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ABSTRACT: The KKLT construction of de Sitter vacua includes an uplifting term coming
from an anti-D3-brane. Here we show how this term can arise via spontaneous breaking of
supersymmetry, based on the emergence of a nilpotent chiral supermultiplet on the world-
volume of the anti-D3-brane. We establish and use the fact that both the DBI as well as the
WZ term, with account of orientifolding, acquire a form of the Volkov-Akulov action. For
an O3 orientifold involution of R%! we demonstrate the cancellation between the fermionic
parts of the DBI and WZ term for the D3-brane action. For the anti-D3-brane we show
that the DBI action and the WZ action combine and lead to the emergence of the goldstino
multiplet which is responsible for spontaneous breaking of supersymmetry. This provides
a string theoretic explanation for the supersymmetric uplifting term in the KKLT effective
supergravity model supplemented by a nilpotent chiral multiplet.
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1 Introduction

The manifestly supersymmetric effective d = 4 supergravity action describing the KKLT
model of the AdS stabilization of the volume modulus in type IIB string theory results
from the following Kéahler potential and superpotential, [1, 2]:

W =Wy + Ae ", K=-3In(p+p) . (1.1)

The supersymmetric AdS vacua in KKLT models are defined by the equation D, = 0.
The uplifting term was added in the next step in the KKLT construction in the form [1, 2]

oV = L_ . (1.2)
(p+p)°
In the string theory model [3] it has been argued that the presence of the anti-D3-branes
breaks supersymmetry spontaneously since the anti-D3-branes can decay to a supersym-
metric state by annihilating with fluxes. However, it was not clear how to write down an
effective N'=1 supergravity action: in [1, 2] eq. (1.2) was used, which corresponds to a
pure bosonic term breaking supersymmetry explicitly.

It was explained in [2] that for a D3-brane slowly moving in the background with no
anti-branes the net force vanishes due to gravitational and five-form cancellations: the
relevant parts of the DBI and the WZ terms cancel. For the anti-D3-brane the force
exerted by gravity and the five-form field are of the same sign and add, so we have a factor
of 2 for the anti-D3-brane versus 0 for the D3-brane, leading to (1.2). This argument was
developed in [2] in the absence of the fermions on the brane. In this paper we will find



that when the fermions on the brane are taken into account and supersymmetry is broken
spontaneously, the same effect, doubling versus cancellation, of the full Volkov-Akulov
goldstino action [4, 5] takes place. This will provide us with a supersymmetric uplifting of
the supergravity KKLT models which has an origin in the supersymmetric D-brane physics.

Recently, a systematic construction of metastable de Sitter vacua in a broad class of
string theory motivated supergravity models was performed in [6]. It has confirmed the
standard expectation that supersymmetry is an indispensable tool, which helps to find
many dS vacua and simultaneously ensures their local stability.

More recently it was pointed out in [7, 8] that in supergravity one could have started
with the following supersymmetric model, depending on 2 supermultiplets, p and S, where
S represents a Volkov-Akulov goldstino multiplet [4, 5]

W =Wy + Ae™% — M?S, K=-3In(p+p)+5SS at S2=0. (1.3)

Here S is the nilpotent! chiral supermultiplet [9-13] which provides a manifestly super-
symmetric version of the Volkov-Akulov goldstino. After computing the potential, we have
to set the scalar part of the superfield S to zero. We find

M4
(p+p)3’

where Vkkrr(p, p) is the KKLT potential without the uplifting term, at M = 0. This shows
that (1.3) corresponds to a manifestly supersymmetric supergravity version of the uplifting

V = Vkkrr(p, p) + (1.4)

term arising from an anti-D3-brane (extending the bosonic expression for the uplifting term
from the anti-D3-brane used in [1, 2]).

For simplicity we consider here the case without warping. This will allow us to study
the supersymmetry upon gauge-fixing of xk-symmetry on the world-volume of the brane in
a flat type IIB supergravity background, which is a relatively simple case. Generalization
to a generic type IIB background will be a next step.

From the point of view of d = 4 supergravity, the supersymmetrization of the uplifting
due to a chiral nilpotent multiplet is obvious. It is less obvious how all this is related to
D-brane physics and to the fact that adding a D3-brane to the system considered in [1, 2]
will not lead to an uplift, whereas adding an anti-D3-brane, will result in the emergence of
a VA multiplet and supersymmetric uplifting.

