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D3-D7 inflationary model and M theory
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A proposal is made for a cosmological D3-D7 model with a constant magnetic flux along the D7 world
volume. It describes anN52 gauge model with Fayet-Iliopoulos terms and the potential of the hybridP-term
inflation. The motion of the D3-brane towards D7 in a phase with spontaneously broken supersymmetry
provides a period of slow-roll inflation in the de Sitter valley, the role of the inflaton being played by the
distance between D3- and D7-branes. After tachyon condensation a supersymmetric ground state is formed: a
D3-D7 bound state corresponding to an Abelian non-linear~non-commutative! instanton. In this model the
existence of a non-vanishing cosmological constant is associated with the resolution of the instanton singular-
ity. We discuss a possible embedding of this model into a compactified M-theory setup.
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I. INTRODUCTION

Hybrid inflation @1# can be naturally implemented in th
context of supersymmetric theories@2–5#. The basic feature
of these inflationary models is the existence of two phase
the evolution of the universe: a slow-roll inflation in the d
Sitter valley of the potential~the Coulomb phase of th
gauge theory! and a tachyon condensation phase, or ‘‘wat
fall stage,’’ towards the ground state Minkowski vacuum~a
Higgs phase in gauge theory!.

In N51 supersymmetric theories, hybrid inflation ma
arise asF-term inflation@2,3# or D-term inflation@4#. In N
52 supersymmetric theories there is a triplet of Fay
Iliopoulos ~FI! terms,j r , wherer 51,2,3. Choosing the ori-
entation of the triplet of FI terms,j r , in directions 1,2,
F-term inflation is promoted toN52 supersymmetry@6#.
The more general case withN52, when all 3 components o
the FI terms are present, is calledP-term inflation@7#. When
j3 is non-vanishing, a special case ofD-term inflation with
Yukawa coupling related to gauge coupling is recovered
this fashion, the two supersymmetric formulations of hyb
inflation are unified in the framework ofN52 P-term infla-
tion. This gauge theory has the potential@7#

V5
g2

2
F†F~A21B2!

2F1

2
~Pr !21Pr S g

2
F†s rF1j r D G , ~1.1!

wherePr is a triplet of auxiliary fields of theN52 vector
multiplet, F†,F are 2 complex scalars forming a charg
hypermultiplet,A,B are scalars from theN52 vector mul-
tiplet andg is the gauge coupling. The auxiliary field satisfi
the equationPr52(gF†s rF/21j r) and the potential sim-
plifies to
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V5
g2

2 FF†F~A21B2!1S 1

2
F†s rF1

j r

g D 2G . ~1.2!

An additional advantage of usingN52 supersymmetric
models for inflation is the possibility to link it to M or string
theory where cases withN52 supersymmetry are simple
and less arbitrary than the cases withN51 supersymmetry.

In our first attempt1 to link string theory to a gauge mode
with a hybrid potential@8#, we used a system with a D4
brane attached to Neveu-Schwarz 5-branes~NS5-branes! that
have a small angle relative to a D6-brane, so that the C
lomb phase of the theory is slightly non-supersymmetric a
forces the D4 to move towards the D6-brane~see also@9#!.
This setup reproduces accurately the properties of the n
supersymmetric de Sitter vacuum ofP-term inflation, for
which (Pr)deSit52j r and (V)deSit5jW2/2. In particular, the
mass splitting of the scalars in the hypermultiplet~e.g. for
the case ofj35jÞ0),

Mhyper
2 5g2~A21B2!6gj, ~1.3!

is reproduced by the low-lying string states; the attract
force between the D4- and D6-brane is a one-loop eff
from the open string channel, and correctly reproduces
one-loop gauge theory potential

DV5
j2g2

16p2 ln
uA21B2u
uA21B2uc

~1.4!

for large values of the inflaton field. Notice the inflaton is t
distance between D4 and D6 in the brane model.

When the distance between the branes becomes sm
than the critical distance

uA21B2uc5
j

g
~1.5!

the spectrum of 4-6 strings develops a tachyon. The tach
condensation is associated with a phase transition. A fi

1Earlier studies of brane inflation were performed in@10,11#.
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Higgs phase with unbrokenN52 supersymmetry~susy! de-
scribed in this model by a reconfiguration of branes: D6 c
D4 into two disconnected parts, so thatN52 supersymmetry
is restored. From the viewpoint of the gauge theory it
described by a vanishing auxiliary field (Pr)SUSY50, a van-
ishing vacuum expectation value~VEV! of the inflaton field
A5B50, and a vanishing potential (V)SUSY50. The hyper-
multiplet VEV is not vanishing and has to satisfy

g

2
F†s rF52j r . ~1.6!

One attractive feature of the D4-D6-NS5 model is that
deviation from supersymmetry in the Coulomb stage can
very small and supersymmetry is spontaneously brok
Nevertheless, a large number ofe-foldings can be produced
within a D-brane. Given the lessons from the D-brane
proach to black hole physics, such small deviation from
persymmetry might be an advantage over brane or antib
models@11#, for which the deviation from supersymmetry
large.

The main difference between our model@8# and other
models of brane inflation@9–13# is that our model provides
the brane description of the full potential of hybridP-term
inflation. This includes both the logarithmic quantum corre
tions to the Coulomb branch potential and the exit from
flation with the corresponding supersymmetric Minkows
vacuum.

The first purpose of this paper is to suggest a new mo
~partially dual to@8#! which gives a better description of th
Higgs branch~exit from inflation! while keeping the nice
properties of the Coulomb branch~inflation!. We will then
argue that the stringy understanding of the exit from inflat
provides a possible explanation for the existence of a n
vanishing cosmological constant. The second purpose i
suggest how this new model may be consistently compa
fied to four dimensions, without spoiling its cosmologic
properties.

The model consists of a D3-brane parallel to a D7-bra
at some distance, which again is the inflaton field. The
persymmetry breaking parameter is related to the presenc
the antisymmetricFmn field on the world volume of the D7
brane, but transverse to the D3-brane. When this field is
self-dual in this four-dimensional space, the supersymm
of the combined system is broken. This is~to some extent! a
type IIB dual version of the cosmological model proposed
@8#, which guarantees that the good properties in the C
lomb stage are kept; in particular the spectrum and the
tractive potential should match the ones ofP-term inflation.
One immediate simplification is that the NS5-branes are
needed any longer.

More interestingly is the understanding of the Hig
stage. Equation~1.6! can be associated with the Atiyah
Drinfeld-Hitchin-Manin ~ADHM ! construction of instantons
with gauge groupU(N). The moduli space of one instanto
is the moduli space of vacua of aU(1) gauge theory withN
hypermultiplets and Eq.~1.6! is the corresponding ADHM
equation. This suggests that in the brane construction of
cosmological model we may look for some instantons on
12600
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world volume of the brane in the Higgs phase of the theo
We will find an Abelian non-linear instanton solution with a
associated ADHM equation~1.6!. Moreover, the presence o
a cosmological constant will translate as the resolution of
small size instanton singularity.

One other nice feature of the D3-D7 cosmological mo
is that it is well explained in terms of thek symmetry of the
D7-brane action, both in the Coulomb phase as well as in
Higgs phase.

