 45 0 K K pij 5 &
—de"e *Fy=m, —e e K'*F,;

=m —m' = p, /

= e, + kyb'm" — %k,.,,{bfb"mO =0, (38)
—ie_(mk) *F) = e, + ble,

+ %k,-j-kbibjmk - ék,-jkb"bjbkmo =0,

These correspond to the on-shell values of the
four-forms obtained in [5, 18] by dimensionally
reducing the ten-dimensional Hodge duality relations
between the type IIA R-R field-strengths (18). Substi-
tuting (38) back into the bosonic Lagrangian (35) and
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taking into account also the boundary terms, we get
the following scalar potential

v =er [16e'(p§ +4e“K'pp;
o (39)
+ e_KK,-jp’p/ +‘—‘(m0)2e_K]

It coincides with the type IIA R-R flux potential
obtained in [17, 20]. However, in the above descrip-

tion, the constants (e, e;, m, mo) which enter the defi-
nition of (p,, p;, p[, po), are determined by the expecta-

tion values of the four-forms F4A and F, ,.

We have thus obtained the manifestly supersym-
metric dual formulation of effective theories describ-
ing a certain class of type 11A string compactifications.

4. CONCLUSIONS

In this contribution we have reviewed the non-lin-
ear duality procedure of [15] which relates the usual
chiral multiplets to the three-form multiplets. The
core of the dualization procedure is the exchange of
the coupling constants appearing in the chiral field
superpotential to appropriate combinations of expec-
tation values of real four-form field-strengths. Owing
to the superspace formulation, the final output is a

manifestly N =1 supersymmetric Lagrangian which
includes three-form multiplets.

Among other possible applications, this formula-
tion provides a starting point for generalizing (in a
manifestly supersymmetric framework) the Brown-
Teitelboim mechanism [21, 22] along the lines of [2]
and extending the results of [1, 8, 23—25] on coupling
the three-form supergravity-matter systems to super-
membranes.

ACKNOWLEDGMENTS

We thank Irene Valenzuela for useful discussions.
Work of F.F. is supported in part by the Interuniversity
Attraction Poles Programme initiated by the Belgian
Science Policy (P7/37) and the KU Leuven C1 grant
ZKD1118 C16/16/005. Work of D.S. was supported in
part by the Australian Research Council project no.
DP160103633 and by the Russian Science Foundation
grant 14-42-00047 in association with Lebedev Physi-
cal Institute.

REFERENCES

1. B. A. Ovrut and D. Waldram, “Membranes and three
form supergravity,” Nucl. Phys. B 506, 236—266
(1997); arXiv:hep-th/9704045.

2. R. Bousso and J. Polchinski, “Quantization of four
form fluxes and dynamical neutralization of the cosmo-
logical constant,” JHEP 06, 006 (2000); arXiv:hep-
th/0004134.

2018



828

3.

10.

11.

12.

13.

14.

FARAKOS et al.

J. L. Feng, J. March-Russell, S. Sethi, and F. Wilczek,
“Saltatory relaxation of the cosmological constant,”
Nucl. Phys. B 602, 307—328 (2001); arXiv:hep-
th/0005276.

K. Groh, J. Louis, and J. Sommerfeld, “Duality and
couplings of 3-form-multiplets in N = 1 supersymme-
try,” JHEP 05, 001 (2013); arXiv:1212.4639 [hep-th].

S. Bielleman, L. E. Ibanez, and 1. Valenzuela, “Min-
kowski 3-forms, flux string vacua, axion stability and
naturalness,” JHEP 12, 119 (2015); arXiv:1507.06793
[hep-th].

F. Farakos, A. Kehagias, D. Racco, and A. Riotto,
“Scanning of the supersymmetry breaking scale and the
gravitino mass in supergravity,” JHEP 06, 120 (2016);
arXiv:1605.07631 [hep-th].