Below we will present a refined relation between our d = 4 supergravity and Dp-brane
physics with global supersymmetry and local k-symmetry [14-23]. In [7, 8] we referred to
the well known argument [20, 23] that a Dp-brane action, when gauge-fixed in a certain
gauge, always leads to a DBI term which has Volkov-Akulov fermions on its world volume.
Not surprisingly, the non-linear VA fermions are superpartners of the Born-Infeld non-linear
vectors. In the same gauge the WZ terms vanishes, as was first established in [17, 18]. It
appears therefore that the emergence of the VA fermions takes place independently of the

!The chiral multiplet S(z,0) was defined off-shell in [13]. In earlier versions in [9-12] in addition to the
S? = 0 constraint, also a specific on-shell constraint was used. For cosmological applications we use the
off-shell construction in [13].



charge of the brane: for the Dp-brane and for the anti-Dp-brane we are always getting the
VA fermions.

However, this is not expected to be true in the context of the KKLT model, where
by construction, only the anti-D3-brane can be responsible for the uplifting, a D3-brane
will not do the job. There must be a reason why the emergence of the VA fermion on the
word-volume of the brane is different for a D3-brane and an anti-D3-brane. And indeed,
as we show in this paper, for a large class of models (that include the KKLT scenario)
such a reason exists: in order to preserve N = 1 supersymmetry in d = 4 starting from
type I N/ = 2 supersymmetry in d = 10 one has to compactify the theory on a Calabi-
Yau manifold, and in addition perform an orientifold projection. However, the standard
k-symmetry gauge [17, 18] in which the WZ term for any brane vanishes, is incompatible
with an orientifold projection. If, instead, one uses a xk-symmetry gauge fixing that is
consistent with the orientifold projection, then the WZ action does not vanish and the
emergence/vanishing of the VA fermions on the world-volume indeed depends on the charge
of the brane.

The remarkable discovery of the fact that the WZ term of the D9-brane with the type
I orientifold truncation becomes a Volkov-Akulov goldstino action was made in [24, 25].
Therefore, depending on the choice of the charge of the brane, for a given choice of the sign
in the orientifolding condition the total action either vanishes or becomes the sum of the
two VA actions. This gives a hint on a possible reason for an analogous dependence on the
charge of the brane for a D3-/anti-D3-brane in the presence of an O3 orientifold projection.

In this paper we perform a generic analysis of the Dp-brane in a flat background and
show that the WZ term upon orientifolding becomes exactly the VA action. This gives an
analytic explanation of the computational result in [24, 25] for the D9-brane case, and also
makes this result more general including other cases, like the D3-brane. For our purpose
to find the origin of the Volkov-Akulov dynamics with a single goldstino, corresponding
to a single nilpotent superfield in our supergravity models (1.3) we find it convenient to
study and to compare the cases of a single D3-brane versus a single anti-D3-brane on top
of an O3-plane. Hopefully, the phenomenon which we describe here will be preserved in a
more realistic string theory setting with many coincident branes, fluxes, curved geometry
and with an account of the volume of the compactified manifold.

The outline of the paper is as follows: in section 2 we present the classical k-symmetric
D3- and anti-D3-brane actions in the flat supergravity background. In section 3 we discuss
the issue of a compatibility of orientifolding with k-symmetry gauge-fixing, following earlier
studies in [26]. We also derive in that section the DBI and the WZ actions for D3-/anti-
D3-brane with account of orientifolding and show that they both have the same fermion
parts, given by the Volkov-Akulov goldstino action. Therefore, depending on the sign in
the orientifolding condition, either the D3- or anti-D3-brane action vanishes whereas the
other one acquires a VA goldstino action. We also discuss a possible modification of this
construction in case that the flat background is replaced by a CY3 compactification. In
appendix A we describe the generic case of a Dp- or anti-Dp-brane with the correspond-
ing orientifold projection, and show how, in general, one finds that the WZ term upon
orientifolding becomes the VA action.



2 Classical actions for D3 and anti-D3 branes

A detailed description of classical IIB Dp-branes is given in appendix A.1 of [23] and we
are using the notation of this paper. The k-symmetric D3-brane action with ¢ = 1 and

anti-D3-brane action with ¢ = —1, in a flat background geometry consists of the Dirac-
Born-Infeld-Nambu-Goto term Sppr and Wess-Zumino term S\(zg)z with the world-volume
coordinates o# (u=0,...,3):2

Sppr + S, = —/d4a \/— det(G o + o/ Fu) + q/Q4. (2.1)

Here the longitudinal and transverse coordinates are
X" ={x" ¢}y, m'=0,1,2,3, I=1,...,6, (2.2)

where m/ refers to the 4 worldvolume directions and I refers to the 6 transverse direc-

tions and
G#V = Um’n/HLn/HIT/L/ + 61JH£H;7 s
Y = 9,X™ — 09,0, 11, = 0,0" — 0779,0. (2.3)