Unbroken supersymmetry of bosonic configurations in
pergravity has already proved to be an important tool in
understanding of M or string theory. To obtain Bogomol’ny
Prasad-Sommerfield~BPS! solutions of supergravity one ha
to find Killing spinors, satisfying a conditiondc50 for all
fermions, and to find out how many non-vanishing spino
solve this equation for a given solution of bosonic equatio
This allows us to find configurations with some fraction
unbroken supersymmetry in supergravity.

Unbroken supersymmetry of the bosonic configuratio
on the world volume of thek-symmetric branes embedde
into some curved space~on shell superspace! was studied
less so far. The condition of supersymmetric vacua in
context of the supermembrane was suggested in@14#. This
condition was introduced more recently in the context
supersymmetric cycles in@15#. Later on, when more genera
k-symmetric brane actions were discovered in@16#, it was
established in@17# that for all cases of D-branes, M2 and M
k-symmetric branes, a universal equation for the BPS c
figurations on the world volume is given by (12G)e50.
Here G„Xm(s),u(s),Ai(s)… is a generator ofk symmetry
and it should be introduced into the equation for unbrok
supersymmetry with a vanishing value of the fermion
world-volume fieldu(s). The existence or absence of sol
tions to these equations will fit naturally in the two stages
our cosmological model.

In addressing compactification of such a cosmologi
model to four dimensions, as to recover four-dimensio
gravity, one is inevitably faced with the issue of anomali
In many cases this is associated with the requirement tha
overall charge in a compact space must vanish. We will po
out that we can face our D3-D7 model within a more gene
setup, related to F theory@18–20#, where the D7-brane
charge is cancelled by orientifold 7-planes or (p,q) 7-branes.
This seems to provide a setup where, in string theory,
compactification could be consistently performed.2 This is a
particularly relevant issue for the cosmological models w
FI terms. It was shown by Freedman@21# that FI terms in
N51, D54 supergravity must be accompanied by an ax
gauging of gravitino and gaugino which makes the the
anomalous. We then discuss the uplifting of the compa
fied, anomaly-free IIB model to M theory, where it becom
simpler. We close with a discussion.

II. dE SITTER VALLEY: SEPARATED D3-D7 SYSTEM
WITH FLUXES

We will start by reviewing the spectrum of the D3-D
system with a gauge field@22,24#. The boundary conditions

2Some recent papers which also consider orientifold planes
describe the inflationary scenario are in@13#.
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D3-D7 INFLATIONARY MODEL AND M THEORY PHYSICAL REVIEW D 65 126002
on the D7 side will depend on a gauge field on its surface
understand the dynamics of the branes we will conside
D7-brane in a background of the D3-brane. We will allow
world-volume gauge field on D7 and find that supersymm
try is broken when this gauge field is not self-dual. The p
tential between branes will be shown to have a logarithm
dependence on the distance, as expected for broken s
symmetry.

In an alternative picture, a D3-brane will probe the bac
ground of a D7-brane with a bulkB field. The combined
system will be supersymmetric under the condition that thB
field is self-dual. For the non-self-dual field we calculate t
potential and find again a logarithmic dependence on
distance. Therefore we recover from the probe approxim
tion, the gauge theory and open string theory results@8#.

A. Perturbative string theory analysis

Consider a type IIB system with D3- and D7-branes p
a constant world-volume gauge fieldF field along the direc-
tions given in Table I. This is illustrated in Fig. 1. It describ
a de Sitter stage of a hybrid inflation and it isT dual to the
type IIA D4-D6 model of branes at an angle~without the
NS5-branes!, considered in@8#.

We place D7 at (x4)21(x5)250 and D3 is initially at
some d25(x4)21(x5)2@dc

2 , where dc is defined in Eq.
~2.13!. There is a constant world-volume gauge fieldF
5dA2B present on D7:

F675tanu1 , F895tanu2 , ~2.1!

TABLE I. Setup of branes and flux.

0 1 2 3 4 5 6 7 8 9

D3 3 3 3 3

D7 3 3 3 3 3 3 3 3

F 3 3 3 3

FIG. 1. The D3-D7 ‘‘cosmological’’ system. The 3-3 string
give rise to theN52 vector multiplet, the 7-3 strings to the hype
multiplet and the world-volume gauge fieldF to the FI terms of the
D54 gauge theory.
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responsible for the spontaneous breaking of supersymm
For example, we may haveB50 in the bulk and the follow-
ing vector fields on the brane:

A652
1

2
tanu1x7, A75

1

2
tanu1x6,

A8

52
1

2
tanu2x9, A95

1

2
tanu2x8. ~2.2!

Note that ifF is self-dual, supersymmetry would be unbr
ken @22#. This will be explained viak symmetry in Sec. II B.
For future reference we define

F 65F6!F, ~2.3!

and similarly forB.
Let us define complex coordinates:

z15x61 ix7, z25x81 ix9. ~2.4!

The boundary conditions on the D3-D7 strings along
6,7,8,9, directions are, therefore,

~]tz
k!s5050, ~]szk1tanuk]tz

k!s5p50 ~2.5!

~no sum onk), wherek51,2, and similar conditions forz̄k

~with tanuk→2tanuk). Let us now write the mode expan
sion as

zk5(
n

An1nk

k e(n1nk)(t1 is)1(
n

Bn1nk

k e(n1nk)(t2 is).

~2.6!

The first boundary condition yields

An1nk

k 52Bn1nk

k , ~2.7!

while the second one gives

e2p ink52
11 i tanuk

12 i tanuk
⇐nk5

1

p S uk1
p

2 D . ~2.8!

We take2p/2,uk,p/2, which implies that 0,nk,1. It
only remains to find out the zero-point energy as a funct
of nk , in the NS sector. We use

(
n51

`

~n2n!52
1

12
~6n226n11!. ~2.9!

The bosons along directionsx6,7 andx8,9 are quantized with
mode numbersn6nk and the fermions have mode numbe
n6(nk21/2). Thus the zero point energy of the system w
be

E52
1

2 S Un12
1

2U1Un22
1

2U D . ~2.10!
2-3
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DASGUPTA, HERDEIRO, HIRANO, AND KALLOSH PHYSICAL REVIEW D65 126002
From the above equation we have the four possible case
Table II. We can choose the Gliozzi-Scheik-Olive~GSO!
even states to be either 1,2 or 3,4. We will choose the form
Then the zero point energy becomes

E56
1

2
~n12n2!56

u12u2

2p
. ~2.11!

Therefore the lowest-lying multiplet of states of open strin
consists of bosons whose masses are given by

M 6
2 5

d2

~pa8!2
6

u12u2

2pa8
, ~2.12!

where we observe that the boson of massM 2
2 becomes ta-

chyonic at the critical distance3

dc
2[pa8S u12u2

2 D , ~2.13!

and the other boson remains at positive mass. The fermio
the multiplet have a mass

Mc
25

d2

~pa8!2
, ~2.14!

as the contribution from the zero point energy to the Ram
sector is zero.

The higher states in the string spectrum satisfying
condition of spontaneously broken supersymmetryStrM2

50, also have tachyonic masses whose values and spli
are given in@8#. One can check, however, that it is the ve
first tachyon which provides a critical distance between
branes; all other higher level tachyons always come at
tances smaller than the first one. Therefore already adc

2

there is a phase transition and a waterfall stage sets on a
potential of the gauge theory suggests.

The F field plays the role of the Fayet-Illiopoulos term
from the viewpoint of the field theory living on th
D3-brane. It creates an instability in the system driving
D3-brane into theD7-brane; this is the de Sitter stage. T
evolution follows the description given in@8#. In particular, a
tachyon will form and the system will end in a supersymm
ric configuration which will be analyzed in Sec. III.

