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An anti-D3-brane plays a crucial role in the construction of semirealistic cosmological models in string
theory. Part of its action provides an uplift term that has been used to lift anti-de Sitter solutions to
phenomenologically viable de Sitter vacua in the Kachru-Kallosh-Linde-Trivedi and large volume scenario
(LVS) setups. In the last few years it has been shown that this uplift breaks supersymmetry spontaneously
and can be described in the four-dimensional N = 1 supergravity language by using constrained
supermultiplets. Here we derive the complete four-dimensional N = 1 supergravity action for an anti-
D3-brane coupled to all closed-string background fields. In particular, we include the vector field, the scalar
fields, and all fermions that live on the anti-D3-brane.

DOI: 10.1103/PhysRevD.100.066001

I. INTRODUCTION

The Kachru-Kallosh-Linde-Trivedi (KKLT) scenario [1]
provided the first construction of de Sitter (dS) vacua in
string theory. The very existence of such solutions in
quantum gravity has recently been questioned; see
Refs. [2-4] for review articles and references. However,
there is so far no generally agreed-upon flaw in the KKLT
scenario and some past criticisms have already been
refuted. Given this status, it is important to improve our
understanding of the KKLT setup further. One such line of
research has focused on the description of the anti-D3-
brane that provides the uplift from a supersymmetric anti—
de Sitter (AdS) vacuum to a dS vacuum. In particular, it
has become apparent in the last few years that one can
describe the anti-D3-brane in terms of a four-dimensional
(4D) N = 1 supergravity (SUGRA) action. In this paper, we
continue this endeavor by deriving the complete 4D N = 1
supergravity effective action for the KKLT scenario, includ-
ing the anti-D3-brane and all of its world volume fields.
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Our supersymmetric low-energy effective action shows
that supersymmetry in the KKLT setup is spontaneously
broken. While this might have been expected because the
anti-D3-branes used as the uplift in the KKLT scenario are
an excited state in a supersymmetric theory [5], it was not
until 2014 that it was understood how to write down a
supergravity action that reproduces the anti-D3-brane uplift
term [6]. The connection of this uplift term to the anti-D3-
brane in the KKLT setup was then clarified in Refs. [7-10].

The subject of brane supersymmetry breaking started
with Refs. [11-15], and the connection to nonlinear
supersymmetry was first studied in Refs. [16,17]. All of
these developments have broadened into a variety of
different research directions and led to many interesting
related results during the last few years; see, e.g., Refs. [18—
32]. However, so far nobody has succeeded in writing down
the full four-dimensional low-energy effective supergravity
action that includes all anti-D3-brane world-volume fields
in the KKLT background. This action consists of a bosonic
part—containing the three complex world-volume scalars
and the U(1) gauge field—and a fermionic part containing
the four 4D fermions. For flux compactifications, this
fermionic world-volume action is currently only known
to quadratic order in the fermions [33-38].

While the bosonic action seems at first to be the easier
part, it is actually the fermionic action that has been studied
most often over the last few years [7-10,20,27]. In
particular, it has been shown that one can do an orientifold
projection that removes all of the bosonic degrees of
freedom (d.o.f.) from the anti-D3-brane. The fermions
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together with the bosonic uplift term can then be combined
into a Volkov-Akulov type action [39] and be described in
the 4D N = 1 supergravity action via constrained chiral
multiplets. Recently, the complete action for the Giddings-
Kachru-Polchinski (GKP) background fields and the four
anti-D3-brane world-volume fermions has been derived in
[27]. Here we extend this work by studying the full KKLT
background and by including also the world-volume scalar
fields and the U(1) gauge vector. Thus, we derive the
complete low-energy effective supergravity action for an
anti-D3-brane in the KKLT background.

The organization of the paper is as follows. In Sec. I we
review the action for an anti-D3-brane in the GKP and
KKLT backgrounds. In Sec. III we discuss the constrained
multiplets in 4D N =1 supergravity that we need to
describe the anti-D3-brane. In Sec. IV we derive the
four-dimensional A/ = 1 supergravity action for an anti-
D3-brane in the KKLT background. We summarize our
findings in Sec. V and we draw the conclusions in Sec. VI.
Two Appendixes provide technical details.

II. THE ANTI-D3-BRANE ACTION IN THE GKP
AND KKLT BACKGROUND

In this section we will review and (re)derive the action
for an anti-D3-brane in the GKP [40] and KKLT [1]
backgrounds. While many aspects of this action have been
studied before, we will include here all world-volume fields
of the anti-D3-brane and their couplings to the background
moduli fields, which are the axiodilaton 7 = Cy, + ie™?, the
single Kihler modulus 7', and the complex structure moduli
U”. The Dp-brane action in flux backgrounds is only
understood up to quadratic order in the fermions [33-38].
The known pieces of the action therefore include a bosonic

e—4AR)

2 _ ,—6u(x)
ds e <1 + )

where the external indices are labeled by y, v = 0, 1, 2, 3, the internal indices are labeled by a, b=1,2,3and e

.
> G dxtdx” + e2u() <1 +

part and a fermionic part that is quadratic in the world-
volume fermions.' We will discuss these separately in the
following two subsections.

A. The bosonic action
The bosonic anti-D3-brane action is the sum of the
Dirac-Born-Infeld (DBI) action and the Chern-Simons
(CS) action and is given in the 4D FEinstein frame by

SB — SDBI + SCS

bos

(2.1)

SDBI = —/d4)€\/_ det (P[gﬂl/ + e_%BW’} + e_%F/w)’ (22)

SCS — —/P[(Co + Cy+ Cy) A eB2] A el (2.3)

Here we have set [, = 27V =1, while B, denotes
the Neveu-Schwarz Neveu-Schwarz (NSNS) Kalb-
Ramond field, F,, is the field strength of the U(1) gauge
field living on the brane, and P is the pullback to the brane
world volume. To simplify the presentation, we have
rescaled the U(1) field strength by 2z with respect to the
textbook by Polchinski [41], i.e., Fholchinki — 27 Fus We
have also rescaled the action by 1/27 to remove the brane
tension T3 = (27)73 (/)% = 2x.

In a GKP background [40] the metric is warped and the
presence of warping makes the identification of the Kéhler
modulus, Im(7') in our case, rather cumbersome [42]. For a
single Kihler modulus there is a fixed overall scaling with
respect to the volume for all of the terms in the action. We
can identify this scaling by working with the following
metric in the Einstein frame [43,44]:

e—3AR)

1
3 _
W) gal;dzadzb, (24)

o — yolg is

the volume of the internal manifold, whose dependence on Im(7) is going to be specified below.” This metric interpolates
between the unwarped bulk region and the warped throat. We will be interested in the strong-warping regime, namely,

e~ > ¢ where the metric reduces to

ds? = e2A(z)—4u(x) g;wdxﬂ dx? + e%u(x)—%A(z)gaBdZa dZ[;.

(2.5)

'This action does not include terms that are linear in a world-volume fermion and a closed-string fermion.

>The ansatz (2.4) does not solve the mixed components of the ten-dimensional Einstein equations with one internal and one external
index and one has to introduce a compensator field [42]. This subtlety will not affect our result. However, it would be important
to confirm this explicitly by doing a proper dimensional reduction of the anti-D3-brane, extending the result for a supersymmetric

D3-brane of Ref. [45].
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We can now proceed and start to evaluate the DBI action. Following Ref. [46], this becomes’

SDBI _ _ / d*x g <e4A(H,I:1)—8u(x) +%e%A(H'H)‘§”(x)ga,3(H,I:I)aﬂH“G”HE +

where the dots denote higher-order terms. These are
corrections, which are small with respect to the couplings
that we wrote down explicitly. The warp factor, the internal
metric, and the dilaton are functions of the world-volume
scalars H that indicate the position of the brane and that
enter the action via the pullback P. We will assume that the
brane sits at some position in the strongly warped region,
but we will not need to specify it further. For the rest of our
discussion we will consider small fluctuations around such
a position and we indicate them with the same symbol H*
for convenience.

The kinetic term for the scalar fields arises entirely from
the DBI part of the action and is therefore the same for D3-
branes and anti-D3-branes. The rewriting of this term in 4D
N = 1 supergravity was first discussed in Ref. [47]. There
it was argued that such a kinetic term stems from a Kihler
potential of the type

K = -3log[-i(T-T)+ k(H,H)], (2.7)

where T is our single Kéhler modulus and k(H, H) is the
Kihler potential corresponding to the internal Calabi-Yau
metric 9y 0pk(H, H) ~ L ¥4+ g ;. where we neglected
subleading terms (cf. Appendix B of Ref. [48]). The Kihler
potential k(H, H) does not break the no-scale structure and
enters the expression of the overall volume, which indeed
depends on the open- and closed-string moduli via

volg = % = (—i(T = T) + k(H,H)):.  (2.8)

The DBI action gives also rise to a scalar potential and a
standard Maxwell term for the U(1) gauge field, with a
coupling constant determined by Im(z) = =% evaluated at
the position of the brane. We will discuss both of these
terms further when we combine them with the CS action.

We now look at the CS action for the anti-D3-brane. In
the GKP background it reduces to

Scs:_/ (;CO(H,H)FAF+C4(H,H)>

:_/ Gco(o,O)FAF+c4(o,0)+...)

Re(z) e#° _
:—/d4x1/—g4<— 3 qFﬂprd_'—a(H’H)_‘_'“)’

(2.9)

3This action can be recast in the conventionsAused in Ref. [27]
by sending A — A — u and then g,; — g,

~¢(H.H)

F F™ + ) (2.6)

|

where in the second line we expanded around the position
of the brane, H* = 0, and omitted higher-order terms. We
are using the fact that Re(r) = Cy(0,0) and C, =
a(z,2)y/=g4dx" A dx" A dx* A dx?, where g, is the deter-
minant of the unwarped four-dimensional metric. Recall
that C, and B, with indices along the noncompact
spacetime directions are projected out by the orientifold
projection.

A D3-brane in the background we are considering
preserves linear ' = 1 supersymmetry in 4D. The U(1)
gauge field on its world volume has a gauge kinetic
function given by f(z) = —iz. This function is and has
to be holomorphic and depends only on the axiodilaton
modulus 7. The real part, Re(f(z)) = Im(z) = e~%, con-
trols the coupling in the Maxwell term and the imaginary
part, Im(f (7)) = —Re(z) = —C,, controls the theta term.
This leads to an immediate problem in the case of the anti-
D3-brane. With respect to the D3-brane, the anti-D3-brane
has a sign difference in the CS action and thus, in order to
get the correct sign for the theta term in Eq. (2.9), it seems
that we would have to make the gauge kinetic function
antiholomorphic, f(7) = iz. However, this would not be
compatible with supersymmetry, since the closed-string
field 7 is part of an unconstrained chiral multiplet. We will
show how to resolve this puzzle and maintain a holomor-
phic gauge kinetic function in Sec. IV. The crucial point
will be that, in the background we are considering, an anti-
D3-brane preserves nonlinear N =1 supersymmetry
in 4D.