E. 1. Buchbinder and S. M. Kuzenko, “Three-form
multiplet and supersymmetry breaking,”
arXiv:1705.07700 [hep-th].

S. M. Kuzenko and G. Tartaglino-Mazzucchelli,
“Complex three-form supergravity and membranes,”
JHEP 12, 005 (2017); arXiv:1710.00535 [hep-th].

E. 1. Buchbinder, J. Hutomo, S. M. Kuzenko, and
G. Tartaglino-Mazzucchelli, “Two-form supergravity,
superstring couplings, and Goldstino superfields in
three dimensions,” arXiv:1710.00554 [hep-th].

K. S. Stelle and P. C. West, “Minimal auxiliary fields
for supergravity,” Phys. Lett. B 74, 330 (1978).

V. Ogievetsky and E. Sokatchev, “Structure of super-
gravity group,” Phys. Lett. B 79, 222 (1978).

V. Ogievetsky and E. Sokatchev, “Equation of motion
for the axial gravitational superfield,” Sov. J. Nucl.
Phys. 32, 589 (1980).

S. J. Gates, Jr., “Super P-form gauge superfields,”
Nucl. Phys. B 184, 381—-390 (1981).

S.J. Gates, Jr. and W. Siegel, “Variant superfield repre-
sentations,” Nucl. Phys. B 187, 389—396 (1981).

PHYSICS OF PARTICLES AND NUCLEI

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

F. Farakos, S. Lanza, L. Martucci, and D. Sorokin,
“Three-forms in supergravity and flux compactifica-
tions,” Eur. Phys. J. C 77, 602 (2017); arXiv:1706.09422
[hep-th].

J. Wess and J. Bagger, Supersymmetry and Supergravity,
Princeton, U.S.A.: Princeton University Press, 1992.

T. W. Grimm and J. Louis, “The effective action of type
ITA Calabi—Yau orientifolds,” Nucl. Phys. B 718, 153—
202 (2005); arXiv:hep-th/0412277.

F. Carta, F. Marchesano, W. Staessens, and G. Zocca-
rato, “Open string multi-branched and Kahler poten-
tials,” JHEP 09, 062 (2016); arXiv:1606.00508 [hep-th].

T. Kugo and S. Uehara, “Improved superconformal
gauge conditions in the N = 1 supergravity Yang—Mills
matter system,” Nucl. Phys. B 222, 125—138 (1983).

J. Louis and A. Micu, “Type 2 theories compactified on
Calabi—Yau threefolds in the presence of background
fluxes,” Nucl. Phys. B 635, 395—431 (2002); arXiv:hep-
th/0202168.

J. D. Brown and C. Teitelboim, “Dynamical neutral-
ization of the cosmological constant,” Phys. Lett. B
195, 177—182 (1987).

J. D. Brown and C. Teitelboim, “Neutralization of the
cosmological constant by membrane creation,” Nucl.
Phys. B 297, 787—836 (1988).

M. Huebscher, P. Meessen, and T. Ortin, “Domain
walls and instantons in N = 1, d = 4 supergravity,”
JHEP 06, 001 (2010); arXiv:0912.3672 [hep-th].

I. A. Bandos and C. Meliveo, “Superfield equations for
the interacting system of D =4, N = 1 supermembrane
and scalar multiplet,” Nucl. Phys. B 849, 1-27 (2011);
arXiv:1011.1818 [hep-th].

I. A. Bandos and C. Meliveo, “Supermembrane inter-
action with dynamical D = 4, N = 1 supergravity.
Superfield Lagrangian description and spacetime equa-
tions of motion,” JHEP 08, 140 (2012);
arXiv:1205.5885 [hep-th].

Vol. 49 No.5 2018



	1. INTRODUCTION
	2. RIGID POLONYI MODEL
	3. TYPE IIA EFFECTIVE FIELD THEORY
	3.1. Effective Theories from Type IIA
	3.2. The Dual Formulation

	4. CONCLUSIONS
	ACKNOWLEDGMENTS
	REFERENCES