3We are assumingu1.u2.

TABLE II. Zero-point energies.

n1 n2 E

1. n1.1/2 n2,1/2 2(n12n2)/2
2. n1,1/2 n2.1/2 (n12n2)/2
3. n1.1/2 n2.1/2 2(n11n221)/2
4. n1,1/2 n2,1/2 (n11n221)/2
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B. D7-brane world-volume analysis andk symmetry

In the presence of a Fayet-Illiopoulos parameter, the s
tem of D3- and D7-branes at some distance from each o
is unstable. It is instructive to see this instability from th
viewpoint of the D7-brane world-volume action

S52T7E d8se2fA2det~g1F!

1T7E ( Cp11`eF, ~2.15!

whereg is the metric induced on the brane andF5F2B,
whereB is a pull-back of the NS-NS two-form andF is the
two-form (F5dA) Born-Infeld field strength. We place ou
D7-brane in the D3-brane background. The dilaton is c
stant while the metric and self-dual RR form read

ds25H21/2ds2~E3,1!1H1/2ds2~E6!,
~2.16!

FRR5] iH
21dxi`eE3,11!~] iH

21dxi`eE3,1!.

H is the usual single center harmonic function onE6, H
511Q/r 4, andeE3,1 is the volume form onE3,1. The embed-
ding functions for the D7-brane arexm5sm, where m
50,1,2,3,6,7,8,9. We also turn on the world-volume gau
field, with components~2.1!. Denoting byV3 the volume
along s1,s2,s3 and allowingi 56,7,8,9, we find the effec-
tive potential,

V5T7V3E ds i@A~11H21tanu1
2!~11H21tanu2

2!

2~H2121!tanu1tanu2#. ~2.17!
Clearly, if u15u2, the force between the D3 and D7 va

ishes. This corresponds to a self-dual configuration in
Euclidean four-spaceR4 parametrized by directions 6 to 9
Let r be the radial coordinate in this four-space. Also den
d2[(x4)21(x5)2. Change coordinates tol5r21d2. For
large distances,d4@Q, and up to a divergent term comin
from the infinite volume of the brane, the potential can
rewritten as

V.2
p2

2
QT7V3~sinu12sinu2!2E

d2

L dl

l

5
p2

2
QT7V3~sinu12sinu2!2ln

d2

L
,

~2.18!

where we introduced the cutoffL. This reproduces the at
tractive potential of hybrid inflation in accordance with th
results discussed in@8#. Note that the choice of gauge for th
supergravity potentialC4 is such that it vanishes at infinity
and reproduces the right energy for the D3-D7 bound sta

The breaking of supersymmetry manifest in the no
vanishing force between D3 and D7 can be deduced fr
general considerations ofk-symmetric D7-brane in the back
ground of D3-brane. The bosonic part of the action is giv
2-4
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D3-D7 INFLATIONARY MODEL AND M THEORY PHYSICAL REVIEW D 65 126002
in Eq. ~2.15!. Solutions of the equations following from thi
action may have some unbroken supersymmetry4 if there are
non-trivial spinor solutions to

~12G!e50, ~2.19!

where thek-symmetry projectorG for a D7-brane in a D3-
brane background is given by@17#

G5e2a/2is2^ G01236789e
a/25e2ais2^ G01236789.

~2.20!

Here eaI is a spinor of type IIB theory which has 32 inde
pendent components. It is represented by two Major
spinorsI 51,2 anda51, . . . ,32,satisfying a chirality con-
straint; (s2) I

J is a Pauli matrix and in the absence of t
‘‘rotation’’ factor a this Killing equation would just repro-
duce the D7-brane projector (12 is2^ G01236789)e50, which
would correspond to 1/2 of unbroken supersymmetry. We
looking for a configuration with anF5dA on the world
volume which is skew diagonal, as in Eq.~2.1!. The general
relation betweenF and a is rather complicated but it turn
out to be very simple in our case since the choice of
skew-diagonal basis is possible for the matrixF: it is anti-
symmetric and independent on the world-volume coor
nates,

a5s3^ ~u1g671u2g89!

5s3^ H1/2~u1G671u2G89!, ~2.21!

whereg i5Ei
aGa , and the vielbeins are given by the metr

of the D3-brane.Ga are space-time gamma matrices. T
presence of theF field affects the unbroken supersymmet
projector of the D7-brane in D3 background and we find
the Killing spinors the following condition:

exp$2s3^ H1/2~u1G671u2G89!% is2^ G01236789e

5e. ~2.22!

Due to the presence of the D3-brane background, the Kil
spinor has also to satisfy the following conditions:

e5H21/4e0 , is2^ G0123e05e0 , ~2.23!

wheree0 is a constant spinor which breaks half of the sup
symmetry. Taking this into account in Eq.~2.22! we reduce
the problem to the following one:

expH 2
1

2
s3^ H1/2G67@~u11u2!~12G6789!

1~u12u2!~11G6789!#J ^ G6789e05e0 . ~2.24!

The harmonic function of the D3 background at the po
tion of the D7-braned25(x4)21(x5)250 has the formH
511Q/r4, wherer25(s6)21(s7)21(s8)21(s9)2. Equa-

4We are using notation of@17#.
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tion ~2.24! shows that unlessu15u2 there is no solution and
all supersymmetries are broken. Indeed ifu15u25u we find

exp$2s3^ H1/2uG67~12G6789!% ^ G6789e05e0 .
~2.25!

The solution ise05G6789e0. Thus for self-dualF, F 250
our exact non-linear Killing condition can be satisfied for t
Killing spinors, subject to two projector equations

e5 is2^ G01236789e
~2.26!

e5G6789e.

However, if u1Þu2, Eq. ~2.24! cannot be satisfied for non
vanishinge0: the constraint on constant spinors cannot d
pend on a function of the world-volume coordinatesH(s).

It is important to stress here thatH(s) is a function of the
world-volume coordinates which is fixed by the properties
the background. It will be quite different in the Higgs pha
when an analogous situation will occur and it will be po
sible to use the independence of the corresponding func
on the world-volume coordinates as a condition for the no
linear instanton equation.

C. D3-brane world-volume analysis

We may see the instability in the D3-D7 system still in
different fashion. We take a D7-brane geometry with aB
field obeyingB2Þ0, probed by a D3-brane. A correspon
ing supergravity solution can be taken in the following for
~obtained by twoT dualities at an angle from the D5-bran
solution!:

dsD7
2 5Z7

21/2ds2~E3,1!1Z7
1/2ds2~E45

2 !

1Z7
21/2H1ds2~E67

2 !1Z7
21/2H2ds2~E89

2 !,

e2f5gs
2Z7

22H1H2 ,

B6752tanu1Z7
21H1 , B8952tanu2Z7

21H2 ,

C45~Z7
2121!sinu1sinu2eE3,1, ~2.27!

C65~Z7
2121!@H1cosu1sinu2dx6`dx7

1H2 cosu2sinu1dx8`dx9#`eE3,1,

C85~Z7
2121!H1H2cosu1cosu2eE3,1

`dx6`dx7`dx8`dx9 ,

where ds2(Ei j
2 ) denotes the Euclidean two-space para

etrized by Cartesian coordinatesxi ,xj and we have defined

H15~cos2u11sin2u1Z7
21!21,

H25~cos2u21sin2u2Z7
21!21,

~2.28!