We can now put together the two pieces and
obtain the bosonic action of the anti-D3-brane. The
second term in the CS action (2.9) combines with the
first term in the DBI action (2.6) into what is usually
denoted by

O, = MHEH)Su 4 o(H H), (2.10)

with the plus being for the anti-D3-brane and
the minus for the D3-brane. The equations of motion
in the GKP solution enforce ®_ =0, so that the
potential for a D3-brane, Vp; = ®_, vanishes because
the DBI part and the CS part exactly cancel. For an
anti-D3-brane the contributions simply add up and
we have
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§D3 _ gDBI | ¢CS

bos

_ 1 ) -
—_ / dx — (2e4A(H,H)—8u +5e%A(H,H)—%u(x)gal;a”Huath +TF;4DFﬂD _

where we can identify the scalar potential

Viz(H. H) = @, = 2 AHH)=8u,

Im(7) Re(z) er° FF 4 (2.11)
5 e bt ) .

(2.12)

Since the warp factor is minimized at the bottom of the warped throat, this is also the point where the anti-D3-brane
potential is minimized and that the brane is dynamically attracted to. We can then expand the scalar potential around this

point to obtain

VD—3(H’ H) = 2€4A0_8u0(1 + 4HaH}_}8Ha8]:IBA|H:0 + ZHHHhaHaaHbA|H:0 + 21:1‘_11:]}_’81‘1&3[—1;;./4|H:0 + ),

where Ay = A|,_, uy=uly_, and the dots stand for
higher-order terms, which are actually suppressed by the
string scale (following the same logic as in Sec. 3.1 of
Ref. [46]). The first contribution in the expansion is the
uplift term for an anti-D3-brane which, in a highly warped

region, scales like 1/ (V016)% [49].* In Sec. IV we will show
how to reproduce the above scalar potential using a
modified version of the Kéhler potential given in Eq. (2.7).

In the GKP solution the volume direction is a flat
direction. The nonvanishing scalar potential for the anti-
D3-brane in Eq. (2.12), which is proportional to 1/(vol)3,
would then lead to a runaway for the Kéhler modulus. In
order to avoid this, the KKLT scenario [1] includes a
nonperturbative correction that can arise from either
Euclidean D3-branes or a gaugino condensate on a stack
of D7-branes. The effect of this nonperturbative contribu-
tion on the background as well as the anti-D3-brane uplift
has recently received considerable attention [5S0-61]. At the
heart of this discussion is the question of whether the
gaugino condensation on a stack of D7-branes can be
described in ten dimensions and, if that is the case, what the
detailed backreaction of the gaugino condensate on the
anti-D3-brane is. When the gaugino condensation or
Euclidean D3-brane is taken into account, the KKLT
background will have an extra term in the superpotential
of the form

— iaT
W,, = Ae",

(2.14)
where A is a function that generically depends on the anti-
D3-brane fields. Since the gaugino condensation or
Euclidean D3-brane arise from the Calabi-Yau bulk region,
while we are studying an anti-D3-brane sitting at the
bottom of a highly warped throat, these additional terms
are expected to be highly suppressed compared to the

“In the unwarped region the uplift term actually scales like

1/(volg)* [1].

(2.13)

[

tree-level potential in Eq. (2.12). After a lively debate in the
recent literature [S0-61], there seems to be some consensus
that this is indeed the case. For this reason we will neglect
these corrections here, which is in some sense generic:.5
However, many throats (like, e.g., the Klebanov-Strassler
geometry [62]) have isometries so that the scalar potential
in Eq. (2.12) can have flat directions that would be lifted by
higher-order corrections. Such higher-order corrections
could arise in particular setups from the superpotential
in Eq. (2.14). Such light moduli arising from the anti-D3-
brane were first studied in Ref. [63], and it would be
interesting to study this in more detail for concrete setups
using, e.g., the tools developed in Ref. [64].

B. The fermionic action

The fermionic part of the action plays a crucial role in
understanding the low-energy effective description of the
anti-D3-brane in the GKP or KKLT background. The
reason for this is that the anti-D3-brane breaks supersym-
metry spontaneously and one (combination) of the world-
volume fermions has to be the Goldstino. As we will
explain in the next section, this Goldstino can be described
in terms of a nilpotent chiral multiplet that couples to the
standard four-dimensional A/ = 1 supergravity theory one
obtains from the closed-string sector.

How the anti-D3-brane provides the Goldstino is not
straightforward and requires some explanation. We will
therefore comment on this before actually presenting the
action. The fermionic action for a Dp-brane in a flux
background is only known to quadratic order in the
fermions [33-38] and the anti-D3-brane has been studied
in this context in Refs. [7,8,27,46]. In particular, the four
world-volume fermions on the anti-D3-brane can be
divided into 4, which is a singlet under the SU(3) holonomy

>For a supersymmetric D3-brane the tree-level scalar potential
vanishes and these terms provide a very interesting, small
potential that was first studied in Ref. [48].
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group of the internal manifold, and y’, with i =1, 2, 3,
which transform as a triplet. The masses and some of the
couplings of these fermions are controlled by the imaginary
self-dual (ISD) part

GSP = —(G; —i g Gs) (2.15)

| =

of the background flux G; = F; —ie"?H, [8,46], where in
our conventions F3 = dC, — CyHj;. In particular, the mass
of the singlet arises from a flux of (0,3) type, the interaction
between / and the y' is proportional to a nonprimitive (1,2)
flux, and the masses of the y are determined by a primitive
(2,1) flux. In a supersymmetric GKP background, 4 is the
Goldstino and correspondingly it does not mix with the y
and has no mass term. This is consistent with the fact that
the anti-D3-brane is the only source of supersymmetry
breaking in this context [8].

In a nonsupersymmetric GKP background we have a
nonvanishing Gukov-Vafa-Witten superpotential [65]

WGVW — /G3 VAN Q Sé O, (216)

where Q is the (3,0)-form of the Calabi-Yau manifold, and
therefore we get a nonvanishing F-term for the Kihler
modulus 7,

DrWeoyw = KrWgyw # 0. (2.17)
As a consequence, in a nonsupersymmetric GKP back-
ground with Eq. (2.16), the G; flux must contain a
nonvanishing (0,3) piece and the background itself breaks
supersymmetry spontaneously. In such a situation, the
Goldstino is a closed-string fermion. If we add an anti-
D3-brane to this background, then the singlet 4 will also
have a mass and cannot (and does not have to) be the
Goldstino. Indeed, since both the anti-D3-brane as well as
the background (0,3) G5 flux break supersymmetry sponta-
neously, the Goldstino is expected to be a linear combi-
nation of A and the closed-string fermion which was the
Goldstino before the addition of the anti-D3-brane.

The actual KKLT background of interest has, besides a
nonvanishing Wgyw, a nonperturbative superpotential term
given in Eq. (2.14). In this case one can find a super-
symmetric solution,

Dr(Woyw + W,,) =0, (2.18)
which gives 0;W,,, = —=K7(Wgyw + W,,,). This solution
is a supersymmetric AdS vacuum that is uplifted by the
anti-D3-brane to the KKLT dS vacuum. At this point,
however, one might have noticed the following issue: the
anti-D3-brane is actually the sole source of supersymmetry
breaking and therefore it needs to provide the massless

Goldstino. On the other hand, the background has a (2,1) as
well as a (0,3) G5 flux, which seem to give a mass to y' and
A as well [8]. In other words, all fermions appear to be
massive and it is not clear whether a massless Goldstino is
present. The resolution of this apparent puzzle is due to the
behavior of the (0,3) G5 flux in the presence of a gaugino
condensate on a stack of D7-branes. In particular, it was
shown in Refs. [66,67] that the (0,3) G5 flux localizes on
top of the D7-branes that are located in the bulk of the
warped Calabi-Yau manifold. Therefore, the pull-back of
this (0,3) G5 flux onto the anti-D3-brane world volume
vanishes, since the anti-D3-branes sits at the bottom of a
warped throat. Thus, 4 does not get a mass and is the
Goldstino provided by the anti-D3-brane, which is the sole
source of supersymmetry breaking.6

Having clarified how the anti-D3-brane action in the
KKLT background provides the massless Goldstino plus
three more massive fermions, we now work out the
couplings of these fermions to the closed-string moduli
7, T and UA. The fermionic anti-D3-brane action was
studied, e.g., in Refs. [8,27,33,46]. The part of the action
that is quadratic in world-sheet fermions is given in the
Einstein frame by [8,37,68]’

_ _ 1 ~
SP3 =2 / d*x\/=g4 [€4A_8”9F” <Vu - Ze(/)FMFOlB)e
1
8- 41

8A_16ur— 1 omn [
—2e3 5T E ) 01230

B( 4= pumpa

+ pmnpq

i ¢ _ _
6A—12u+% ( (7ISD ISD mn
- e 2((;mnp - Gmnp)gr p9:| ’

5 (2.19)

where 0 is a 16-component Majorana-Weyl spinor of type
IIB theory, the indices m, n,... =4,5,...,9 are internal,
I’ has curved but unwarped indices, and I"  has flat
indices. Following Refs. [8,33], we can decompose the
spinor 6 into four-dimensional Weyl spinors. In the
notation of Ref. [69], we have an SU(3) singlet P; 4 and
a triplet P, y'. The reduction of the last line and the kinetic
term of Eq. (2.19) was performed in detail in Ref. [8]. If the

SThis is only true in the strict probe limit. Once the anti-D3-
brane backreacts onto the geometry via the uplift term
Vi & 1/(=i(T = T))?, the T modulus shifts away from the
supersymmetric minimum. As a consequence, DyW will not
be zero anymore and the Goldstino will be a mixture of 4 and the
fermionic partner of the 7 modulus.

"This can be obtained from the string-frame result in
Refs. [8,68] with g, = e*™2A%g ~and 65 = eF~+30. We
follow the conventions of Ref. [8], which uses the action given
in Egs. (4.4) to (4.6) of Ref. [68]. We rederived the coupling to F;
starting from Eqs. (A.5) and (A.7) in Ref. [68] and found the
opposite sign for the corresponding term. Our expression agrees
with the generic four-dimensional supergravity action, as we
check below.

066001-5



CRIBIORI, ROUPEC, WRASE, and YAMADA

PHYS. REV. D 100, 066001 (2019)

brane action is evaluated on a fixed background the
remaining terms vanish. On the contrary, they should be
taken into account when the background fields are dynami-
cal, as is the case in our setup. To the best of our
knowledge, these terms are worked out here for the
first time.

We start by considering the contribution arising from the
spin connection. In particular, we have

- - | B ~
orv,0 = or* (a,, + Zw;j”r,ﬂ, + — ! Fi,) 9, (2.20)

where the flat indices take values @, b =0, 1, 2, 3 and i,
7=1, 2, 3. Since the spin connection with mixed indices
vanishes, w% = %’ =0, we have already omitted the
corresponding terms. The first two terms in the equation
above construct the 4D covariant derivative, while the last
term gives rise to a coupling between the fermions and the
complex structure moduli, which can be calculated as
|

"

wil = €%l — e, el = e (Dpael)0, U — e (Dyael,)0,UA.

follows. In our setup the metric is block diagonal with a
4D part and a six-dimensional part, and therefore the
vielbein is likewise block diagonal. Then, the six-dimen-
sional internal vielbein part satisfies e¢ galgeg’ = J;, so that
e is a function of the Kéhler modulus 7" and the complex
structure moduli U4. Since the holomorphic (3,0)-form
Q. = €;x€e;ek only depends on the U4 and not on the
UA, we can conclude that ¢/, and its inverse ¢¢ depend only
on T, T, and the U#, but not on U4. Namely, we have

0,et = (0re?)0,T + (07¢2)0,T + (Oyae?)0,UA. (2.21)

Having a single volume modulus, the metric and the
vielbein have a simple overall volume dependence, i.e.,
they depend to leading order in large volume on (T — T') to
some power, so that Oref = —07ef « ef. This means that
the relevant spin connection reduces to

(2.22)

We will now use the fact that we have only a single Kédhler modulus and correspondingly only a single (1,1)-form to
substantially simplify the above expression. In particular, from the spin connection we can define a 2-form that has to be
proportional to the Kihler form J, or in flat indices to &, if it is in cohomology®

Wieael xiJ 5 =

it

We can then write

o~ 1 . o~
a)’fjf‘ﬁ = ga);j(‘iﬁéﬂrﬁ,

Sneqel. (2.23)

(2.24)

and the first new fermionic contribution to the 4D anti-D3-brane action is

O @il ;0 = garﬂa);;a,-ﬁurﬁe = ga),’jkﬁk,;(MPRyM — 85 Prr*x’)

1

= =6;(e"(Dpael)0,U* — e“(yuel,)0, U*)(3APgy"A — 850’ Prr*x?).