The ¢! are the scalars on the D3-brane that control its position in the six transverse
directions, and the Born-Infeld field strength F,, is given by

s 1-
Fur=Fuy—buy, by = 003T,,0,0 (aVXm - 29rmaye> —(pev) . (24

Finally, Q4 is a particular 4-form [14-19]. Here we will describe it using the formalism in
the flat supergravity background in [17, 18, 21, 22]. Namely, we define a closed 5-form

Is = dQy = doTsdo, (2.5)

where wedges products are implicit and the 3-form

R 3
T3 =c'FT + iazy , (2.6)
depends on the matrix-valued 1-form?
[ =T,I0" =T, (dX™ 4 6T™d0) . (2.7)

We have also introduced the pull-backs of the flat matrices I'™ to the world-volume:

A

r,=1,"T,,, TIH=GWT,=1T", T =G, (2.8)

*For ease of presentation we rescale the DBI and WZ term by the inverse brane tension 1/7, =
(2m)P o

3The plus sign for the second term in the 1-form is explained on page 5 in the first reference in [17, 18].



where G*” is the inverse of GG, They satisfy the Clifford algebra relations DALY 4 TVIH =
2GHY and II}, 11" = 6l/. The brane action (2.1) has a global supersymmetry under which
0JII"™ = 0 and §.F = 0. Besides the global supersymmetry the action is also invariant
under a local k-symmetry (presented in details in our notation in appendix A.1 of [23] and
in eq. (A.8) in this paper). The s-symmetry

5.0 = (1 + qD)x, (2.9)

is defined in terms of the hermitian traceless product structure I' with TrI' = 0,I'? = 1.
Note that in the standard k-symmetry gauge taken in [17, 18, 20, 23]

(1+0%0=0, (2.10)

the WZ term (2.5) vanishes since (2.6) involves the off-diagonal o! and 2. The gauge-fixed
action of the D3- and anti-D3-brane is the same and is given in eqgs. (85)-(88) in [17, 18].

3 D3- and anti-D3-brane with orientifolding

The relation between orientifold truncation and gauge-fixing x-symmetry for a D3-brane
was discussed in detail in [26]. An orientifold action requires that (1 —T'p)f = 0. The
gauge-fixing condition for k-symmetry can be given in the form (1 —I';)0 = 0. In order
for these two conditions to be compatible we need that

To,Tx] =0. (3.1)

The O3 orientifolding studied in [26] for the D3-brane is defined by T'o = i02Tg125 . Thus,
the general gauge-fixing condition for a Dp-brane (2.10) with I, = Fo? which leads to a
vanishing WZ term is incompatible with the O3 orientifold projection since [['p,T';] # 0
and the gauge-fixing for which the WZ term vanishes cannot be used.

To describe the KKLT physics we would like to demonstrate the emergence of the
supersymmetric fully non-linear VA fermion action on the anti-D3-brane, and the absence
of such a fermion action on the D3-brane under a certain choice of orientifolding.

We start with the action (2.1) and impose the supersymmetric truncation constraint

(1+q¢0)0 =0, (3.2)

together with
Fuw =0, I, =0,¢" — 009,60 =0. (3.3)

Our k-symmetry matrix I' in §,0 = (1 4 ¢I")x then simplifies significantly and becomes T’
defined as follows

. 1 .
I'= F\(]1+qf)0:7-‘”,,:n,{:0 = 0301@5/11--#@“1“#4 = 0301F£‘§’ ) (3.4)

with I‘(DO:)3 = 0123 We have four 1-forms II"" = dX™ + 6T do* + 62" d#?, where m/
are the 4 world-volume directions and where spinors have been restricted by the condition
(3.2). The restricted 1-forms are

/ / 1. / ~ ’ — /
E™ = dX™ + J0T (1 — )d0 = dX™ + A" d. (3.5)



Here A = /26" is a 16-component spinor. When all constraints are taken into account we
find that the DBI action takes the form

4
SDBI’(]]-“FQF)GZ}—HV:H{L:O = — d*o —det GMV
1 / /
= —a /Emo VANRRAAN Em35m6..‘mg = —/detE. (3.6)

The fact that the DBI action reduces in this limit to the VA action has been known for a
long time [20] and recently confirmed in [23].