2-5
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DASGUPTA, HERDEIRO, HIRANO, AND KALLOSH PHYSICAL REVIEW D65 126002
Z75 lim
e→01

S 11c7

G~e/2!

r e D
5122c7ln~r /e1/e!.

The D3-brane probe action is given by

SD352TD3E d4se2(f2f0)A2det~g1F!

1TD3E C4 , ~2.29!

where the zero mode of the dilatonf0 is defined byef0

5gs .
For our application the gauge invariant two-formF is

vanishing, and we do the approximation ofZ7
21;1

12c7 ln(r/L) with L5e1/e for large r, where we first em-
ployed the larger approximation and then tooke→01 ~the
‘‘dimensional regularization’’!, as can be understood from
Eq. ~2.28!. Setting all the above results together, we have
the potential

V5TD3VD3@11c7~sinu12sinu2!2ln~r /L!#. ~2.30!

Thus we have again reproduced the logarithmic long ra
potential between the D3- and D7-brane. In the languag
this section, the self-duality of theB field, i.e. B250, im-
plies supersymmetry of this system. This was to be expe
from the gauge invariance ofF5F2B.

III. MINKOWSKI VACUUM: D3-D7 BOUND STATE

The attractive force leads the D3-brane towards the
brane. When the critical distance~2.13! is reached~where a
hypermultiplet scalar becomes massless!, tachyon condensa
tion brings the system of these branes into a bound state
D3-brane is dissolved on the world volume of the D7 bra
Supersymmetry is restored. In this section we describe
absolute ground state, show that it has an unbroken su
symmetry and that the D-flatness condition is satisfied.
our previous D4-D6 model@8# the picture of reconfigurated
branes was suggested for the final state. In the present
we are able to give a much more detailed and clear desc
tion of this state using the idea of a D3-D7 supersymme
bound state which has an energy lower than that of D3 p
D7 when they are at a distance from each other.

The Higgs stage of a D3-D7 cosmological model
closely related to the known descriptions of a D0-D4 bou
state in the framework of non-commutative gauge the
@23# as well as in string theory and Dirac-Born-Infeld theo
@24–27#. The non-linear instantons of thek-symmetric
branes in@25# were constructed in the context of flat Eucli
ean branes. In particular, the most relevant case therein
our application is the Euclidean D3-brane instanton. Ther
no need to use the approximation of a double scaling lim
as in @24,25# to describe a D3-D7 bound state since we w
employ the method to find solutions to the BPS equation
the non-linear instanton suggested in@27#.

The setup is a D7-brane with normal Minkowski spa
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signature in 0,1,2,3 directions and Euclidean signature in
four-dimensional space parametrized by 6,7,8,9, where
supersymmetric non-linear instanton solution for the gau
field will be found in the presence of a constant, non-se
dual magnetic fluxFmn (Bmn) field. If our Fmn (Bmn) field is
self-dual to start with,F250 (B250) there is no Coulomb
branch or inflation in our model. It would be a limit in whic
all three FI terms vanish. So we will keep a constantF2

Þ0 (B2Þ0) which nevertheless allows for a Higgs bran
with unbroken supersymmetry.

A. D3-D7 bound state and unbrokenk symmetry

In the context of thek-symmetric D7-brane action~2.15!,
we will look for a D3-D7 supersymmetric bound state f
fixed a8. We place our D7-brane in the background of t
ten-dimensional target space, which is assumed to be
Minkowski space with a non-vanishing constantBmn field in
R4 with coordinatesXm, m56,7,8,9.

The equation for unbroken supersymmetry isGe5e,
where@17#

G5e2ais2^ G01236789, ~3.1!

and

a5
1

2
YikG ik

^ s3. ~3.2!

Here the matrixY is a non-linear function of the matrixF. In
the Coulomb phase, we could choose a skew diagonal b
for F everywhere, sinceF was constant. In Sec. II we chos
F675tanu1 and F895tanu2, leading to Y675u1 and Y89
5u2. In the Higgs phaseF is allowed to depend on the
world-volume coordinates; thereforeF5F2B cannot be
brought to a skew diagonal form everywhere. The wor
volume gauge fieldF is also assumed to vanish asympto
cally. In such a case, the expression for the matrixY(s) is a
complicated non-linear expression in terms ofF(s):

expH 2
1

2
YikG ik

^ s3J 5
1

Auh1Fu
F12

1

2
s3G ikFik

1
1

8
G ikmlFikFmlG . ~3.3!

At large s6,s7,s8,s9 our matrix Y(s)us→`[Y0 depends
only on a constant matrixB

expH 2
1

2
Yik

0 g ik
^ s3J 5

1

Auh2Bu
F11

1

2
s3g ikBik

1
1

8
g ikmlBikBmlG . ~3.4!

Now it will be useful to introduce a difference betwee
s-dependentY and its asymptotic value:
2-6
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Ŷ5Y@F~s!2B#2Y@2B#

[Y2Y05F~s!1•••. ~3.5!

Here, the dots stand for terms which are non-linear inF and
B. We can splitY into a self-dual and an anti-self-dual pa
Y5Y11Y2.

The Killing spinor equationGe5e takes the form

expH 2
1

4
s3^ G ik@Yik

1~12G6789!

1Yik
2~11G6789!#J is2^ G01236789e5e. ~3.6!

Our spinorse are constant, therefore forY, depending ons
in an arbitrary way, there is no solution with unbroken s
persymmetry. However, in contrast to the Coulomb pha
the dependence ons can now be constrained in a way su
that Eq.~3.6! has a solution.

There are two possibilities to have unbroken supersy
metry. Choose the spinors inR4 to be antichiral~chiral! and
require thatY1 (Y2) does not depend ons, which in turn
means thatY6(s)2(Y0)650,

~16G6789!e50,
]Y6

]s
50⇒Ŷ6~s!50. ~3.7!

The remaining condition on spinors is

expH 2
1

2
s3^ G ik~Y0! ik

6J is2^ G01236789e5e. ~3.8!

Now we have to decide which of these solutions is
correct description of the Higgs branch of our cosmologi
model. We can consider a limit in which there is no def
mation due toB. With antichiral ~chiral! spinors inR4 we
find the following supersymmetric configuration:

is2^ G0123e57e, is2^ G01236789e5e, F650.
~3.9!

This is aD̄3- ~D3-! brane projector and a D7-brane proje
tor, in the notation of@17#.

Thus, our solution has chiral spinors inR4. To have un-
broken supersymmetry, in the presence of deformationB,
requires thatŶ2(s)50; this has an interpretation of a D3
brane~and not aD̄3) dissolved into a D7-brane. It can b
shown, using Eqs.~3.3! and~3.4!, that Ŷ2(s)50 is equiva-
lent to

F ik
2

11PfF 52
Bik

2

11PfB
. ~3.10!

Essentially the same BPS equation for thek-symmetric Eu-
clidean D3-brane was derived in@25#.
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B. D3-D7 bound state and deformed instantons

In this section we shall discuss a solution of the B
equation~3.10!, that is, a slight generalization of the nonlin
ear instanton solution of Seiberg and Witten@24#, without
taking their double scaling limit. This problem was worke
out by Moriyama in@27#. Following the analysis therein,5 we
shall first show that the BPS equation~3.10! can be brought
to the form

Fab
2 5uab

2 FPfF. ~3.11!

We have defined F i j
25Fi j 2

1
2 e i jkl F kl and FPfF

5 1
8 e i jkl Fi j Fkl , while Fab

2 5FI ab2 1
2 eabcdF

cd and FPfF
5 1

8 eabcdFI abFI cd . The indices (i , j , . . . ) and (a,b, . . . ) are
associated, respectively, with the closed string metricgi j
5d i j and the frame metricdab . The frame metricdab is
defined with respect to the open string metric

Gi j 5d i j 2BikdkmBm j . ~3.12!