3

(2.25)

The second new term involves a coupling to the derivative F,, = 9,C, = 9,Rer. Its calculation is simpler with respect to

the previous case and it gives directly

Re(7)

- 0
e‘/’F”HF”FOIBH = f—

m(7)

éF”f01239 - —l s

d,Re(7)

(APgy*A + 80 PRy YY). (2.26)

Im(7)

The last contribution in Eq. (2.19) that we have to calculate is a derivative coupling to the C4 axion. To this purpose, we
recall that for a Calabi-Yau manifold with a single Kihler modulus 7', there is only a single (2,2)-form that we denote by Y »
and that is normalized such that it integrates to one on the single 4-cycle X,. In particular, the Kéhler modulus is constructed
out of the 4-forms C4 and J A J and it has to be holomorphic, since it is described by a chiral multiplet in four dimensions.
We can therefore decompose it on the basis given by Y,, and find

¥1t is not clear to us that this 2-form indeed has to be in cohomology for generic CY3 manifolds. For toroidal orbifold examples this is
indeed the case, but we lack a generic argument. The following is therefore not a strict mathematical proof. We thank Harald Skarke for
discussing this point.
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T= / <C4—1J/\J> - / ca(x") Y +ilm(T) | Vs, (2.27)
% 2 % %

From the above we can directly identify Cy D c4(x*)Y,, =

—cyu(x*) Z{mA(J) Using the fact thatie?eJ,; = &, where u, il are

curved and warped indices, while recalling that the matrix [*"7?" appearing in Eq. (2.19) has real curved but unwarped
indices, we can finally calculate the desired term,

1 ‘ 0 Re
i ¢SSO0 P 3 F 0 = 2”1?5))95 0TI 1530
_O,Re(T) B .
—lﬁnT (3/1PR}/”A. - 51’])(]PR7”)(1)- (228)

Actually, this is only one of the two contributions containing C, and appearing in Eq. (2.19). However,

due to the self-duality of dC, in ten dimensions, one finds that the four-dimensional 2-form C, D cf;ydx” A dx¥ A
Y, is dual in four dimensions to c4(x*), so that the two corresponding terms in the 3-brane action are

equal, namely,

8A 16u

Fﬂnpqrr‘/mpqr = —2e” $H3 Fﬂwmnryupmnf*’ (229)
and therefore the two terms in Eq. (2.19) add up.
Up to total derivatives and written in terms of four-dimensional spinors, the action (2.19) then becomes
Sgs == 2/d4.x _g4e4A_8u ZPR}/”V,J + 5,7}1_/7PR}/ﬂle + 4In’11< )8MRC(T></_’{PR}/ﬂﬁ + 51})?7PR7”)(1)
T
- - , 1 - - ‘
4Im( )8 Re( )(3/“0RJ’”/1 - 51’])(]PR7”)51) + Ewﬁ 51<1‘<(3/UDR7’”/1 - 55;ZJPR}’”ZI)
I - - o1 . :
+ (Em/‘LPLl + milPL)(l -+ Emij)_(’PL)(/ + C.C.>:| . (230)

The masses depend on the GEP flux as

B Q A 4u+¢gabLGlSD of the G5 flux onto the anti-D3-brane world volume

m = 12 abe? (2.31) vanishes. In addition, in the same background the (2,1)
part of GEP is primitive, namely, GS2J%¢ = 0, where J ; is
V2 o Atur? o FISD 1be the Kihler form on the Calabi-Yau. As a consequence of
mi=——-¢ el Gy (232)  these two facts we have that
5 m=0=m,, (2.34)
m;; = %iez““_“”*%(efe? + e5ed)Qupeg™ h”GL‘ZDh. (2.33)

As we discussed at the beginning of this subsection, in a
GKP background or in the KKLT setup with gaugino
condensation on a stack of D7-branes in the bulk that is
away from the anti-D3-brane, the pullback of the (0,3) part

and then the singlet fermion A remains massless, while the
x' generically have nonvanishing mass terms. 4 will there-
fore be the Goldstino associated to the broken supersym-
metry. It arises from the brane, as is expected for an
anti-D3-brane added to a supersymmetric background.
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Finally, the complete anti-D3-brane action in the KKLT background is

SP3 = §D3 + §B3

bos fer

| _- Im(7) Re(z) etre
_ 4 4A-8u sA-2u a b v
= —/d X\/—3g4 <2€ +§€3 3 gaha”H 8’H + 4 FW,FM —Tq /wF/)O'
2 ] i i 2 il i
+2 / d4x\/—g4e4“4_8” |:/1PR]/”vﬂ)~ + 5,’7)(JPR]/”V!J( + maﬂRe<’F)(lPR]/”/1 + 5ij)(]PRy#)( )

 4Im(7)

1 A
+ zmij)(’PL)(/ + Em;j)(’PR)(J] .

C. The supersymmetric D3-brane action

The above action is the leading-order component action
for an anti-D3-brane in the KKLT or GKP background and
we will show how to rewrite it in terms of A" = 1 super-
gravity in Sec. IV. However, before doing so, it is
instructive to perform a simple check on our result and
compare it to the known couplings in the D3-brane action.
We devote the present subsection to this purpose.

§P3 = 03+ SP3

fer

1 .
=- / d*x\/=gs <§ A g 10, HOOHP + —mf)

+2/d4x —ggetA-su

i - _ . 1 - _ )
+ ————0,Re(T)(3APgy"A — 8540’ Pry'y') + Ewﬁ"%’c(%l’ﬁ”ﬂ - 5i])_(jPR7MZt)] .

4Im(T)

It is interesting to study the derivative couplings
involving (derivatives of) the closed-string axions and
the open-string fermions on the supersymmetric D3-brane,
since this will provide useful information about the form
of the Kihler potential even for the anti-D3-brane. Let us
begin with the coupling to d,z. The fermions x' come in
chiral multiplets and carry no U(1) charge, but via their
Kihler covariant derivative they couple to all scalars. In
particular, they couple to the axiodilaton 7 via interactions
of the type (see, e.g., chapter 18 in Ref. [69])

] 1 i
LUCRA 5 5. 7T Py (8” -7 [0,70,K — 3M53%K]>Zl

L D
_Eéi])(JPRy”F;crapT)(k —Eaij)(lPL]/MF{—(%a#T)(k.

(2.37)

- B, , 1
0,Re(T)(3APgy"A — 6,57 Pry!'y') + D

F P +

wl;ﬁl_c(sk/}(?’ZPRJ’” — 85 PrY"x")

(2.35)

Recall that the D3-brane differs from the anti-D3-brane
action by a sign flip of the Ramond-Ramond (RR) fields. In
the supersymmetric D3-brane case one also has to take into
account that the first “uplift term” in the bosonic action and
the fermionic mass terms vanish. What remains is then a
standard N = 1 supergravity action for a single vector
multiplet, containing 4 and A, and three chiral multiplets,

containing H* and y* = e%y". Explicitly, it is given by

Re(r) e

MF””F””>

i

/_IPR}/”Vﬂll + 5i])_(jPR}/ﬂvM)(i - 41—(9”Re(1) (EPR}’”A + 517)_{7PR7/”)(Z)

m(z)

(2.36)

We find that the Kihler potential K(*) = —log [i(7 — 7)]
leads precisely to the coupling involving d,Re(z)/Im(z)
that is given in Eq. (2.36), via the two terms in square
brackets above. In particular, the prefactor of this term
relative to the kinetic term also agrees with the generic
supergravity result. This means that the mixed Christoffel
symbols F;T have to vanish, which is indeed the case for

appropriately chosen Kihler potentials, like the one given
in Eq. (2.7) that couples the scalars in the chiral multiplets
only to T and not to .

The couplings of 7 and A can be likewise read off from
the general supergravity action. Recall that the gauge
kinetic function for a D3-brane is f(7) = —iz. The kinetic
term for the gaugino is normalized so that its prefactor is
Re(f) = Im(7) = ™%, so we have to rescale 1 = e, but
this does not lead to new derivative terms since Ay#A = 0
for Majorana spinors in four dimensions. The standard
supergravity action for A’ then contains terms of the form
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LSUGRA o —%Re( Ay (a,l + % (0,79,K — 9,70; K)y*>m + - 0,Im(f) 2.2 (2.38)

These combine correctly to give the coupling of 1 to 9,Re(z)/Im(z) that is given in Eq. (2.36).
We now proceed and look at the coupling to d,Re(T) by performing a similar analysis. For the x' that are in chiral
multiplets, these couplings arise again from the standard supergravity terms,

- 1 - .
CSUGRA D _517)(]PR}/” (8” - Z [(9#T3TK - 6ﬂT8TK]))(’
1 7 UTE k 1 H
- Eéij)(- Pry*T0, Ty 25”;( Py FkT(?ﬂ (2.39)

This time, however, the Christoffel symbols are not vanishing. Indeed, we find for the Kéhler potential in Eq. (2.7) that
[ & m in the large-volume limit, where we neglect terms involving k(H, H) compared to Im(T). These Christoffel
symbols are then combined with the terms involving partial derivatives of the Kihler potential K to again give the terms in
the component action (2.36) with the correct coefficient.

Since for the gauginos A there is no contribution involving the Christoffel symbols, the standard supergravity action has
terms, written using A’ = e%l, that are simply

[SUGRA ~ _ Re(f)/i’y" (a + - (8 TOrK -0 T@TK)J/*>/1' (2.40)

Again, they match the component action (2.36) and the very absence of the Christoffel terms for A compared to y* explains
the different prefactor for the corresponding terms.