Now we will study the WZ term when the orientifold projection (3.2) together
with (3.3) is taken into account. This illustrates the general argument in the Dp-brane
case given in appendix A.3. We start with

" - . . E™T\)?
qIs = qd Q4 = dOqT3d0  with Ty = o° alM , 3.7
3l
so that we get
- / / / ~ 11
qls = —E™ A E™2 A E™3 A df o ot 3 ] R (3.8)
Now we use the identity
I‘m1m2m3 = Emfmhymlm], IWnor(o) ) (39)
and obtain
~ 1
4l5 = —Z1Emymymymy  E™ A E™2 A E™3 A dOT0qo” o' T(5do . (3.10)
Using (3.4) we can rewrite this as follows
~ 1
0I5 = —gyEmimym, moEml AE™ A E™3 A dOT™0qldd . (3.11)
Thus we get using (3.2) and (3.5)
~ ~ 4
qls = qdQy = 1 Em/ mlyml, mGEml AE™ A E™s A dE™0
1
= d(Eml AE™2 N\ E™3 A EmO) (3.12)

4' m1m2m3m
This can be integrated to

qQ4\(1+qf)9:fW:Hﬁ:0 — i Smbmim méEmo AE™ ANE™ NE™ = —det B,  (3.13)
and we learn that our WZ term of the D3-brane or anti-D3-brane under the restrictions
(3.2) and (3.3) becomes the VA action. It adds to the DBI term.

If we would use, instead, the constraint (1 — qf‘)@ = 0, it would lead to a cancellation
between the DBI and the WZ terms since

. 1
0l giyo= 7, =n10 = (EM0OANE™ AET: ANE™ =det B (3.14)

4' momlm m3



In particular, for an anti-D3-brane with ¢ = —1 the constraint which doubles the action is
the usual O3~ -plane projection condition

(I+¢D)I=(1-T)0=0 & 6 =Tgsb>. (3.15)

The conditions (3.3) arise, if we place the anti-D3-brane at a fix point locus of the orientifold
projection. In this case the world volume vector field A, and the scalars ¢! are projected
out, which leads to (3.3) (see appendix A.4 for the vanishing of the fermionic terms). Note,
that the fermions on an anti-D3-brane on top of an O3-plane are not projected out, see
for example [27-29]. Since the analysis in [29] was made in the linear approximation, the
presence of fermions in absence of bosons was qualified as breaking of all supersymmetries.
However, it was stressed in for example the abstract and introduction of [29] that this
system is free of tachyons. Meanwhile, as our non-linear analysis shows, we agree on
absence of vector and scalars on a single brane, however, we find that the fermions form
a goldstino multiplet with spontaneously broken supersymmetry. This fact that D-branes
break supersymmetry spontaneously is often overlooked in the string theory literature
although it is clearly stated for example on page 140 of [30], where it is also mentioned
that the fermions on the brane are the goldstinos.
Thus our action of the anti-D3 brane upon orientifolding is

(=1 anti—
(Spsr + Swz ) (]lt_f;?,if:m:o = -2 [ d'o /= det G
:—2/E0/\.../\E3:—2/detE, (3.16)

where
E™ =dX™ + XI"d\, m' =0,1,2,3. (3.17)

Here ) is a 16-component Majorana-Weyl spinor (related to §'). This same constraint for
a D3-brane at a fixed point locus of the orientifold involution leads to a cancellation of the
WZ term and the DBI term. This cancellation is a manifestation of the fact that not only
the scalars and the vector on the world volume of the D3-brane are projected out but also
the fermions:

(+1)
(SDBI + SWZ ) 81371:,)9:]__:1_[120 = O . (318)

3.1 Compactification

A detailed study of the KKLT string theory model, including D-branes in a curved back-
ground with ISD fluxes, compactified on a CY3 manifold will require an additional investi-
gation. Here we will just make some plausible comments on the situation which might be
expected on the basis of the results established in this paper. We also like to mention here
the relevant earlier work [31]. In section 5 of this paper the authors investigate the possi-
bility that the anti-D3-brane in a KKLT setup breaks supersymmetry spontaneously. They
furthermore conjecture that the gaugino is the goldstino. However, since the authors work
in the gauge with the vanishing WZ term, they cannot distinguish between the fermionic
action of an anti-D3-brane and a D3-brane and the complicated background prevents them
from obtaining conclusive results.