The two types of indices, (i , j , . . . ) and (a,b, . . . ), arecon-
verted by the vierbeinea

i which is given by

ei
a5d i

a2Bi
a5~12B! i

a

with Gi j 5dabe
aej

b5~eTe! i j . ~3.13!

Likewise the noncommutative parameteru i j is defined by

u i j 52S 1

12BD ik

BkmS 1

11BD m j

. ~3.14!

On the other hand, the frame quantitiesFab anduab in Eq.
~3.11! are defined as

Fab5„~eT!21
…a

iFi j ~e21!b
j , ~3.15!

uab5ei
au i j ~eT! j

b52dakdmbBkm52Bab. ~3.16!

Then the frame PfaffianFPfF is related toFPfF by

FPfF5~dete!21FPfF. ~3.17!

Now notice that an identity,

F25~dete!21H ~11FPfB!F22
1

4
eklmnFklBmnB

2

2 1
2 ~B2F22F2B2!J , ~3.18!

holds, while the BPS equation~3.10! can be rewritten as

~11FPfB!Fi j
22

1

4
eklmnFklBmnBi j

252Bi j
2FPfF.

~3.19!

5Our case is related to@27# by the replacements,B→2B, u→
2u ande i jkl →2e i jkl .
2-7
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Since the BPS equation~3.10! also implies thatF2 is pro-
portional toB2, the third termB2F22F2B2 in the identity
~3.18! is vanishing. Thus we indeed find Eq.~3.11!

Fab
2 52~dete!21Bi j

2da
i db

j FPfF5uab
2 FPfF, ~3.20!

as claimed. Now it is straightforward to solve this equatio
following Seiberg and Witten@24#. First note that Eq.~3.15!
for the field strengthF can be restated, in terms of the fram
coordinatexa and the gauge potentialAa , as

xa5ei
axi5~12B! i

axi , ~3.21!

Aa5„~eT!21
…a
i Ai5S 1

11BD
a

i

Ai . ~3.22!

Then the solution of Eq.~3.11! will be given by

Aa5uab
2 xbh~R!, ~3.23!

where we have defined

R25dabx
axb. ~3.24!

The functionh(R) takes the form, as in@24# and @26#,

h~R!52
1

2FPfu
2 S 12A11

4CFPfu
2

R4 D , ~3.25!

where the constantC must be positive but otherwise arb
trary, asFPfu

2 is negative. Below, we will takeC to be
28N, with N being an integer.

In the presence of the noncommutative parameteru2 or
equivalently theB2 field, the singularity of theU(1) instan-
ton is improved, as discussed in@24#. In particular the solu-
tion ~3.23! has a finite instanton number, though the gau
potential itself is singular as we go to the UV:

1

16p2E
R4

F`F5
1

8p2E d4xFPfF

52
1

8
FPfu

2 lim
R→0

~R4h2!5N. ~3.26!

Note that the final result does not depend on the value ofu2,
but it was crucial to keepu2 finite in the procedure of get
ting a finite instanton number. Had we taken the limitu2

→0 first, the instanton number would have been diverge
as h2(R) grows asR28, as R goes to zero, which corre
sponds to the fact that there is no Abelian instanton w
finite energy.

In our cosmological scenario, the nonvanishingu2 is the
seed of the inflation, giving positive vacuum energy and p
ducing an instability. In particular our model realizes t
slow-roll inflation, as discussed in Sec. III A. After the slow
roll inflationary stage, the universe eventually goes throu
the tachyon condensation or ‘‘waterfall stage,’’ and ends
with the Minkowski vacuum. As we mentioned earlier, th
12600
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end-point vacuum is described by a non-marginal bou
state of D3- and D7-branes that corresponds to the Hi
phase of the gauge theory of the D3-D7 system with the
term provided by the nonvanishingu2. It is quite well
known that the D3-branes on the D7-branes can be thou
of as instantons on the D7-branes due to the Chern-Sim
coupling,

SCS5
1

16p2E
D7

C4`F`F5NE
D3

C4 . ~3.27!

In the above we have presented a D7-brane probe app
mation of the Higgs phase where the D3-brane is descri
by a nonlinear or deformed instanton on theU(1) DBI
theory on the D7-brane.

However, given the fact that the Higgs phase of th
D3-D7 system is actually identical to the noncommutat
generalization of the ADHM construction of instantons, o
may make a step further and argue that our Minkow
vacuum is described by the noncommutative instanton
Nekrasov and Schwarz@23#, improving the nonlinear instan
ton solution that we have studied above. The noncomm
tive instanton solution is non-singular even atR50, resolv-
ing the singularity of the zero-size instantons, and the ac
is of course finite.

It is to be stressed that we have thus found a poss
connection of the cosmological ‘‘constant’’ in spacetim
~0123-space! and the noncommutativity in internal spac
~6789-space!:

L~spacetime cosmological constant!

⇔u2~noncommutativity in internal space!.

We have generated the cosmological constant by turn
on B2 or equivalentlyu2, which can eventually be inter
preted as the noncommutative parameter in the internal s
at the end of our cosmological evolution, the Higgs phase
our D3-D7 model. Also it may be somewhat suggestive t
the non-vanishing noncommutativity parameter, i.e. the c
mological constant, serves, in a way, to resolve the singu
ity at the end of inflation.

IV. A COMPACTIFIED TYPE IIB SETUP

In Sec. II we studied a system of separated D3-D7 w
world-volume two-form fluxes such that there is no sup
symmetry. This was the Coulomb phase of our model. B
cause of spontaneously broken supersymmetry the D3-b
would be attracted towards the D7 and eventually it wo
fall into the D7 as an instanton. Due to the presence of flu
~as the FI term! the instanton—which is the dissolved D3—
will behave as a noncommutative instanton. The point-l
singularity of the instanton is therefore resolved. This is
Higgs phase studied in Sec. III and now it is supersymmet
Given such a setup, there are two interesting questions
we can ask at this stage:

~i! Is it possible to get acompactifiedfour-dimensional
model for this setup? We would then need to compactify
type IIB model on a six-dimensional base. But this raises
2-8
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D3-D7 INFLATIONARY MODEL AND M THEORY PHYSICAL REVIEW D 65 126002
problem of anomalies or equivalently charge conservat
Therefore what we need is a configuration in four dime
sions which is anomaly free.

~ii ! Is it possible to study the metric for the system f
both the Coulomb and the Higgs phase? In the Coulo
phase we expect the metric to have an inherent time de
dence. In the Higgs phase—now because
supersymmetry—we expect a time-independent metric.

In this section we shall see that both these questions
be partially answered from a type IIB setup involving bo
branes and orientifold planes. In Sec. V we describe
M-theory lift.