Last and most interestingly, we look at the terms involving the complex structure moduli U”. The two terms in the spin
connection in Eq. (2.22) are independent, since one is proportional to 0, U” and the other to oy UA. Following a reasoning
similar to that of the previous subsection, this means that these terms have to be both proportional to ;. Therefore, using the
fact that 0, (e},e"") = 0, we can rewrite

i i 1 L v it 1 v,
Oyael, = —el (Oyae™)e,; = —geé(GUAe’~’)5j]6 ¢ = =3¢ eb(Oyne)s;;el, (2.41)
where u, v, ... = 1, 2, 3 are curved warped indices. This expression can be rephrased in terms of the holomorphic (3,0)-
form Q on the Calabi-Yau manifold by using the fact that
1
O Q = TR 8UA(e ehe Keiwdz" A dz" A dz")
3 o
= 3131 ———(Oyael)elele nd A dz" A dZ”
1 . o ,
=~37.3¢ el(OyaeT)Speleheke ndz A dz" A dz"
= —e) (O e")6,;Q. (2.42)

On the other hand, we can expand Q on a cohomology basis, namely, Q = ZKay — Fx X, where Zy and FX are functions
of the U4, while the ayx and g are a basis for the 3-forms with the only nonvanishing integrals [ax A g- = 6%. In
particular, it follows from Eq. (2.42) that

062K, OyuFg = —eh(Oyne)5;;Fk. (2.43)

Now we introduce the Kéhler potential for the complex structure moduli,

KW = —log [—i/Q AQ| =—log[i(ZKFyx — ZXFy)), (2.44)
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and we can use this to eventually find

Wiz = 87(e™(Ogael)0,U* — e (Oyuel,)0,U")

=KW, UN — 95 kW)0,UA. (2.45)
With this result at our disposal, we can again match the
component action for the D3-brane with the standard
supergravity expression. It is essential to notice that in
|

the component action (2.36) the couplings of A and ' to
d,Re(T) and 9,Re(U*) (via the spin connection term)
have the same numerical coefficient. As a consequence, the
complex structure sector and the Kéhler sector have to
couple to the chiral multiplets on the D3-brane in the same
way. This observation leads us to propose the Kihler
potential

K = —log[~i(z —7)] - 3log [-i(r -7) (—i/Q A fz)% +k(H, FI)]

= —log [-i(z — 7)] — log {—i/Q AQ

T L’H)} , (2.46)

—3log {—i(T -T)+ Cifona)

which indeed produces the couplings to d,Im(z) and J,Im(7) as discussed above. In addition, it gives the correct coupling

to y' via the standard supergravity terms,

] 1 3 i

1. . . | R 5 _
- zéi])(JPRy”F;{UAaﬂ UAyk — 55,7;{ PLyT .0, 0%, (2.47)
if we again drop terms involving k(H, H) and its derivatives, while the couplings to A’ can be obtained from
1 - 1 _
LSUCRA 5 —ERe(f)/l/y" <8ﬂ + 1 (0,U%0yaK — aﬂUAaL-,AK)y*>/1’. (2.48)
To conclude, notice that the maybe naively expected Kéhler potential
K = —log[—i(r — 7)] — log [—i/Q ANQ| =3log[-i(T—=T) + k(H,H)] (2.49)

does not seem to reproduce the component action for the
supersymmetric D3-brane. Instead, we need to use the
Kihler potential given above in Eq. (2.46), which couples
the world-volume scalars H¢ to the complex structure
moduli UA. Finally, in order to still reproduce the kinetic
term for the H?, k(H, H) now needs to be chosen such that

OO pk(H, H) = L 544 (< [ Q A Q)3g,p

This concludes our analysis of the (anti-)D3-brane action
from the string theory perspective. In Sec. IV we will show
how to obtain the anti-D3-brane action in Eq. (2.35) from
N =1 supergravity in four dimensions. For this purpose,
nonlinear (local) supersymmetry will be employed in the
language of constrained multiplets. We review the neces-

sary ingredients in the following section.

III. CONSTRAINED MULTIPLETS IN
SUPERGRAVITY

In this section we review some ingredients of nonlinear
realizations and constrained multiplets in supergravity.

We focus on a particular set of constraints that we are
going to employ in order to describe the anti-D3-
brane action [21,22]. It is important to keep in mind,
however, that the choice of the required constraints in
general is not unique, and different possibilities can
occur. See, e.g., Refs. [23,27] for a discussion about
this fact.

We use the conventions of Ref. [69], where 4D fermions
are described by four-component Majorana spinors. In
Appendix A 1, the relevant formulas are also given in the
flat superspace language, following the conventions
of Ref. [70].

A. The Goldstino in a flat background

When supersymmetry is spontaneously broken a
Goldstino is present in the spectrum and transforms non-
homogeneously under supersymmetry transformations.
A minimal action describing the Goldstino was proposed
by Volkov and Akulov [39] and it is of the type
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Sya = —M* / EOANE'ANE*AE, with EF = dxt + Jy*d)A,

where A is the spin-1/2 Goldstino and M is a parameter
of mass-dimension one, related to the supersymmetry-
breaking scale. This action is invariant under the nonlinear
transformation (M = 1)
54 =€+ (Ar'€)D,A, (3.2)

which closes onto the A = 1 supersymmetry algebra.

We now briefly discuss how to reformulate the Volkov-
Akulov model in a language in which supersymmetry
becomes manifest. When dealing with supersymmetric
theories, it is convenient to embed fields into multi-
plets or superfields. A simple choice consists in identi-
fying the Goldstino with the fermion P;€ of a chiral
multiplet,’

S = [XX]p + M?*[X]p

= [ d*x| -QP PQ
/dx( La + F

QP,Q QPO
LD R

(3.1)

X={X,P,Q, F}. (3.3)
This multiplet, however, also contains a scalar X which is
not present in the Volkov-Akulov model (3.1). It is possible
to eliminate this scalar in a supersymmetric way by
imposing an additional constraint on the multiplet. If we
require X to be nilpotent [71-74], then the scalar in the
lowest component becomes a function of the Goldstino and
the auxiliary field F:

QP, Q
2F

XZ:O(:X:{ ,PLQ,F}. (3.4)

An invariant action for this nilpotent chiral multiplet is
given by

2F+F1‘v+z\42(F+F)>. (3.5)

Notice that the equations of motion of the auxiliary fields are modified with respect to the case in which supersymmetry is
linearly realized, since the sgoldstino is replaced by a composite expression containing F. This is a general feature of
models with nonlinearly realized supersymmetry and therefore attention has to be paid when going on shell. The equation of

motion for the auxiliary field gives indeed

1

_ - 3 _ - _ _

4M

and the on-shell action is

(3.6)

_ 1 _ 1 _ _ _
S= / d*x (—M“ ~QPLPQ + - 7 OPLQOQPRQ) ~ 1o (QPRQ)(QPLQ)D(QPRQ)D(QPLQ)> . (37)

By means of a field redefinition between 4 and P;Q, one
can prove that this action is equivalent to the Volkov-
Akulov model [75].

B. Coupling the Goldstino to gravity

Superconformal methods are very convenient when
constructing supergravity actions. The strategy on which
they rely consists in taking advantage of the full super-
conformal symmetry to fix all of the allowed interactions.
This symmetry is then partially broken in order to

"We denote multiplets on which supersymmetry acts linearly
with the same letter as their lowest components.

|
obtain Poincaré supergravity. With such a procedure it is
possible to avoid field redefinitions, that might be needed to
go to the Einstein frame when using other methods. Hence,
in the present work we adopt the superconformal approach
to supergravity, following the conventions of Ref. [69].
The superconformal action we are going to consider is of
the type

5 = [F3XOK0e KN/, 4 [(XOPW(X)],

+ [fas(X) A PLAP], (3.8)

where {X'}, 1 =0,...,n is a set of chiral multiplets where
X is the compensator, AL A=1, ...n, is a set of vector
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multiplets, K is the Kihler potential, W is the super-
potential, and f,p is the gauge kinetic function. The
compensator has Weyl weight 1, while the other chiral
multiplets have Weyl weight 0. In order to obtain Poincaré
supergravity one has to fix X? = ™!
the Planck scale into the theory.

A minimal model in which the Goldstino is coupled to
gravity is given by

K . .
es, which introduces

K = XX, W =W, + M?X, (3.9)
where X is the nilpotent Goldstino multiplet introduced
before. In the case in which there are no vector multiplets,

the action (3.8) reduces to

S = [-3x°X° + X°X°xX],,

+ (X0} (W + M2X)] . X2=0. (3.10)
This is the generalization of Eq. (3.5) to local supersym-
metry and it has been studied in Refs. [76-80]. The model
is sometimes called (pure) de Sitter supergravity because
the only propagating modes are the graviton and the
gravitino, the Goldstino being a pure gauge d.o.f. In
addition, for certain values of the parameters in the scalar
potential, the cosmological constant is positive. We stress

again that, when calculating the component form of
Eq. (3.10), it is important to substitute X = QIZJ;Q before
going on shell, since this will contribute to the equations of

motion of the auxiliary fields.

C. Other constrained multiplets

A general procedure to constrain supersymmetric mul-
tiplets and remove any desired component has been given
in Ref. [81]. In the following, besides the nilpotent
Goldstino multiplet X, we are going to use other types
of constrained multiplets, which we briefly review here.
Notice that it is possible to implement them dynamically at
the Lagrangian level, by means of a Lagrange multiplier
[82]. In this way supersymmetry remains linear off shell.

1. Constrained chiral multiplets Y’

Given a set of chiral multiplets Y’ = {Y!, P, Q' F'}, by
imposing the constraints [83,84]
X2 =0, XY =0 (3.11)
the scalar fields in the lowest components of X and Y are
removed and expressed as

QP Q . QPQ QPQ
e T e S G R )
2F F 2F
Therefore, these multiplets only contain fermions

as propagating d.o.f. They have been used in

Refs. [21,22] to describe the world-volume spinors of an
anti-D3-brane.

2. Constrained chiral multiplets H*

Given another set of chiral multiplets H* = {H“,
P; Q% F%}, by imposing the constraints [74]
X2 =0, XH® = chiral (3.13)
the fermion and the auxiliary field in H¢ are removed and
expressed as

H¢
PLQH — DF PRQ, (314)
0 PrQ QPQ
Fe =D, =)y B2 D He ROH. (315
,,(F)M<F> M+ = (3.15)

Therefore, the chiral multiplets H* only contain a complex
scalar as an independent component field. Notice that, due
to this fact, a superpotential of the type W = W(H) does
not lead to mass terms for the scalars H¢, but to fermionic
terms containing Goldstino interactions.

3. Constrained chiral field strength multiplet P; A,
The field strength chiral multiplet that has the gaugino as

its lowest component is

PLArx - {PLAUH (PL)()ﬁ’a’Fél\}’ (316)

where

1 A i
(IDL)()/;a:\/E _Z(PLyabC)ﬁaFahJFED(PLC)ﬁa . (3.17)

F = (PPRA),. (3.18)
and where we have explicitly written the spinorial indices
to avoid confusion. C,4, which satisfies CT = —C, is the
matrix used to raise and lower fermionic indices, while
F, = eqey(20,A,) +p,r,)4) is the covariant vector field
strength and D is the real auxiliary field. This multiplet is
the analog of the superfield strength W, = —1D*D,V
defined in superspace, which indeed is chiral and has the
gaugino in the lowest component.

The gaugino can be eliminated by imposing the
constraint

XP,A, =0, (3.19)

which gives
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Q
PLAa :F(QPL)() _Kpaﬁ<@)

()

(DDX) (7”)/35(DyQPR)()57 (3'20)

FZF2

where X = QP L= and (QP ), = @ (Py) ¥y Therefore,
the constramed multiplet P; A, describes only an Abelian
gauge vector as an independent propagating d.o.f. The
superspace constraint corresponding to Eq. (3.19) is
XW,=0.

IV. CONSTRUCTING A SUPERGRAVITY ACTION
FOR THE ANTI-D3-BRANE

In this section we recast the anti-D3-brane action (2.35)
in the language of N' = 1 supergravity in four dimensions.
The rewriting of the fermionic action coupled to the closed-
string moduli was done already in Ref. [27] [see, e.g., their
Egs. (3.51) and (3.52)].10 Here, we extend this result by
also considering the bosonic part, together with the terms
that mix world-volume bosons and fermions, and the sector
containing the U(1) gauge vector.