The comments below go beyond the scope of this work, since we studied explicitly only
the case of a single anti-D3-brane on top of an O3-plane in a flat supergravity background.
Our expression for the D3- and anti-D3-brane classical action in section 3 corresponds
to a dimensional reduction of the D9- and anti-D9-brane classical action on a 7 when all
fields are assumed to be independent of the world-volume coordinates o4, ..., 0" and after
T-dualizing on all direction of the T°, see for example eq. (98) in [17, 18] where the DBI
term is given. This means that the spinors on the branes remain 32-component ones in the
classical actions and have 16 component upon gauge fixing x-symmetry or upon making
a supersymmetric truncation, i.e. imposing an orientifold projection. Before discussing
the compactification on a CY3 manifold we would like to explain here the main feature
of the Volkov-Akulov theory. The action in (3.16) can be shown to have a non-linear
supersymmetry in a gauge where X™ = 5,’7/0“, see for example appendix A in [23]. In
this gauge
E™| X! gyl gn = do"T" + AD™dX,  m'=0,1,2,3. (3.19)

The corresponding non-linear supersymmetry of the action acting on the fermion field A(o)
is given by the global parameter ¢

ScA(0) = ¢+ M) 9N (o) . (3.20)

The first constant term shows that the supersymmetry is spontaneously broken, the second
term is quadratic in fermions living on the brane.

A beautiful feature of the VA action is that one can present the symmetries of the
theory in a much nicer way before gauge-fixing X = 5:7/0“. The manifest supersym-
metry of the action (3.16) in a form with E™ = dX™ 4+ A" d)\ is a superspace type
transformation in which the fermionic coordinate A(c¢) is shifted by a global spinor ¢ and
the bosonic coordinates X ml(a) transform to compensate this shift

SAo)=¢,  6X™(0)=CT™ No). (3.21)

Note that this superspace-type symmetry (3.21) explains that the second term in (3.20)
is just a compensating, field dependent, general coordinate transformation with a param-
eter féf = A(o)['*¢. Note that so far we have a 16-component spinor A(c) as well as a
16-component global supersymmetry parameter (. This form of the VA action and its
symmetries, before we gauge fix X”', are most suitable for the discussion of the compact-
ification on a CY3 manifold.

Let us now present the sixteen component spinor A\(o) as three four dimensional spinors
N(o), i =1,2,3 that transform as 3 under the SU(3) holonomy (similarly to the complex
scalars ¢'(0) = ¢?~1 +i¢?") and one spinor A\’(c) that is an SU(3) singlet. The global
16-component supersymmetry parameter ¢ is also split into a singlet ¢® and a triplet ¢’
under SU(3). For a CY3 manifold the concept of a global spinor has to be replaced by a
covariantly constant spinor. Only the singlet (¥ is covariantly constant whereas the triplets
are not, see for example [32]. Then the above transformations (3.21), with only the four
component covariantly constant spinor ¢V allowed, become

SN(o)=0, X)) =¢", SX™ (o) = COT™ N(o) . (3.22)



We now observe that if we do not truncate the triplet spinors on the brane \(¢), then
the A/ = 1 VA supersymmetry on the brane is explicitly broken. However, if the compact-
ification on the CY3 manifold together with the orientifold projection removes the A\ (o),
then we end up with a model with A/ = 1 VA supersymmetry where the action of the
anti-D3-brane is

(Sppt + Swz Iy po ey = —2/E0 Ao ANEP= —2/detE. (3.23)

where
E™ =dX™ £ X1d\’,  m/=0,1,2,3 . (3.24)

This is the VA action in d=4 corresponding to spontaneously broken A = 1 supersymmetry
N(o)=¢", 56X (o) =T N\(0), (3.25)

which is equivalent to a chiral nilpotent superfield.

If we would take another step and assume a finite volume for the CY3, we would get
an action for the anti-D3-brane in Einstein frame which takes into account the volume of
the extra dimensions:

ganti-D3 — 9 / d*oe®(PP) det E (3.26)

whereas under the same conditions we find

SP3 =0, (3.27)

4 Discussion

In this note we have clarified the relation between the emergence of the nilpotent supermul-
tiplet in d = 4 supergravity and an anti-D3-brane on top of an O3 orientifold plane. The
anti-D3-brane has a Volkov-Akulov goldstino multiplet [4, 5] on its word-volume. This
construction, developing the one proposed in [7, 8|, explains how the manifestly super-
symmetric effective action based on the Kéhler and superpotential in (1.3) provides the
supersymmetric version of the KKLT construction. The de Sitter vacua have a sponta-
neously broken VA supersymmetry, which in effective supergravity can be described by a
chiral nilpotent multiplet [9-12] corresponding to the emergence of the VA goldstino on the
world-volume of the anti-D3 brane. In application to the KKLT model our investigation
was performed so far in the simplified model of a single D3- and anti-D3-brane on top of
an O3-plane in the flat supergravity background. In such a case it was possible to estab-
lish a simple connection to a supergravity effective KKLT model with an additional single
nilpotent chiral multiplet corresponding to the Volkov-Akulov goldstino as given in (1.3).
However, in a more realistic case of a full string theory one should study models with many
coincident branes in a curved supergravity background, including ISD fluxes and further
moduli fields like the axio-dilaton and the complex structure moduli. This we postpone to
future studies.