A. The model

To get a model in four dimensions we have to compac
our D3-D7 system on a six-dimensional space. The bra
are oriented as in Table I. Therefore we need to compac
directionsx4,5,6,7,8,9, which raises the question of charge co
servation. Both the D3- and the D7-branes arepointson the
compact two spacex4,5. Therefore to cancel the charges
the branes we have to putnegativelycharged objects in ou
model. These have to be orientifold planes, since anti-bra
would annihilate with the branes destroying the dynam
However, in string theory an orientifold operation is a
elaborate mechanism which requires various other bra
and planes to get a completely consistent picture. We n
describe one consistent setup which satisfies all the req
ments of a compact model.

The model that we take to get a compactified type
setup has been studied earlier in a different context for
persymmetric cases. This involves compactifying type IIB
K33T2/Z2, where theZ2 is an orientifold operation:

Z25V•~21!FL
•I45. ~4.1!

The torusT2 is oriented alongx4,x5; I45 is the orbifold
projection with the actionx4,5→2x4,5; V is the world-sheet
orientation reversal and (21)FL changes the sign of the le
moving spacetime fermions. TheK3 is oriented alongx6,7,8,9.
Under theV•(21)FL operation the various fields of type IIB
change as in Table III. Taking further into accountI45, we
see from the Table III thatB fields alongx6,7,8,9directions are
projected out. The onlyB fields that survive must have on
leg along x4,5. These appear as gauge fields in fo
dimensions or as scalars. Other fields which have one
either alongx4 or x5 are also removed from the spectrum
For example, if we denote

TABLE III. Parity of orientifold operations.

V (21)FL V•(21)FL

gMN 1 1 1

BMN
NS 2 1 2

BMN
RR 1 2 2

w 1 1 1

w̃ 2 2 1

D1 2 2 1
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m,n5x4,5, a,b5x6,7,8,9, m,n5x0,1,2,3, ~4.2!

then reducing overT2/Z2 we have in Table IV, in addition to
a metricgmn , the spectrum of scalars and vectors from t
supergravity fields~in terms of four-dimensional multiplets!.
However, K3 further cuts down the spectrum as the fi
Betti number is zero~so that no one form can exist!. In
particular it killsgam ,Bma

NS,RR andDabgm
1 . It also restricts the

number of two-forms on it to be

b25b1112b20522, ~4.3!

corresponding to the number of four-dimensional scal
from the metric. This is the supersymmetric spectrum of
model. This spectrum is, as we know, incomplete. The co
plete spectrum involves additional 16 D7-branes as 4
planes. The O7 planes are located at the four orbifold sin
larities of T2/I45. To cancel charges locally we need 4 D
branes on top of each orientifold planes. Therefore we hav
branes wrapping theK3. This is a familiar model in the
F-theory context. As discussed in@19# the axion dilaton is
constant and could be arbitrary.6

1. The orbifold limit

Naively from the supergravity point of view it is difficul
to argue the existence of the tetrahedronT2/I45 since the
total sourceis zero at the orbifold point. However, perturb
tive string theory ‘‘feels’’ it. Thus, a D3-brane feels the or
entifold background, even if both charge and tension are c
celled by the presence of both orientifolds and D-brane7

Let us concentrate on one bunch of 4 D71 O7. The gauge
theory on the D3 is aSp(1)[SU(2) Seiberg-Witten theory
with 8 supercharges whose matter hypermultiplets are gi
by the D3-D7 strings. The strings which go around the
plane and come back give the massiveW6 bosons charged
under theU(1) gauge multiplets~the string starting from and
ending on the D3!.

6There are, however, some special points in the constant coup
moduli space where the seven branes are distributed in some
cific way, which gives rise to exceptional global symmetry on t
four-dimensional gauge theory@28#. These points are at strong cou
pling. We ignore these subtleties because they will not affect
result.

7At this point putting a probe looks arbitrary and it seems like
have not cancelled its charge on the compact space. In the
section we shall argue the consistency of this from the M-the
point of view.

TABLE IV. Field decomposition upon compactification.

Scalars Vectors

gMN gmn ,gab gam

BMN
NS,RR Bma

NS,RR Bmm
NS,RR

w,w̃ w,w̃ 2

DMNPQ
1 Dmnab

1 ,D0123
1 ,Dmnab

1 Dabgm
1

2-9
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The location of the D3-brane in thex4,5 corresponds to the
expectation value of the complex chiral field in the adjoint
SU(2)—this is the inflaton field in our model—which be-
longs to the vector multiplet. Denoting this asF5x41 ix5

we can diagonalize this to

F5S d 0

0 2dD . ~4.4!

The classical massless point isd50 and theW6 have
masses 2d.

There are also strings which start from and end on
D7-branes. They give rise to theSO(8) gauge fields on the
D7-branes. These strings survive the orientifold project
because the vertex operators are neutral underV projections.
However, there could be strings which start from a D7, cr
an O7 and come back to the D7. For these stringsV projec-
tions remove the first massless vector multiplets charged
der SO(8). Thesurviving states are the next stringy oscill
tions which are massive and non-BPS@29#.

The Coulombbranch of our model is when we switch o
gauge fluxF on the seven branes. As discussed earlier
flux is non-primitive, i.e. non-self-dual. This breaks supe
symmetry spontaneously and therefore the D3 probe wo
be attracted towards the D7. This motion creates an insta
ity in the system which triggers off non-perturbative corre
tions on the background.

2. Away from orbifold limit

Under non-perturbative corrections each O7 plane sp
into two (p,q) seven branes@where (p,q) seven branes ar
defined as branes on which (p,q) strings can end—p,q de-
noting the two background values ofB fields#. In a theory
with 16 bulk supercharges this is explicitly demonstrated
@19,20#. We expect something similar for our case too. Ho
ever, our main concern is to study anisolatedand compac-
tified D3-D7 system. This can be achieved by pulling a
from the bunch and studying its dynamics in the presenc
a probe D3-brane. This way we can isolate the other O7
dynamics from our inflationary model.

Our last concern is the anomaly cancellation. For
SUSY setup of our model~with self-dualF) the argument of
anomaly cancellation is simple. Let us make twoT dualities
along directionsx4,5 of the torusT2. Under this

V•~21!FL
•I45→V. ~4.5!

This is now type I theory on a torus which is further dual
heterotic string on a torus. As we know all anomalies
gauge and gravity—are cancelled for this theory and the
fore we expect the same for a type IIB background.

In our case, however, the background is no
supersymmetric and henceT-dualities are subtle. So anoma
cancellation has to be checked by explicitly doing the o
loop graph for the given background. However, as we s
discuss in the ensuing section, anomaly cancellation ca
equated in this case to charge cancellation on a com
manifold in M-theory. For this case therefore we can arg
that anomalies do get cancelled.
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Before we end this section let us summarize the situat
First, the full matter content of our theory:

~1! Gauge fields on D3-branes. These are theSU(2)
gauge fields broken toU(1) at any generic point of ou
model. In fact there is never an enhancement toSU(2) in
this setup, so it remainsU(1) all through@30,31,19,20#. If
we take a large number of D3-branes then the situation
be more subtle.

~2! Gauge fields on the D7-branes. These are theSO(8)
gauge fields on the seven branes. In our case we h
switched on a backgroundU(1) field on one of the D7-
branes which breaks supersymmetry in our model. This fi
F, acts as a FI term in the D3 world-volume theory.

~3! Massive hypermultiplets. These are generated by 3–
strings which survive theV projections. In general they ar
massive.

~4! Bulk modes. These come from the bulk supergravi
modes. UnderV projection many of the bulk fields are re
moved from the spectrum as discussed above. The survi
ones undergo further projection due to theK3 manifold. In
the end we get a metric, scalars and vectors in four dim
sions. These vectors are in addition to theSO(8) and the
U(1) vectors of the D7- and D3-branes, respectively.