The logic consists in embedding each of the world-
volume fields into one of the constrained multiplets
presented in Sec. III. In this way we will be able to use
the standard language of supergravity—namely, to write
down a Kihler potential, a superpotential, and a gauge
kinetic function—but at the same time the nonlinear
realization of supersymmetry will be manifest. The very
fact that it is possible to use nonlinear supersymmetry to
rewrite the anti-D3-brane action confirms that the antibrane
spontaneously breaks supersymmetry.

Note that branes break supersymmetry generically at the
string scale. In our case, the anti-D3-brane sits at the bottom
of a warped throat and therefore the string scale is warped
down compared to the bulk string scale. A recent discussion
of these scales can be found, e.g., in Ref. [44]. The warped-
down string scale, in our conventions with [ =
2V =1, is given by the first term in Eq. (2.35):
M?* =2e*4-8  This sets the supersymmetry-breaking
scale, as can be seen by looking, e.g., at Egs. (3.6) and
(3.7) above. One expects that at this scale linear super-
symmetry will be restored, and indeed massive open-string
states arise as new d.o.f. The particular Klebanov-Strassler
throat geometry [62], which has been intensively studied in
the KKLT context, has a three-sphere at the bottom of the
warped throat. Anti-D3-branes at the bottom of the throat

%We thank Flavio Tonioni and the authors of Ref. [27] for
alerting us to a problem with their mass term for the fermions. We
will rectify this and present below two different ways of writing
the fermionic mass term.

can then decay via the nucleation of an NS5-brane that is
wrapping an S inside the $* [5]. Such a decay leads to a
supersymmetric state and one can actually write down a
supergravity theory with linear supersymmetry by includ-
ing the infinite tower of Kaluza-Klein (KK) modes asso-
ciated with the S3 [31]. Therefore, in this particular case
one finds that new states come in already below the
supersymmetry-breaking scale and lead to a restoration
of linear supersymmetry. Having the supersymmetry-
breaking scale at the warped-down string scale, which is
above the warped-down KK scale at which the four-
dimensional effective field theory breaks down, might
seem worrisome. However, the hallmark of a supergravity
theory is the presence of a gravitino and the mass of the
gravitino in the KKLT scenario can be well below the KK
scale. Thus, a description in terms of a four-dimensional
N =1 theory is appropriate.

A. Goldstino and matter component fields

We start by considering the couplings involving scalars
and fermions, while we will focus on the gauge vector in
Sec. IV B. In particular, we generate the mass terms for the
fermions with a different mechanism with respect to
Ref. [27] and we show how to also include the anti-D3-
brane world-volume scalars H in the supergravity action.
An alternative way of producing a fermionic mass term is
presented in Sec. IV C.

The first step is to embed the Goldstino 4 and the triplet
of fermions y' into, respectively, a chiral multiplet X and a
triplet of chiral multiplets Y’ satisfying the constraints
(3.11). The kinetic terms of the spin-1/2 fields in Eq. (2.35)
can then be generated from the following Kéhler potential,
in which the bulk moduli are coupled to world-volume

fermions [27]:
i(r-7)) - i(T = T))f(UA, T4))
_4AXX

~ o <1 3= D) (T - TN T

= —log(~ 3log[(-

e~ 5 Y
- ). 4.1
3(—1(7—%)>(—(T—T))zf(UA,UA)-?) @)

From now on we use f(U4, U4) =—i [Q A Q to avoid
confusion between the holomorphic (3,0)-form and the
fermions Q, Q!. The couplings of X and Y’ to the bulk
moduli are fixed as follows. The coupling to 7 is determined
by requiring modular invariance for the world-volume
action (see Sec. V A below for details). For what concerns
the other moduli, the couplings to X are fixed by matching
with the scalar potential in Eq. (2.35), while those to Y’ are
fixed by matching with the Ké&hler covariant kinetic
terms of the massive spin-1/2 world-volume spinors
(cf. Sec. I1C). In particular, the fermions Q' inside Y’
are related to y' by the field redefinitions
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PLQ = 2ie* S F(UA, UM P + ..., (4.2)
where dots stand for higher-order terms. Notice that we are
not matching the supergravity expression with the kinetic
term of 1 in Eq. (2.35) since, due to the fact that such a
fermion is a Goldstino, its couplings are not physical and
they can be set to zero by going to the unitary gauge. For
what follows, it is sufficient to keep in mind that, in our
supergravity description, the Goldstino resides in the
multiplet X, namely, P;Q ~ P; A+ ---, where dots stand
for higher-order terms. We stress that the presence of the
Goldstino is an essential feature of the anti-D3-brane and a
similar reasoning cannot be repeated in the case of the
D3-brane.
The superpotential that sources the supersymmetry
breaking and gives rise to the anti-D3-brane uplift term is
W = Weyw + W, + M?X, (4.3)
where M? = /2. The parameter M is related to the
supersymmetry-breaking scale, which is the warped-down
string scale. By rescaling X we have included the warp
|

factor in the Kihler potential and we have set the anti-D3-
brane tension to Tp3; = 27 = M*x. The very form of the
superpotential (4.3) implies that supersymmetry is sponta-
neously broken by the auxiliary field of X and therefore it is
consistent to identify the Goldstino 4 with the fermion Q
inside X, at leading order.

The Kihler potential and superpotential presented so far
correctly reproduce the kinetic terms for the fermions and
the scalar potential in Eq. (2.35). On the other hand, at this
stage the fermions are massless in the supergravity theory,
since none of the couplings we introduced produce a mass
term for them. In order to give a mass to the fermion triplet,
it was proposed in Refs. [21,27] to add a contribution
W,, = h;;Y'Y’ to the superpotential. However, when the
axiodilaton is dynamical and not integrated out, then such a
mass term would require /;; o G5 to be antiholomorphic in
7, which seems incompatible with supersymmetry. Instead
of adding a term to the superpotential, one can therefore
follow a different strategy and modify the Kihler potential.
The required modification of K given in Eq. (4.1) and that
generates the desired fermionic mass term is

K = ~log(~i(x - )) - 3log [(~i(T — T))f(UA, T4}

e XX

e M5, YYT

—3log <1—

e A(m XYY + i XY'Y7)

M (~i(t = 7)) (=i(T = T) R f (UA, O4):

where m;; is given in Eq. (2.33) above. As we discuss more
extensively in Sec. VA, this modification of the Kihler
potential does not spoil the modular invariance of the
supergravity action. In Sec. IV C we present an alternative
mechanism, in which the mass to the fermion triplet is
given by a superpotential term. However, such a construc-
tion requires some technical explanation in order to be
presented properly and this is the reason why we postpone
it for the time being.

Now we present how to introduce the dependence on the
world-volume scalars H* parametrizing small fluctuations
around the position of the anti-D3-brane in the warped
throat. The kinetic term of H¢ arises from the DBI action,
which is the same for D3-branes and anti-D3-branes. It is

|

3(=i(e = 2)(=i(T = D) F(UA T 3(=i(z — 7)) (=i(T = T))>F (U, D)

) : (4.4)

l

known to be well described by the Kihler potential in
Eq. (2.7) in the case of fixed complex structure moduli and
we have shown that it should be modified as in Eq. (2.46)
when the complex structure and axiodilaton are dynamical.
We can now consider a simple prescription to generalize the
supergravity Kihler potential (4.4). We first embed the
scalar fields into the constrained multiplets H¢ introduced
in Sec. I C2, that contain only a scalar in the lowest
component as an independent d.o.f. Then we let .4 depend
generically on H* and we formally shift the volume modulus
as —i(T—T) = —i(T=T)+k(H* H")/ f(UA,U*)s = * to
match the results. As a result, we get the following Kihler
potential of A/ = 1 supergravity in four dimensions:

K = —log(—i(zr = 7)) = 3log [(—i(T = T))f(UA, UA)s + k(H*, H)]

o—HA(H H)—4u ~ e

—4A(H* H)—8u

210 (15 o

5, Y
3(=i(r =) f(UA T

'Yj e—SA(Ha_I:[a)—6u(mininj +mT]X_l_j)>
6M2(~i(z —7))2f (UA, UM

(4.5)
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As a consequence of this last step, the superpotential W, ,
also gets a dependence on the scalars H“. However, as we
explained previously, the net result of this additional
dependence would be to produce corrections which are
highly suppressed in the regime we are considering. For all
of the purposes of the present work, we can therefore
neglect the dependence of W, , on H* and keep considering
Eq. (4.3) as the expression for the superpotential.

Having identified the Kihler potential and the super-
potential, we can use the rules of N' = 1 supergravity to
calculate the scalar potential. The result is of the form

V=Vgkir + Vﬁ, (4.6)

where Vg7 contains the contributions from the super-
gravity bulk fields, while V55 is the uplift term coming
from the anti-D3-brane,

M4 HAHHY)
V— = — — —
D3 (ST = T) + k(HY, HY)f(UA, O4)5)?
— 284A(H".I_J“)—8u’

(4.7)

which reproduces Eq. (2.12), as desired. We recall that to
calculate the scalar potential with the constrained multiplets
|

X and Y/, it is sufficient to perform the calculation in the
usual manner and then set X = Y' = 0 in the final result.

B. Gauge vector field and theta term

We now focus on the part of the action containing the
world-volume gauge vector field. As we mentioned in
Sec. IT A, the kinetic term originating from the DBI action
is the same as that of the D3-brane vector, whereas the CS
term has the opposite sign due to the difference in the RR
charge. As a consequence of this sign flip, it seems that the
gauge kinetic function needs to depend on an antichiral
multiplet, f = f(7), and this would be an obstruction to
rephrasing the antibrane vector field into an N = 1 super-
symmetric language. However, as we are going to show,
the fact that supersymmetry is spontaneously broken and
nonlinearly realized allows us to also correctly embed the
CS term. In this subsection, therefore, we show explicitly
how to describe such a CS term with the appropriate sign
for the anti-D3-brane case.

As a first step, we embed the world-volume vector field
into a chiral field strength multiplet P; A, and we constrain
it as in Eq. (3.19). As explained before, this constraint
removes the gaugino, leaving only the U(1) vector as the
independent physical d.o.f. If we then consider the standard
supergravity action for the vector multiplet [69],"

Lo Re(f) ., . Im(f) e Re(f)
—4[f(T)APLA]F:/d4x\/—g4<— ) F, F* +T\/__QZFWFM+TD2+... , (4.8)
[
with f(r) = —ir and where the dots stand for fermionic ~ deformation, but more details about its derivation and

terms, we notice that the term proportional to Im(f) =
—Re(7) has the opposite sign compared to Eq. (2.35). We
would therefore like to flip this sign by subtracting from the
action twice the same contribution. In order to perform this
step in a supersymmetric way, we construct a deformation
of the action which is similar in spirit to the recently
proposed new Fayet-Iliopoulos D-terms in supergravity
[28,32,85-90]. In Ref. [28] it was shown how to deform
Eq. (4.8) and introduce a coupling linear in the auxiliary
field D, without spoiling the gauge invariance and without
requiring the gauging of the R symmetry, which is needed
for the standard Fayet-Iliopoulos D-term. This new cou-
pling shifts the vacuum expectation value of D and, as a
consequence, supersymmetry is spontaneously broken by a
D-term. In the same spirit, we would like to introduce
a coupling —Im(f)e**°F,,F,,, together with all of the
additional interactions required by supersymmetry, in order
to flip the sign in the theta term in Eq. (4.8). In the
following we directly give the expression of such a

"n Ref. [69] the overall factor —}—1 was understood, but we

prefer to keep it explicit for convenience.

new D-terms in general are given in Appendix B.