In cosmological applications the role of the nilpotent multiplet, which has only a
fermion and does not have a fundamental scalar, was shown to have various advantages



over the better known supergravity models with standard chiral multiplets. In the new
models there is no need to stabilize the scalar of the nilpotent multiplet since it is propor-
tional to a bilinear of the fermions and therefore does not affect the cosmological evolution.
Another advantage in using the nilpotent multiplet is that it is possible to build simple
supergravity models of inflation which have an exit into de Sitter vacua [33].

The issues of cosmology raised our interest to the formal aspects of the D-brane physics
and we were able to derive analytically a new result here: the Wess Zumino part of the
Dp-brane action with orientifold truncation acquires the form of the Volkov-Akulov action.
This includes in particular the D3-brane case. Our derivation of this general result also
explains the reason why for a D9-brane it was established computationally in [24, 25]
that the WZ term becomes the VA action when a consistent supersymmetric orientifolding
is applied.

It is instructive also to mention here again the recent progress in constructing dS vacua
in [6]. In these models the effective supergravity action is manifestly supersymmetric,
whereas dS vacua break supersymmetry spontaneously, on solutions, as in early dS models
of this type in [34]. In new models in [6] it was possible to achieve the absence of tachyons
and local stability of generic dS vacua.

The current universe acceleration appears to be well described by a cosmological con-
stant. It is therefore gratifying to find various new parts of the string theory landscape
with spontaneously broken supersymmetry and an abundance of dS vacua, such as the ones
in [6], in [7, 8, 33], and in the advanced version of the KKLT construction presented in this
paper. It would be interesting to continue exploring these kind of ‘supersymmetric pillars’
providing uplifting and local stability of dS vacua in the landscape.
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A Dp-branes and anti-Dp-branes with orientifolding

Here we extend the analysis of orientifolding on Dp-superbranes in I1B string theory, which
was performed for the D3-brane case in the main part of the paper. The basis for this
analysis is appendix A in [23]. We start with the classical action for a Dp-brane with ¢ = 1
and an anti-Dp-brane with ¢ = —1:

Sppr + S, = —/dP“a \/— det(Gpy + o' Fou) + q/Qp_H : (A.1)
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Here G, is the manifestly supersymmetric induced world-volume metric?
Gy = Nmn 17T I} =8, X™ —0I"9,0 (A.2)

and the Born-Infeld field strength F,, is given by
. 1_
Fuw = Fup — by, by = o 1903Fm(9u0 <8,,Xm — 29Fm8V0> —(pev), (A3

where Q11 is a p + 1-form [14-19]. Here we will describe it using the formalism in the
flat supergravity background in [17, 18, 21, 22]. Namely, we define a closed p 4+ 2 form in
IIB theory

Iyio = d Qi = diT,do, (A.4)

where in IIB models with odd p the p-form T), is
- 1 f2+1
= . A.
Ty=e Z @20+ 1)! (A:5)

p—form

The meaning of this expression is that e’ is expanded in powers of the 2-form F and
combined with powers of the 1-form I'. T}, is then picking out the p-forms.
Here T is the following matrix-valued 1-form

[ =T1,I" =T, (dX™+ 6T™db), (A.6)
and the pull-backs of the flat matrices I'"* to the world-volume are:
r,=1,"T,,, TH=G"T,=14T", 1% =G, . (A7)

The action (A.1) has a global supersymmetry, local k-symmetry, general coordinate sym-
metry and a U(1) gauge symmetry:

00 = e+ (1 + ¢k + 10,0,
XM = —TMe 4+ 0TM (1 + qT')k + €19, XM |
o/6A, = —0T 03¢0, XM + é§J3FMe§FM3#«9 + éH_FMeﬁ_angalﬁ
+003T (1 + gk 9, XM — %@ang(]l +¢D)x 6TM9,0
—%éFM(]l +qD)k 00sTM 0,0 + 9N + € F,,, . (A.8)

Note that this implies that
6 F =0, 011 =10. (A.9)