~5! Stable non-BPS states. These are actually the mode
that surviveV projection on the D7-branes coming from th
7-7 strings that go around the O plane. They are all mas
and receive sizable quantum correction.

~6! Modes on O planes. They are non-existent when w
neglect non-perturbative corrections. However, in our mo
we expect the corrections to be sizable as we have isolat
D7 from the rest of the dynamics. Therefore the O planes
longer remain non-dynamical. Now (p,q) strings can end on
them and therefore they support matter fields.

~7! Junctions and networks. Additional states can also
arise in our setup. A D7-brane can be connected to two
ferent (p,q) seven branes via a junction or a string netwo
They contribute additional states. But these are in gen
massive, so we can neglect them.

From the above analysis we see that most of the o
matter fields coming from branes and planes are actu
massive, and in the limit when we separate one D7-br
from the whole crowd, we can in principle study a compa
tified theory with few massless matter fields~including grav-
ity!. This is what we have tried to achieve here.

V. M THEORY ON A FOURFOLD WITH G FLUXES

The above setup can be further simplified by lifting it
M theory. All the complicacies of branes and planes n
disappear in M theory. The system of 16 D71 4 O7 located
at four points ofT2/I45 in type IIB theory simply becomes a
T4/Z2 orbifold of K3 in M theory. In other words, the whole
setup in type IIB theory is actually just M theory compac
fied onT4/Z23K3. Denoting theT4 directions asx3,10,4,5the
Z2 operation sends~notice this is distinct from theZ2 of
Sec. IV!:

x3,10,4,5→
Z2

2x3,10,4,5. ~5.1!
2-10
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D3-D7 INFLATIONARY MODEL AND M THEORY PHYSICAL REVIEW D 65 126002
The original positions of the branes and planes become o
fold singularities in M theory. The non-supersymmetric fl
on one of the seven branes in type IIB theory becomes
calizedG flux near one of the orbifold singularities. Supe
symmetry is broken by choosing a non-primitiveG flux. Be-
fore we go into the details of the M-theory setup let
summarize the situation in Table V. The model that we
going to use is M theory compactified on a fourfold withG
fluxes switched on. To get aN52 theory we have to com
pactify M theory onK33K3. We shall take one of theK3 to
be a torus fibration over aCP1 base~see Fig. 2!. The Weier-
strass equation governing the background is given by

y25x31x f~z!1g~z!, ~5.2!

wherex,y,zPCP1, f (z) is a polynomial of degree eight, an
g(z) is a polynomial of degree 12 inz. As a concrete ex-
ample let us consider@19#

g~z!5)
i 51

4

~z2zi !
3, f ~z!5a)

i 51

4

~z2zi !
2, ~5.3!

where a is a constant. This basically describes a torus
every point ofCP1 labeled by the coordinatez. The modular
parametert(z) of the torus is determined in terms off 3/g2

through the relation

j ~t!5
@u1

8~t!1u2
8~t!1u3

8~t!#3

h~t!24

5
4•~24f !3

27g214 f 3 5
55296a3

2714a3 . ~5.4!

The number of points at which the torus degenerates is g
in terms of the zeroes of the polynomial

D[4 f 3127g2. ~5.5!

In terms of our choice off and g the number of points a
which the torus degenerates is given as

D5~4a3127!)
i 51

4

~z2zi !
650. ~5.6!

To go to type IIB theory we have to shrink the fiber tor
to zero size. Let us study this decomposition carefully.
first denote the baseK3 by coordinatesx6,7,8,9and the other
K3 by x4,5,3,10 in M theory. The spacetime isx0,1,2. In type
IIB therefore we get 16 D7 and 4 O7 planes located at po
on aCP1 along directionsx4,5. These branes and planes wr
the otherK3 alongx6, . . . ,9. The spacetime is nowfour di-
mensional:x0,1,2,3. From our choice off ,g the K3 is ellipti-
cally fibered and therefore theCP1 base in IIB theory is
given by T2/(21)FL

•V•I45 whereV is the orientifold op-
eration, (21)FL changes the sign of the left moving fermion
andI45:x4,5→2x4,5.

To verify the above analysis one can make a furt
T-duality along, say,x3. Using the fact that@32#

V in IIB →
T3

I3V in IIA ~5.7!
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we can show that IIA theory is now on

T3

~21!FL
•V•I345

. ~5.8!

This, however, is dual to M theory onK3 @33#, thus proving
our result.

Equation~5.8! describes the orbifold limit ofK3. We as-
sume this is the initial stage of our dynamical process.
terms of type IIB language, we place a D3-brane at the ce
of mass of the 43(4 D7/O7) setup on one side of the ‘‘pil
low’’ T2/Z2 and another on its diametrically opposite side,
in Fig. 3. We turn on the same gauge fluxes on all of the f
fixed points. The logarithmic potential of Sec. II creates
force between each pair of D3 and D7 branes, if we assu
the size of theT2/Z2 to be large enough. However, in th
configuration the total force between D3 and D7 branes
balanced, and the logarithmic potential being approximat
flat leads to a nearly de Sitter evolution. Quantum fluctu
tions will destabilize the system allowing both the D3-bra
to move towards some D7-brane and the D7-branes to m
away from the orbifold fixed points. This is the beginning
the Coulomb phase or equivalently the inflationary sta
~Fig. 4!. As the system starts evolving we do not expect
coupling to remain constant anymore. The whole syst
moves away from the orientifold limit, which in M-theor

TABLE V. Dictionary between type IIB and M-theory descrip
tions.

Type IIB M theory

T2/@V•(21)FL
•Z2#3K3 T4/Z23K3

4~O7 1 4 D7! 4 orbifold fixed points
D3 brane M2

F on D7 brane LocalizedG flux at fixed points
Coulomb phase Non-primitiveG flux

Higgs phase PrimitiveG flux
Away from orientifold limit T4/Z2→SmoothK3

FIG. 2. The ‘‘snowman’’ fibration of theK33K3 fourfold. The
crosses indicate points on theCP1 basis at which the fiber tor
degenerate. In the orbifold limit of the ‘‘top’’K3 there will be four
such points.
2-11
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DASGUPTA, HERDEIRO, HIRANO, AND KALLOSH PHYSICAL REVIEW D65 126002
language means we have a genericK3. Finally, we expect
the D3 to fall into one particular D7-brane as a noncomm
tative instanton as explained in Sec. III. This is the sup
symmetric configuration that has been studied in M the
and which we now describe.

A. Supersymmetric setup: Higgs phase

Let us first summarize the known properties of the fo
fold that allows for a supersymmetric configuration:

The fourfold vacua has a tadpole anomaly given byx/24
wherex is the Euler characteristics of the fourfold. Ifx/24 is
integral, then the anomaly can be cancelled by placin
sufficient number of spacetime filling M2-branesn on points
of the compactification manifold. There is also another w
of cancelling the anomaly and this is throughG flux. TheG
flux contributes aC tadpole through the Chern-Simons co
pling *C`G`G. Whenx/24 is not integral then we nee
both the branes and theG flux to cancel the anomaly. Th
anomaly cancellation formula becomes

x

24
5

1

8p2E G`G1n, ~5.9!

which must be satisfied for type IIA or M theory.
If we denote the spacetime coordinates byxm where m

50,1,2 and the internal space by the complex coordina
ya,a51, . . . ,4 then in the presence ofG flux the metric
becomes a warped one

ds25e2f(y)hmndxmdxn1ef(y)/2gab̄dyadyb̄, ~5.10!

with the G flux satisfying the condition

G5* G, J`G50, ~5.11!

where the Hodge star acts on the internal fourfold with m
ric g andJ is the Kahler form of the fourfold. There is als
another non-vanishingG given in terms of the warp factor a
Gmnra5emnr]ae23f/2. The warp factor satisfies the equatio

De3f/25* F4p2X82
1

2
G`G

24p2(
i 51

n

d8~y2yi !G , ~5.12!