Given a constrained field strength multiplet P;A,,
in order to reproduce the vector multiplet interactions
of Eq. (2.35), we propose the following supergravity
action:

Sy =3 [f@APLA]

XX(X°X0e5)3

= Im(f)Im(Z(@?))| . (4.9
eSO MM E@) | (49
where we defined the multiplets
AP A APRA
2= L = R (4.10)

(XOXOe‘§)2 ’ (XOXOe‘§)2 ’
and where ()X is the (anti)chiral projector in the super-
conformal setup. We always assume that X is nilpotent.
This action is made up of the standard kinetic coupling for
the vector multiplet (4.8) and a second, novel term, whose
origin is presented in Appendix B. The property of this
coupling that is important for the present discussion is that
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its component expansion starts precisely with the desired
theta term,

B XX(X0X%%)3 )
SG’-term - {Z(Xoe_gX)i(Xoe_%(X) Im(f)Im(Z(a) )) )

1
=3 / d*XIn(f)e P F \, F py + ..,

(4.11)

where the dots stand for fermionic terms. After fixing the

superconformal symmetry with X° = x~'¢6, the bosonic
sector of Eq. (4.9) reduces to the desired result (x = 1)

1
SV bos = /d“x —94 [—Zlm(f)F”yF;w

1 ekvro

+§Re(r)fg4Fﬂl’F/)(’:| s (412)
where we used f(r) = —ir and we integrated out the

auxiliary field D. In particular, the sign of the theta term
has been flipped since the contribution coming from the
second term in Eq. (4.9) is minus twice that arising from the
first term.

A few comments are in order at this point. We find that
Eq. (4.9) correctly realizes the bosonic part of the world-
volume vector action (2.11). It is worth noting that the
second term in Eq. (4.9), which is essential in order to
realize the correct CS term, can be consistently introduced
only if the auxiliary field F of X is nonvanishing. This
condition is always satisfied within our setup, since the
anti-D3-brane breaks supersymmetry spontaneously and
the fermion in X provides the Goldstino. Notice also that
the coupling (4.11) contains terms quadratic (and also of
higher order) in the fermions in its component expansion,
which might jeopardize the matching of the anti-D3-brane
action with our supergravity proposal. However, due to the
nonlinear realization of supersymmetry, the fermionic
terms will be functions of the Goldstino and vanish
identically in the unitary gauge. Therefore, even if
differences might be present in the fermionic couplings
between the anti-D3-brane action and the supergravity one,
these differences are not physical and can be removed by an
appropriate gauge choice. We stress that this is true as long
as the fermion in X is completely aligned with the
Goldstino.

By exploiting the properties of the operator X and the
constraints (3.4) and (3.19), it is possible to recast the
action (4.9) into a more suggestive form. Notice first
that

[/ (2)APLA]p

(X% 6X)

[Z <%) /_\PLA} J (4.13)

[E(X‘)e-’éfffm) Ap, A}

where we used the fact that £(AB) = AX(B) if A is chiral
and B has weights (w, w — 2), as proved in Ref. [82]. Then,
since P; A, is constrained, we have

XX(X0X0¢75)?
[2(X0e 6 X)E(X e 6X)
(i X0e~6X -
= |z——Im(f)AP,A +c.c.
25(X%X) (AP ]
_ -iz<7_ XeTox

27\ E(X06X)

Im<f>1m<z<aﬂ>>]

Sa—term =
D

D

(4.14)

Im(f)) /_\PLA:| ;

F
where in going from the second to the third line we used the
fact that [C],, = J[Z(C)], another property stated, e.g., in
Ref. [82]. Using these results, the two terms in Eq. (4.9) can

be put together and the vector multiplet action acquires the
more familiar form

R Xoe—%;‘(}(a>_ ]
S = 4[2<2<X°e—v?> A,

1o
with f = Re(f) —ilm(f) and where we defined the

composite (or generalized) anti-D3-brane gauge kinetic
function

(X%"er)f(%)) .

2(X0e %) (4.16)

I = 2(
This is a chiral multiplet that is antiholomorphic in 7. It is
important to notice that f55 contains Goldstino inter-
actions, which implement the nonlinear realization of

supersymmetry and are essential in order to consistently
couple the vector multiplet to 7. The lowest component of

]A”m is given by

f55 = f(7) + fermions (4.17)
and the fermionic terms vanish identically in the unitary
gauge in which the Goldstino is set to zero. Indeed, one can
equally think of fD—3 as a chiral multiplet that satisfies the
additional constraint

XXfps = XX (7). (4.18)

C. Superpotential mass for the triplet of fermions

In the previous section we have seen how nonlinear
supersymmetry allows us to consistently couple f(7) = it
to the vector field, using a manifestly supersymmetric
language. This strategy is indeed general and can also be
employed to describe the mass term of the fermion triplet.
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In fact, we recall that the obstruction to producing such a
term from the superpotential was that, in the case of the
anti-D3-brane, it depends on 7 instead of 7.

Inspired by the composite anti-D3-brane gauge kinetic
function ]A‘m introduced before, we define the chiral
multiplet

. (Xoe_§X)e_4A_2“mij

it = 2(2(5(%—%5()(—1(7 - #)LA(UA, 04

), (4.19)

where m;; is the fermion mass given in Eq. (2.32). The

lowest component of this multiplet is

e—4A—2u

A~

Mij - . I =
(=i(z = 2))2f (U UY)

and the fermionic terms vanish in the unitary gauge.
Indeed, M; ; satisfies the constraint

(4.20)

;m;; + fermions
5

e 4A2uy,
— . 4.21
i(r—7)):f (U, UA)‘6> 20

A mass for the fermions in Y’ can then be produced by a
superpotential holomorphic in M, ; and Y' of the type

. 1.
W, (M.Y) = 5 M, Y'Y, (4.22)

We stress that this type of constructions, namely, fm and
M;;, can be consistently defined only in a setup in which
|

ijs

supersymmetry is spontaneously broken and the auxiliary

field of X acquires a nonvanishing vacuum expectation
12

value.

V. SUMMARY: THE SUPERGRAVITY ACTION
AND ITS MODULAR INVARIANCE

In this section we summarize our results and present
some consistency checks on the expected modular proper-
ties of the anti-D3-brane action. We have showed that, up to
quadratic terms in the fermions, the anti-D3-brane action
(2.35) can be described in A/ = 1 supergravity in four
dimensions by

S = [f53(7. X)AP Alp + [-3X°X0e 5], + [(X0)* W]
(5.1)

The anti-D3-brane gauge kinetic function is built out of the
Goldstino and the axiodilaton and is defined as the chiral
multiplet

Fos = z(%) (5.2)

X(XYe7sX)

with f(7) = iz. We presented two different expressions for
the Kihler potential and the superpotential, depending on
how the mass term for the fermions in Y’ is generated. They
lead to the same physical action and are related by field
redefinitions involving the Goldstino. One possibility is to
generate the mass for the triplet of fermions from the Kihler
potential

K, = —log(=i(z - )) - 3log [(~i(T = 7)) f(UA, M)} + k(H*. H*)

where f(UA,U%) = -i [Q A Q and
o~ 4A(H A1)
a= . . = = A1 N (54)
3(=i(z = 2))(-i(T = T) + k(H*, H*) f(U*, UY) =) f(UA, O%)
o~ 4A(H A
b= - - = = = I AL’ (5'5)
3(=i(r = 2))(=i(T = T) + k(H* H*) f(UA, UY) )2 (UA, UM
o—SA(H H?)
= . 3, . = = = 1.3 BN (56)
6M?(—i(z = 7) 2(=i(T — T) + k(H*, HO) f(UA, U H3F(UA, TA):
“In the language of flat superspace, Eqs. (4.16) and (4.19) are defined as the chiral superfields
. _ X‘]_C . _ Xe—4.A—2um B )
— =D £l ), =D —— — ], 4.23
fD3 (D2X> J <D2X(—1(T _ f))if(UA, UA)75 ( )

and one has to require (D>X) # 0.
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In this case we then choose the superpotential to be

As an alternative, one can take a Kéhler potential of the type

and give a mass to the fermions using the superpotential

where

W[ — Wva+Wnp+M2X. (57)
K, = —log(~i(z — 7)) = 3log [(—i(T — T)) f(U*, U*)s + k(H*, H*)] - 31og (1 — aXX — b3,;Y'¥7) (5.8)
| S
Wy = Woyw + W, + M?X + MYy, (5.9)
)_(0 X —4A-2u ,,
Mij—Z( _(XemX)er Ty ) (5.10)
T(X0etX)(~i(z — 7)) f (U, U4)

In both cases M? = /2 and m;; is given in Eq. (2.32). The supergravity multiplets X, Y’, Py A,, and H describing the

world-volume fields are constrained as

X? =0, XY =0,

and contain, respectively, the Goldstino, the triplet of
massive fermions, the U(1) gauge vector, and the three
complex scalars as independent physical d.o.f.

Given a Kihler potential and a superpotential, one can
use the standard rules of A/ = 1 supergravity to calculate
the scalar potential VSUSRA = ¢K(|DW|? — 3|W|?). This
will contain an uplift term which exactly matches the anti-
D3-brane contribution (2.12),

}SUGRA VE(H,I:I) — D HAH.H)-8u (5.12)

A. On the modular invariance of the Goldstino and
matter sector

As a consistency check for our result, we would like to
analyze the behavior of the action (5.1) under modular
transformations. Since the analysis of the X, Y’ sector is
quite different from that of the field strength multiplet
P; A,, we start from the former and we discuss the latter
separately afterwards.

Therefore, neglecting for the moment the couplings
involving the vector field, the original anti-D3-brane action
(2.35) has to be invariant under SL(2, R) transformations,

ar-l—b G3

T_)c1+d’ 3_)cr+d

(5.13)

These imply that the world-volume fermions have to
transform as

XP; A, =0, XH® = chiral (5.11)
P, — e P, ), Py — e Py, (5.14)

where we defined the phase [27]
iy (EHd): 51
e <—CT n d) . (5.15)

In particular, the transformation of the triplet of fermions

P, ' can be deduced by looking, e.g., at their mass term in
Eq. (2.35). Indeed, Eq. (5.14) together with

[which follows from Eq. (5.13)] imply that m;;7'P;y/ is
modular invariant. Once the transformation of Py’ is
fixed, it seems natural to let P;A transform in the same
way, since these four fermions originally resided in the
same N = 4 multiplet. However, as we stressed previously,
it is important to keep in mind that the Goldstino compo-
nent field is not a physical d.o.f. in supergravity. Therefore,
we will not insist on studying its modular properties further
at the component level; instead, we will gain information
by analyzing the couplings of the multiplet X, which
(beside the Goldstino) contains the auxiliary field F.