4We use a doublet 0%, o = 1,2, of 16 component Majorana-Weyl spinors of the same chirality so that
0o = {617C, 0,7 CY} with C the charge conjugation matrix. o; as for example in (A.3) denotes the Pauli
matrices with indices (o;)® - I it is clear from the context, we will omit the « indices as well as the identity
matrix §“g. We also always omit the spinorial indices.
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The local xk-symmetry on fermions is given by
00 = (14 qD)k, (A.10)

where k2(0), is an arbitrary doublet of Majorana-Weyl spinors of the same chirality. T
satisfies TrT' = 0,I'? = 1. In the Pauli matrices basis, and acting on positive-chirality

B 0 A
re ( o ) e

where 4 and [_ are matrices that satisfy f_3+ = 546 = (=1)", withn = (p—1)/2. In
terms of the pull-backs, the matrices 54 and S_ are given by

spinors 052, T' is given by

n+1 Nk
_ of JIwDp _ (ia)A V1 g Vg D
By = Gset T Tw " I‘(Og’ =g kzo an DHIVLHRR 'fHkaF(OI))7 (A.12)
and
G _
G- MG et (5,7 + o/ Fpam)] V2 (A.13)

G+ a7

Here se is the skew-exponential function, so the expansion has effectively only a finite
number of terms. The matrix Fg)’; is defined by

TPPY2 = (—1)". (A.14)

1 A
D et
oy = ( et O)

prona

For p < 9 in expressions above we split the coordinates as follows
X" ={x". ¢}y, m'=01,...,p, I=1,....,9—p, (A.15)

where m/ refers to the p + 1 worldvolume directions and I refers to the 9 — p transverse
directions and

Gy = N I+ 67y TILTT)
Y = 9,X™ — 09,0, 11, =0,0" — 0T79,0. (A.16)

Thus, ¢ are the scalars on the p < 9 branes. When a consistent dimensional reduction of
the D9-brane is performed, the 9 — p scalars are related to 9 — p components of the d=10
vector, namely to AL.

Al 01=0,02=x X" = 6;”10“ gauge

There are 32 global supersymmetries with the parameters €', 2. In the gauge §' = 0,

xXm = 5l’fl0“, described in detail in [23] the x parameters and general coordinate transfor-
mation parameters (o) become functions of € and fields of the theory, so that this gauge
is preserved, namely

00t = + k4B K2 =0 (A.17)

— 12 —



and
OX™ = AT o (~1)"AI™ Byel + €™ = 0. (A-18)

The gauge-fixed action has 32 global supersymmetries, 16 can be identified with deformed
standard linear transformations of the vector multiplet, see eq. (A.29) in [23], whereas the
other 16 when acting on fermions have the form of the Volkov-Akulov non-linear transfor-
mations, see eq. (A.30) in [23].

A.2 Supersymmetric truncation F = 0, IT{ =0, (1 £ qI")0 =0

We define a supersymmetric truncation on the Dp-brane and anti-Dp-brane as follows.
First we define

= F‘f:o,m:o = (03)”01f‘%’, (A.19)
where .
5 . §
F(Oi); - (p+ 1)!€M1 AR PRI (F(0§)2 = (=1)". (A.20)

There are two choices for the constraint on the spinor for actions with xk-symmetry 6,60 =
(1 + ¢I")x which we consider. In the first case

(I1+¢q0)6=0 =  S=Spp+SY =25, (A.21)

we will find that the DBI and WZ term are equal to each other and to the VA action. They
therefore add up to produce the VA action. In the second case

(1—gD)=0 =  S=Spm+SY =0, (A.22)

we will find that the action is the difference between the DBI and WZ term, which each are
equal to the VA action. Thus they cancel and the action vanishes. These two projections
correspond to Op orientifold projection and anti-Op orientifold projections. The usual Op
orientifold projection leads to a vanishing action for the Dp-brane and the VA action for
the anti-Dp-brane when the brane/anti-brane are located at an orientifold fixed point. The
reason that the Dp-brane has a vanishing action in this case is that all its degrees of freedom
are projected by the orientifold projection. For the anti-Dp-brane the fermionic degrees of
freedom survive [27, 28].

Let us consider the first case in detail. We require that the same truncation is valid
for the global supersymmetry parameter as is expected for an orientifold involution

(1+ql)e=0, (A.23)
and that
(1+¢0)d.0=0 = (14 ¢D)(1+qD)k =2(1+¢D)k =0, (A.24)
and therefore )
(1+¢ql)rk=0. (A.25)

Thus, 6, € and k satisfy the same constraint. These conditions also serve as a gauge-fixing
of the k-symmetry.
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In the second case we require that
(1—-ql)e=0 (A.26)
and that
(1-¢ql)6.0=0 = (1 —qD)(1+4q0)k = (1 -T2k =0. (A.27)

This condition is satisfied without constraining x, which means that the complete -
symmetry gauge-fixing is not achieved. However in this case the brane action vanishes.