FIG. 3. The initial brane configuration on the ‘‘pillow’
T2/Z2.
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where the Laplacian and the Hodge* is defined with respec
to g, andX8 is an eight-form constructed out from curvatu
tensors given in Eq.~5.26!.

The G flux can now decompose in two ways to give d
ferent supersymmetricbackgrounds in type IIB. Let us
choose the following basis of one-forms for the fiber tor
~with modular parametert) @34#.

dz5dx1tdy, dz̄5dx1 t̄dy. ~5.13!

In terms of spacetime coordinates the directionsy,x are
x3,x10. TheCP1 base has coordinatesx4,x5 and the otherK3
is oriented alongx6,7,8,9. The ‘‘flat’’ directions arex0,1,2,3.

DecomposingG flux as

G

2p
5dz̀ v2dz̄̀ * v, ~5.14!

wherev has one leg alongCP1 and two alongK3, we get in
type IIB the following three forms:

HNS5v2* v, HRR5vt2* vt̄. ~5.15!

The anomaly cancellation condition will now become,
type IIB theory

x

24
5n1E HRR̀ HNSNS, ~5.16!

wheren is the number of D3-branes.
We can also decomposeG fluxes as

G

2p
5(

i 51

k

Fi`V i , ~5.17!

where i 51,2, . . . ,k are the number of points at which th
fiber torus degenerates, andV i are the normalizable har
monic forms localized at the singularities. The physical s
nificance ofFi are thegaugefields that would appear on th
7-branes when we go to type IIB by shrinking the fiber toru
The fact that locally aK3 looks like a Taub-NUT space
implies that there exist a harmonic two form which is an
self-dual and normalizable. It is not difficult to identify th
harmonic two-forms withV i . The anomaly cancellation
condition or equivalently the warp factor equation will no
become in type-IIB theory:

FIG. 4. The Coulomb branch. As the system is driven aw
from the unstable point of Fig. 2,T2/Z2→CP1, the orientifold
planes split into (p,q) 7-branes, and the D3-brane will eventual
fall into one D7-brane as an instanton.
2-12
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De3f/25* B(
i 51

k

@Fi`Fi1tr~R`R!#d2~z2zi !,

~5.18!

wherezi are the positions of the seven branes.
Hence the generalG-flux background will be

G

2p
5(

i
Fi`V i1dz̀ v11dz̄̀ v2 , ~5.19!

wherei denotes the number of singularities or an equival
number of seven branes~in IIB !.

The self-duality ofG flux does not implyF to be self-
dual. This is the precise condition for the existence o
non-commutative instanton.

Since the background is supersymmetric we now exp
the metric to be given by the analysis of@35,36#. The metric
has the form of a D3-brane metric and the cosmological c
stant vanishes.

B. Coulomb phase

As discussed in@36# a ~2,2! G-flux background is non-
supersymmetric if theG flux does not satisfy the primitivity
condition, i.e. we require

gab̄Gab̄cd̄Þ0. ~5.20!

Therefore let us choose a generic background for the G-
as

G

2p
5dz̀ ṽ11dz̄̀ ṽ2 . ~5.21!

We do not impose any conditions onṽ1,2 as gab̄Gab̄cd̄Þ0.
The numbern of D3-branes can be tuned by choosing so
appropriate values forṽ1,2, satisfying

n5242E ~ṽ11ṽ2!`~tṽ12 t̄ṽ2!. ~5.22!

Since the system isnot supersymmetric we expect the D3
brane to be moving towards the seven branes. And there
the metric ansatz cannot be a static one as in@35,36#.

C. Higher order corrections

Before we end this section let us make some remarks
higher order corrections in 11-dimensional supergrav
which were briefly alluded to in the earlier sections. In o
model there are two different sources of higher order corr
tions @37#.

~1! Curvature corrections. In the M-theory metric the
higher curvature corrections come from the following ter
in the 11-dimensional Lagrangian:

E d11xA2gFJ02
1

2
E8G2E C`X8 . ~5.23!
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The various terms appearing in the above equation are
fined as

J053328S RMNPQRRNPSRM
TURRS

TUQ

1
1

2
RMNPQRRSPQRM

TURRS
TUND1O~RMN!,

~5.24!

E85
1

3!
eABCN1 . . . N8eABCM1 . . . M8

RM1M2
N1N2

•••

3RM7M8
N7N8

, ~5.25!

X85
1

33210
•p4 F tr R 42

1

4
~ tr R 2!2G . ~5.26!

Now assuming that our warp factor is everywhere smoo
then integrating out~5.12! we have the required anomal
cancellation equation for the fourfold. However, if we s
X850 we then observe that there could beno non-trivial
background fluxes in the model. The only consistent solut
then is to takeG50 andn50. This is the key issue which
we think is important to have the required background.

Another point which follows immediately is that sinceJ0
and E8 are of the same form~and order! as X8 it will be
inconsistent to neglect them and consider onlyX8. Therefore
to have a consistent picture in the presence of branes
planes wecannotneglect higher order curvature terms. Als
this is a possible way to go around the no-go theorems
Gibbons@38# and Maldacena and Nun˜ez @39#.

~2! G-flux corrections. In our modelG flux could also
contribute higher order corrections. These corrections h
not been worked out in any detail. However, they are
lieved to be of the general form

(
m,n,p

amnpA2g~]G!mGnRp, ~5.27!

where the coefficientsamnp are not known in general.8 As
long as we take the backgroundG fluxes to be smooth and
small we can in principle neglect these corrections. F
sharply varyingG fluxes, however, there could be sizab
corrections which may destabilize the background.

VI. DISCUSSION

In our paper the main emphasis was on the derivation
the gauge theory with the particular potential and FI ter
from type IIB string theory. When this gauge theory
coupled to gravity in four dimension it leads to hybrid infl
tion. As briefly discussed in Secs. IV and V we expect t
configuration of D7-branes and O7 planes in the presenc

8For some special cases whenn5p50 andm54 they are calcu-
lated in @40#.
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D3-branes~at the equilibrium points on the ‘‘pillow’’! will
lead to adS4 space as the beginning of inflation. Quantu
fluctuation will trigger off inflation in this system.

The Coulomb phase of the cosmological D3-D7 setup
scribes a period of slow-roll inflation in de Sitter valley an
in the Higgs phase describes a supersymmetric ground
with vanishing cosmological constant. As discussed in
text, there is a compactified picture in M theory on aK3
3K3 manifold with a choice ofG flux on it. When the flux
is non-primitive the background is non-supersymmetric a
when the background is primitive, supersymmetry is
stored. We believe the various moduli in this setup may
fixed by the choice ofG flux and higher derivative correc
D.
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tions described in Sec. V@41,36#. We will leave this problem
for future work.
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