Since Gj is transforming under modular transformations,
for consistency of the superpotential of the supergravity
theory we have to require that the Goldstino multiplet
transforms as well, namely,
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X
X . 5.17
- ct+d ( )
Such a requirement, in turn, implies that % is modular

Im(7)
let-+d[*’
between the axiodilaton and the nilpotent multiplet X in the
Kihler potential according to the following reasoning. For a
variation of the superpotential of the type

invariant, since Im(z) — and it fixes the coupling

w
_—, 5.18
et +d ( )
the Kéhler potential is allowed to vary as
K — K +log|ct + dJ? (5.19)

so that, if the supergravity theory is Kéhler invariant, then it
is also modular invariant. From the form of the Kihler
potential (5.3) we can see that all of the freedom of K to
transform under modular transformations is already
exhausted by the first term, namely, —log(—i(r — 7)),
and thus all of the remaining couplings have to be modular
invariant. With a similar argument, we can conclude that

0ij Z_Yf’ is modular invariant if Y’ transforms as X, namely,
: Y

Y'— . 5.20

ct+d ( )

By direct inspection one can finally check that all of the
remaining couplings in the Kéhler potential and the super-
potential have the correct behavior under modular trans-
formations, for both choices of K and W that we presented
before. In particular, in the case in which the multiplet X

is nilpotent, it is immediately seen that % is modular
invariant,
X X/(ct+d) X

i(XOX) - E(XOX/(C’[ 4 d)) = E(XOX) ) (5.21)

where we used the fact that the terms in which the operator
% acts on 7 are vanishing due to the constraint X> = 0. This
observation can be helpful in proving the modular invari-
ance of the proposed supergravity action, in particular
for what concerns the superpotential mass term for the
fermions.

B. Self-duality of the vector

As explained in the seminal paper [91], when a vector
field is coupled to the axiodilaton, the original U(1) duality
group is enhanced to SL(2, R). This corresponds precisely
to the group of modular transformations we have discussed
so far. With respect to the previous discussion, however,
under duality rotations the action of the vector multiplet is
not expected to be invariant. Indeed, the authors of

Ref. [91] calculated the general form of the induced
variation. A duality transformation is in fact a symmetry
of the equations of motion of the vector field, which is
sometimes called self-duality since it exchanges the electric
field strength with its magnetic dual and the gauge coupling
with its inverse. In the following we check that the vector
multiplet part of the anti-D3-brane action enjoys this
property, namely, that it is on-shell equivalent to an action
of the same functional form, in which the vector field is
exchanged with its dual and the gauge kinetic function with
its inverse:
PLAa <~ PLADav .}\CD_3 < (}ﬁ)_l (522)
Since self-duality is an on-shell property, we are allowed
to use any form of the action which reduces on shell to the
vector multiplet part of the anti-D3-brane action,

1 ~ -
In particular, it is convenient to relax the constraint (3.19)
on the vector multiplet and impose it by means of a
Lagrange multiplier. Therefore, we consider the action

~ I~ - I - i -
SV - —— [fEAPLA]F +— [@PLAX]F + _ADPLA 5
4 2 2 .
(5.24)

where P; A, is chiral but otherwise unconstrained, P; ®@,, is
a Lagrange multiplier chiral multiplet that implements the
constraint (3.19), and P;Ap, is the dual of P;A,. In
particular, the chiral multiplet P; A, does not satisfy any
Bianchi identity. It is also convenient to express the dual
multiplet P;Ap, as

P;Ap, =Z(D,U), (5.25)

where D, is an operator, analogous to the superspace
derivative [92], that maps

Dy:(w.c) - <w+%,c—%> (5.26)

and U is a vector multiplet with vanishing weights. Notice
that, by using the properties of the X and D,, operators, up
to boundary terms we have

[i/_\DPLA]F - [iZ(DaUPLAa)}F
= [iD*UP. A, —iD*UPRrA,)p

= —[iUD*P A, —iUD*PrA,]p.  (5.27)

As a consistency check, we first verify that by integrating
out U we get back the original action (5.23). The variation
of U gives
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SU:D*P; A, = D*PgA,, (5.28)
which is the supersymmetric form of the Bianchi identities,
implying that P;A, is the field strength of a vector
multiplet V: P; A, = %(D,V). Inserting this result into
Eq. (5.24), the action correctly reduces to Eq. (5.23). On the
other hand, by integrating out the Lagrange multiplier
P;®, and the unconstrained chiral multiplet P;A,, we
obtain

SP,®,: P;AX =0, (5.29)

5PLA(1: }'0'3PLAQ - iPLADa - PL¢(1X' (530)
By multiplying the second equation by X and using the
assumption that X is nilpotent, we obtain the additional on-
shell information
PLADaX — O, (531)

which means that the fermion in the dual multiplet P; Ap,
is removed. Inserting Eq. (5.30) back into the action (5.24)
and also using Eq. (5.31), we eventually obtain the on-shell
expression

. |

SV - - Z [fD_SADPLAD]F' (532)

Thus, we have shown that the vector multiplet sector of the
anti-D3-brane action enjoys self-duality. Finally, we notice

that, due to the nilpotent constraint on X, fD—S satisfies the
property

Iz~ = I, (5.33)
since
- X0 tX
—(F))-1 —
ot =257
B X0e~t6X s
o 2(2()_(%"5)_()}) =fe(f7). (5:34)
As a consequence, for the particular choice f(7) = —iz, the

transformation j‘ﬁ - (]A‘m)‘1 corresponds to 7 — —1/z.
This, together with 7 — 7 + 1 (which is a trivial symmetry
of the action), generates the full SL(2,R) group.

VI. CONCLUSION

In this paper we studied the low-energy effective action
for the KKLT scenario [1]. In particular, we kept track of all
world-volume fields on the anti-D3-brane, i.e., the vector
field, the scalars, and the fermions. Following Ref. [46], we
showed how the corresponding world-volume fields couple
to closed-string moduli, i.e., the axiodilaton, the complex

structure moduli, and the single Kdhler modulus. We then
rewrote this 4D effective action in a manifestly super-
symmetric way, making use of constrained multi-
plets [74] that have played an important role in recent
advances in our understanding of supergravity (see, e.g.,
Refs. [77,93-97]).

Our manifestly supersymmetric 4D A/ = 1 action shows
that the anti-D3-brane in the KKLT scenario breaks
supersymmetry spontaneously. It also provides a useful
reformulation of the anti-D3-brane action that should
facilitate future, more phenomenological studies of anti-
branes in string compactifications. Furthermore, it goes
beyond what was in the literature in an important way.
Indeed, initial studies of the uplift term in the KKLT
scenario in supergravity have focused on the Goldstino,
which can be packaged into a nilpotent chiral multiplet
[7,8], but the bosonic world-volume fields on the anti-D3-
brane have been neglected in this analysis because they can
be projected out by placing the anti-D3-brane on top of an
O3-plane [9,10,98]. This work culminated in Ref. [27],
where the full action for all world-volume fermions—
including their couplings to the closed-string moduli—was
derived.

When adding the bosonic world-volume fields, we
followed the proposal of Refs. [21,22] of how one can
package the bosons into constrained A/ = 1 multiplets.
While this choice might not be unique, it allowed us to
rewrite the action in a manifestly supersymmetric way. One
particular challenge one faces is related to the U(1) gauge
field on the anti-D3-brane. Recall that the gauge kinetic
function f for a D3-brane in the KKLT background is given
by the axion dilaton f(z) = —it = —i(C, + ie~?). This is
and has to be a holomorphic function. However, the anti-
D3-brane has the opposite sign in the Wess-Zumino part of
its action and therefore the U(1) world-volume gauge field
naturally couples to it = —i(—Cy +ie™?). The latter is
antiholomorphic and such a gauge kinetic function is
forbidden by supersymmetry. As explained in Sec. 1V,
we resolved this puzzle by using a construction inspired by
the recently discovered new D-term in supergravity [28].

While our paper completes the study of a single anti-D3-
brane in the KKLT setup, there are a variety of future
research directions that should be pursued:

(1) It should be straightforward to generalize our results
to a stack of Nz anti-D3-branes by simply promot-
ing the world-volume fields to fields that transform
in the adjoint of SU(Ng3). This should amount to
inserting traces into our formulas and adding com-
mutator terms that appear in general [46] but vanish
in the Abelian case. Note, however, that such a stack
of anti-D3-branes in the KKLT background would
want to polarize into an NS5-brane [5]. Two recent
papers [25,31] studied the effective NSS5-brane
theory that arises from a stack of anti-D3-branes
in the Klebanov-Strassler throat geometry [62].
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The authors showed that in the metastable mini-
mum supersymmetry is nonlinearly realized. This
nonlinearly realized and spontaneously broken
supersymmetry can be linearly realized if one
includes a tower of massive Kaluza-Klein states
[31]. It would be interesting to study the polarization
process in more detail and include all world-volume
fields on the anti-D3-branes.

(2) Since a reformulation in terms of constrained mul-
tiplets is not necessarily unique, one should explore
other supersymmetric formulations of the action. For
example, in Refs. [23,27] the authors also discussed
a constrained vector superfield that contains the
Goldstino as the only d.o.f. This vector superfield
can replace the nilpotent chiral superfield and gen-
erates the KKLT uplift term via a D-term. It is
conceivable that for the other constrained multiplets
there are also alternative formulations that should be
explored.

(3) Our results should be extendible to the large-volume
scenario [99,100]. There, the AdS vacuum breaks
supersymmetry already before adding the uplifting
anti-D3-brane. This means that the Goldstino is
always a combination of closed-string fermions
and the fermions on the anti-D3-brane. Nevertheless,
one should be able to describe the anti-D3-brane
action in the same way that we did here. In
particular, the nilpotent chiral superfield still consists
of only a world-volume fermion.

(4) Recently it was shown that the anti-D3-brane in the
KKLT scenario is one particular case of flux
compactifications with anti-Dp-branes that can all
be described by a 4D effective N' = 1 supergravity
action that includes a nilpotent chiral multiplet
[101]. It would be interesting to work out the proper
description of the world-volume fields for anti-Dp-
branes with p > 3. While this is not easy, one should
be able to adapt existing results for the light d.o.f. on
supersymmetric branes (see, e.g., Refs. [102—-106])
since the DBI action for branes and antibranes is
the same.

(5) It would be very interesting to derive the brane
action in a nontrivial background beyond quadratic
order in the fermions. In particular, the quartic terms
play an important role in the study of the ten-
dimensional lift of the 4D KKLT solution [50-61].
While technically challenging to obtain, these higher-
order fermionic terms would have applications well
beyond the study of anti-D-branes in flux compacti-
fications.

We hope to study some of these issues in the future.
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APPENDIX A: SUPERSPACE

In this Appendix we translate the relevant formulas into
the language of superspace, following the conventions of
Ref. [70]. In this case fermions are described by two-
component Weyl spinors. We recall that a four-component
spinor can be written in terms of a two-component one

as Q = (Z_j)

1. Constrained superfields

Here we describe constrained superfields in flat
superspace.
(1) The nilpotent chiral Goldstino superfield is given by

G2
X =—+V20G +0*F & X2 =0,

°F (A1)

where G,, is the spin-1/2 Goldstino. Upon substitut-
ing @ — O, this expression is also valid in super-
gravity.

(2) A chiral superfield Y, such that XY = 0, is instead

Gy G?
=2 -——>F' 20y + 0*FY. (A2
V20 (A2)
Upon substituting § — @, this expression is also
valid in supergravity.
(3) A chiral superfield H
H =h+ V204" + 6*F! (A3)
containing only the complex scalar in the lowest
component is subjected to the constraint
XD H = 0, (A4)
where X? = 0 is assumed. Its fermion and auxiliary
fields are given by

21— ioh <g> 9, (AS)
G G G?
FH = - —_ o ’MT fD . A
8ﬂ<F>60 F8”h+2F2 h (A6)
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The generalization to supergravity can be found
in Ref. [93].