A.3 Evaluation of the action with F =0, ITIl =0, (1L + qT')6 = 0 constraint

Imposing the constraint (A.21), we have p + 1 1-forms
/ / . / ]_ nd ’ -~ /
E™ =dX™ +01™ §(ll—qI‘)d9:de + AT dN, (A.28)
where A = /20", The DBI action at F = 0, I/ = 0 and (1 + ¢I')§ = 0 becomes

~ 1 / i
SDBI = — leO' \/ — det G/“/ = *m /Emo VANRAN Empz?m()_._m; . (A29)

Now we look at the WZ action

qlyi2 = qdQpy = qdfT,db (A.30)
where for p =2n + 1
. w1 (BE™ Ty )P
7, = (¥ ot L) o r, (A.31)
so that we get for our odd p
m/ m! in n 1
Iyyo=dQpi1 = —E™ A ... AE™ dig(c?) alﬁl“mflmm;jdé?. (A.32)

We now use the following identity for odd p

T o =€ TP (A.33)

ml..‘ D ml m mO ( )
to replace the p I'-matrices in eq. (A.32) by their expression in (A.33) and obtain

(p+1)

DI sy E™UA A E™ dOT0g (o) o' T AR . (A.34)

qu+2 =qd Qp—|—1 = (0)

Using (A.19) and (A.28) we can rewrite this as follows

z ~ 1 / — /o~
qlpyo = qd Q1 = ((511)) Emy...miymi, S E™ A ... A E™ dOT0gTdo
1 ’ /
((p J_L 1))' ettt TN LN B A AE™. (A.35)
p
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This can be integrated to

1

qu+1‘(]l+q1:‘) 0—0 — —ngém/lm;Emo AE™ A...NE™ = —det E, (A36)

and we learn that our WZ term under restrictions imposed above is proportional to the
VA action!

Now we apply our findings to the Dp-/anti-Dp-brane action in (A.1). With the super-
symmetric truncation/orientifolding

Sppi+ 5\, = (— / o\ [~ det(Gpu + 0/ Fu) +4 / QpH) (A.37)
F=0,I17=0,(1+¢I") 6=0

we find that the action doubles for the choice of truncation in (A.21)

(Spsr + g\(g/)Z)’]-':O,Hfzo,(]lJrqf) =0 = —2 / det 7. (A.38)

Similarly, it vanishes for the opposite choice of truncation:

(Sper + g\(f/)z”fzo,nfzo,(l—qf) o—0 = 0. (A.39)

A.4 Consistency of the supersymmetric truncation

The action of the Dp-brane with p < 9 depends on scalars and vectors via the manifestly
supersymmetric combinations F,,, and II’. Here we would like to show that the truncation
of the scalars and the vector has to be realized via their supersymmetric combinations, as
suggested in egs. (3.3) and (A.19).

We start with the combination

I, = 90" — 6I79,0. (A.40)

The orientifold projection removes the scalars and we show that the fermionic term van-
ishes as well. We consider an (anti)-Dp-brane extended along 01...p. The orientifolding
condition given in (A.19) and (A.21) can be written as

(1+¢0)0=0 6" =—g[(10> = qlor. 0. (A.41)

(
The charge conjugation matrix C has the useful property (I')TC = —CT'™ . Now we use

this and find for odd p in our type IIB models (taking into account that ¢> = 1), that

orlds = 0'11aet + 61! dp?
= (0*)'TIT] . . T{CT To1. pd6* + 6°T" do®
= (_92)TCFpp,l,”wFIFOL,,deQ -+ 9_2F1d92
= 6’11, 110001, pdb% + 62T d6?
= —0°T1de* + 0°17do* = 0. (A.42)

Note, that the argument works also if there is an additional minus sign in the rela-
tion (A.41). It is instructive to explain here why 6T df, where m’ = 0, ...,p does not
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vanish when the same constraint on spinors is applied. The difference lies in the fact that
[o1.., commutes with I'! and anti-commutes with I . This removes the minus in the last
line of eq. (A.42) so that the contributions from ' and 62 instead of canceling as in the
I'! case, actually double. Likewise, we find that O™ df = 61T et — 621 d? = 0.
Together with (A.42) this then implies that 5,, = 0 (cf. (A.3)). Our orientifold projection
that removes the vector fields therefore leads to a vanishing of the supersymmetric version
of the vector field strength 7, = 0.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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