(4) Given a real Abelian vector superfield V, the field
strength chiral superfield is

1

W, = —ZDZD(,V = —iA, + L50s + 64,0,
(A7)
where
s
L} =slD - 5 (6#6*)oF . (A8)

The gaugino A, can be removed via the constraint
XW, =0, (A9)

which leads to

L£L=-3 / d*0Ee™* %( / PO2EF VW, +C.c.> + ( / d2®25W+c.c.>,

where K is the Kihler potential, W is the superpotential,
and W, = —; (D* — 8R)D,V is the field strength super-
field. The anti-D3-brane gauge kinetic function is

_$R) ( ;;J;( )

where f(7) = —iz. Equations (5.3), (5.7) and (5.8), (5.9) we
gave for K and W can be used directly without any
modification. When using the second alternative, the
superpotential mass for the fermions in Y’ is generated
by the chiral superfield

Ip= (D (A12)

. _ et A2y

ity = (-8R (— ) A
D2X(~i(r—7))2f (U, U4)

where mi; is given in Eq. (2.32).

We notice finally that Eqgs. (A12) and (A13) can be
written in an alternative form that may be preferred in some
applications. Given a nilpotent Goldstino superfield X, we
can define a superfield [23,107]

D X
’DZX

(Al4)

It is possible to check that such a superfield satisfies

a

: G2 G‘Z .
ﬁ L'zGﬂ — F 8” ( \/(%Fﬂ) 5/‘/}7670(

G* . (LG
S o ()

F2 ap
2 A2 G, LA
_l(i(_i o G 23 B\ oubre. .
2F2 F2 \/EF H \/EF ra

(A10)

A, =

The supergravity expression for the removed gau-
gino can be found in Ref. [93].

2. The anti-D3-brane supergravity Lagrangian

The supergravity Lagrangian for the anti-D3-brane can
be expressed in superspace as

(A11)

DyT, = V2e4(1 = RI?),

_ - . 1 .
DT = \2i(6°T)PD,I'* + —T2Bbe, Al5
(6°T)’'D, Wil (A15)

where D,T, = e}'D,, [ — Ly/iD;T, — —y/bﬁD I, is the
supercovariant derivative in superspace and the definition
of the superfield Ba/; can be found in Ref. [70]. These are the

conditions given in Ref. [108] in order for I',, to describe a
Goldstino. Indeed, the lowest component I',| = y,, is the
(chiral) Volkov-Akulov Goldstino, while all of the other
fields inside I', are removed. With this new ingredient at our
disposal, the gauge kinetic function and the superpotential
mass can be expressed in a more compact form as

53 = gl — 8R)(If),

. 1 - _ —4A-2u

Mij:__ D2—8R Fz : — = lmij .
5 - )

(A16)

Their lowest components in the unitary gauge y, = 0 are

e—4A—2u

Iml=1. mi. (A7)

Mij|: R 1 = 1"
(Si(e—2) (UA, T

We stress that such a construction is general, namely, given
an arbitrary superfield @, which can also be composite, the
chiral superfield
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&= — 1 (D2 — 8R)(F®) (A18) For completeness, we give the components of ]A‘m in global
8 supersymmetry. The chiral superfield ]A”D—3 can be expanded
has the lowest component in superspace as
A A A 1 A
®| = @ + fermions (A19) J53 = I p3l + 0“Daf 3] _Z‘gzszmL (A21)
and the fermionic terms vanish in the unitary gauge. It where
satisfies the constraint N - 2D,XD°f + XD*f
Iml=I+—5% : (A22)
2o = rio. (A20)
|
, DY D% R . .. . _(2D,XD’f+XD’f
D, fp3| = 404X L5 410y f B 4lﬁ DDV f + 410D X < (D2X)? . (A23)
, 0, X007 04XDUfOFDX  0,.fDIXODyX
szﬁ|:_16 aa‘z- f_ -2f-2 - ! D2% )2 :
DX (D*X) (D*X)
Y X0y . X0DyX0y,D'f  OX(2DiXD*f + XD*f)
X (D2X)2 (D°X)?
O DXDXDIFO DX X0, D'XD2 [0 D,X o)
%)’ GBS
The projection to & = 0 on the right-hand sides of the - 0*@* 050
expressions above is understood and X? =0 is always Stinew = —¢ >(@?)Z(0?) X°X'D b

assumed.

APPENDIX B: NEW D-TERMS IN
SUPERGRAVITY AND THE THETA TERM

In this Appendix we review some ingredients
concerning the construction of the new Fayet-
Iliopoulos D-terms in supergravity originally proposed
in Ref. [28]. This discussion is needed to understand the
origin of the coupling (4.9), which we introduced in
order to flip the sign of the theta term in the super-
gravity action.

Let us start by considering the chiral field strength
multiplet P;A, given in Eq. (3.16) with weight 3. In
particular, P; A, is the gaugino, F';, is the covariant field
strength of the U(1) vector, and D is the real auxiliary field.
It is known that the standard embedding of a Fayet-
[liopoulos (FI) term

Sk = —5/ d4x\/ —94D (BI)

in supergravity requires the gauging of the U(l) R
symmetry, by means of the vector field. In Ref. [28] a
new embedding was proposed that avoids such a restriction
and that is of the type

=-£ / d*x\/=gaX°X°D + ..., (B2)

where the dots stand for fermionic terms. In this
expression, X is the compensator chiral multiplet, D
is a real multiplet which has the auxiliary field in the
lowest component [see Eq. (3.3) of Ref. [28]], and we
defined the multiplets

) AP, A
(XO)‘(O)Z ’

_,  APRA

’ 7 o

(B3)

Y and ¥ are the superconformal generalizations of the
chiral projectors D> and D? of superspace. They act on
multiplets with weights (Weyl, chiral) = (w, £(w — 2))
and produce, respectively, chiral and antichiral multiplets,
namely,

o (wow—=2) > (w+ Lw+1),
i (w,—w+2) > w1, -w—1). (B4)

More details about these operators can be found, e.g., in
Ref. [82], where they are denoted as T and 7. We also
need the components of the chiral multiplet
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1 _
AP, A = {APLA V2P, <1D - §F> A, 2AP, DA
Iy Dz},

from which one can calculate

i e

_ _ 1
2(0?) = (X0%0)2 < F F””+——
2 )22 \/— )24 pa

D),
(B6)

where the dots stand for fermionic terms. We recall that
we are following the notation and the conventions
of Ref. [69].

The important property of the coupling (B2) is that its
pure bosonic sector contains just a term linear in the
auxiliary field D, while all of the remaining fermionic
terms are required by superconformal symmetry. After
gauge fixing the superconformal symmetry to Poincaré

supergravity, X° = k~'es, the new D-term reduces to

k=1

SFI new — _f/ d*x —g4€§D + ..., (B7)

and therefore, when this is added to the standard super-
gravity action (4.8) for the vector multiplet, the auxiliary
field D acquires a nonvanishing vacuum expectation value
and supersymmetry is spontaneously broken. Then, by
setting the Goldstino to zero by a unitary gauge choice, all
of the fermionic interactions in Eq. (B7) vanish. Notice that
the presence of this coupling spoils the Kihler invariance
of the theory, since the Kihler potential appears explicitly
in the action. The Kéhler invariant version of Eq. (B2) was
constructed in Ref. [87] and it amounts to replacing

X0X0 — X°X%~5 in order to cancel the undesired depend-
ence on K in the Poincaré frame. In what follows we
systematically perform this replacement.

The logic behind Eq. (B2) is the following. First, notice
that it is constructed out of the two real multiplets

w 2

s R xRt @

with weights (—2,0) and (4,0), respectively, and that the
component expansion starts precisely with the lowest
component of R,. This means that the role of R, is to
provide higher-order fermionic interactions which are
needed in order to write down a consistent superconformal
embedding of R,. The procedure can be easily generalized
in order to construct the superconformal completion of any
arbitrary real multiplet R, with weights (4,0). A similar
logic was followed in Ref. [109] by using only chiral
multiplets.

In Sec. IVB we are interested in deforming a given
supergravity action in a supersymmetric way with a theta
term

So-term = —l/ d*xIm(f)e**°F,,F ,, + ..., (B9)
where the dots are additional couplings which are needed
from supersymmetry and which we would like to deter-
mine. The standard procedure to find them consists in
varying Eq. (B9) and adding the required terms in order to
cancel the total variation and obtain a superconformal
invariant coupling. This strategy is conceptually simple but
tedious and it is not clear at which step it is going to end.
However, when supersymmetry is spontaneously broken
the problem can be solved at once by considering the
multiplet R, as defined in Eq. (B8) and multiplying it by

Ry, = Im(f)e"?°F,,F ,,, (B10)
which has to be thought of as a real multiplet with weights
(4,0). In particular, f(z) = —iz can be understood as the
lowest component of a chiral multiplet with vanishing
weight. This strategy is formally correct, but there is one
additional subtlety one needs to be careful about in our
case. In the anti-D3-brane action we propose, the auxiliary
field of the vector multiplet does not acquire a vacuum
expectation value, since supersymmetry is spontaneously
broken by the auxiliary field F of X. As a consequence, we
are not allowed to divide by the quantity Z(w?), as it
vanishes in the vacuum. However, in the case in which the
field strength multiplet is constrained as in Eq. (3.19), we
can use the identity (proven in Ref. [28])
o’ @? XOx0xX

@  XOX%eSXX
S(@)2(@?)  T(XX)E(XX)

3(X0e 5 X)Z(X0 5 X)
(B11)

to formally trade w? for the nilpotent X inside R,. In
particular, the right-hand side is well defined in our setup,
since the denominator can never vanish. We are therefore in
a position to propose the following superconformal invari-
ant interaction:

1 X0X0e5XX

m €yvpa
4 [2(X0 5 X)E(X06X)

\/— /u/ pa
(B12)

(/)

O-term — —
1 gl
:—ZIm(f)e FuFoe+...

which has the desired property of providing a consistent
superconformal completion of Eq. (B9), much in the same
way that Eq. (B2) provides it for the Fayet-Iliopoulos term
(B1). We can also express the multiplet e/*°F,, F,, in
terms of the more familiar field strength multiplet P; A.
One can indeed check that
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| —

(X0X0¢5)?

[\

i

Z(e?) - 2(@?)]

| erro

=-———F,F oo B13
4\/_—94 pv /)o'+ ( )

where the dots stand for fermionic terms containing at least one gaugino A, without derivatives acting on it. Due to the
Grassmann nature of A,, these terms vanish if multiplied by XX and we directly have the constraint

| —

XX(X0X0¢75)?

[\

i

$(a?) - 2(@%)] = - XX S FF

1o e
4 \/_—94 uvt pos (B14)

where every quantity can be understood as a full supersymmetric multiplet. The proposed coupling (B12) then becomes

1 X0X0e5XX

etvro

So-term = — 5 S K o< K
e 4 [Z(Xoe‘EX)Z(XOe‘EX)
1 X

M

2 {Z()_(Oe_g)_()
B [ XX
3(X0e 6 X)E(X 5 X)

1
= / dXIm(f)e P F \, F pp + ..,

which is the expression that appears in Eq. (4.9).

S (R in() 0%) - X(0%)

Im(f) Fm/Fpo':| b

V=G

D

(R i (x(a) |

(B15)
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