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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 alv=2 gauge model with Fayet-lliopoulos terms and the potential of the hybtetm
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-lin@an-commutativeinstanton. 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.

DOI: 10.1103/PhysRevD.65.126002 PACS nuniderll.25.Mj, 98.80.Cq
I. INTRODUCTION 2 1 & 2
9 T 2 2 tor

Hybrid inflation [1] can be naturally implemented in the
context of supersymmetric theorigg—5]. The basic feature An additional advantage of usiny’=2 supersymmetric
of these inflationary models is the existence of two phases ifodels for inflation is the possibility to link it to M or string
the evolution of the universe: a slow-roll inflation in the de theory Where cases W|W:2 Supersymmetry are Simp|er
Sitter valley of the potentialthe Coulomb phase of the ang |ess arbitrary than the cases witf 1 supersymmetry.
gauge theoryand a tachyon condensation phase, or “water- |n our first attemptto link string theory to a gauge model
fall stage,” towards the ground state Minkowski vacué@  with a hybrid potential[8], we used a system with a D4-
Higgs phase in gauge theory brane attached to Neveu-Schwarz 5-braiN&5-branesthat

In V=1 supersymmetric theories, hybrid inflation may have a small angle relative to a D6-brane, so that the Cou-
arise asF-term inflation[2,3] or D-term inflation[4]. In A |omb phase of the theory is slightly non-supersymmetric and
=2 supersymmetric theories there is a triplet of Fayetforces the D4 to move towards the D6-brasee alsd9]).
lliopoulos (FI) terms, ¢', wherer =1,2,3. Choosing the ori- This setup reproduces accurately the properties of the non-
entation of the triplet of FI terms¢', in directions 1,2, supersymmetric de Sitter vacuum Bfterm inflation, for
F-term inflation is promoted toV=2 supersymmetry6]. which (P")gesi= — & and (V) gesi= £/2. In particular, the

The more general case withi=2, when all 3 components of 555 spiitting of the scalars in the hypermultipletg. for
the FI terms are present, is callBeterm inflation[7]. When the case of3= ¢+0)

& is non-vanishing, a special case Dfterm inflation with

Yukawa coupling related to gauge coupling is recovered. In Mﬁyperz g%(A2+B?)*+g¢, (1.3

this fashion, the two supersymmetric formulations of hybrid

inflation are unified in the framework df’=2 P-term infla-  is reproduced by the low-lying string states; the attractive
tion. This gauge theory has the potenfid force between the D4- and D6-brane is a one-loop effect

) from the open string channel, and correctly reproduces the

Ve g—(I)TCD(AZJr B2) one-loop gauge theory potential
2
AV &9’ I A%+ B (1.4
1 = n .
_[E(pr)2+ pr gCDTO'rCI)-I-fr ' (1.1) 1672 |A2+BZ|c

for large values of the inflaton field. Notice the inflaton is the
whereP" is a triplet of auxiliary fields of the\V'=2 vector  distance between D4 and D6 in the brane model.
multiplet, ®T,® are 2 complex scalars forming a charged When the distance between the branes becomes smaller
hypermultiplet,A,B are scalars from thé/=2 vector mul-  than the critical distance
tiplet andg is the gauge coupling. The auxiliary field satisfies
the equatiorP"= — (g® o' ®/2+ ¢) and the potential sim-
plifies to

|A2+BZ|C=§ w9

the spectrum of 4-6 strings develops a tachyon. The tachyon
*Email address: keshav@itp.stanford.edu condensation is associated with a phase transition. A final
TEmail address: carlos@itp.stanford.edu
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Higgs phase with unbroke=2 supersymmetrysusy de- world_vqlume of the brane in the Higgs phase of the 'gheory.
scribed in this model by a reconfiguration of branes: D6 cutdVe will find an Abelian non-linear instanton solution with an
D4 into two disconnected parts, so thidt 2 supersymmetry associated ADHM equatiofi..6). Moreover, the presence of
is restored. From the viewpoint of the gauge theory it is? cosmological constant will translate as the resolution of the
described by a vanishing auxiliary fiel®{()s,sy=0, a van- Small size instanton singularity.

ishing vacuum expectation val§¥EV) of the inflaton field ~_ ©One other nice feature of the D3-D7 cosmological model
A=B=0, and a vanishing potentiaV/ ~0. The hyper- is that it is well explained in terms of the symmetry of the
multiplet VEV is not vanishing and hggsté_sa{tisw D7-brane action, both in the Coulomb phase as well as in the

Higgs phase.
Unbroken supersymmetry of bosonic configurations in su-
gq)’r(,up: — &, (1.6  Pergravity has already proved to be an important tool in our
2 understanding of M or string theory. To obtain Bogomol'nyi-

. . Prasad-SommerfielBPS solutions of supergravity one has

One attractive feature of the D4-D6-NS5 model is that theyo find Killing spinors, satisfying a conditiofy=0 for all
deviation from supersymmetry in the Coulomb stage can bgermions, and to find out how many non-vanishing spinors
very small and supersymmetry is spontaneously brokersolve this equation for a given solution of bosonic equations.
Nevertheless, a large number efoldings can be produced This allows us to find configurations with some fraction of
within a D-brane. Given the lessons from the D-brane apunbroken supersymmetry in supergravity.
proach to black hole physics, such small deviation from su- Unbroken supersymmetry of the bosonic configurations
persymmetry might be an advantage over brane or antibrargn the world volume of thec-symmetric branes embedded
models[11], for which the deviation from supersymmetry is into some curved spac@n shell superspagavas studied
large. less so far. The condition of supersymmetric vacua in the

The main difference between our mod@] and other —context of the supermembrane was suggestefd4ih This
models of brane inflatiofi9—13 is that our model provides condition was introduced more recently in the context of
the brane description of the full potential of hybiRiterm ~ SuPersymmetric cycles ifiS]. Later on, when more general
inflation. This includes both the logarithmic quantum correc-<-Symmetric brane actions were discovered 16], it was
tions to the Coulomb branch potential and the exit from in-€Stablished if17] that for all cases of D-branes, M2 and M5

flation with the corresponding supersymmetric Minkowski X"SYmmetric branes, a universal equation for the BPS con-
vacuum. figurations on the world vqlume is given by {II')e=0.
The first purpose of this paper is to suggest a new modd'€¢ I'X*(0), 0(o).Ai(0)) is a generator ok symmetry
. . X L and it should be introduced into the equation for unbroken
(partlallg duarl](to[8])fwh|ch fgljlvesn)a bheltterkdescrlptlﬁn of the supersymmetry with a vanishing value of the fermionic
Higgs branch(exit from inflation while keeping the nice ) 4 - )
properties of the Coulomb branciflation). We will then world-volume fieldd(o). The existence or absence of solu

tions to these equations will fit naturally in the two stages of

argue that the stringy understanding of the exit from inflation, cosmological model.

provides a possible explanation for the existence of a non- |, aqdressing compactification of such a cosmological
vanishing cosmological constant. The second purpose is t@odel to four dimensions, as to recover four-dimensional
suggest how this new model may be consistently compactigravity, one is inevitably faced with the issue of anomalies.
fied to four dimensions, without spoiling its cosmological |n many cases this is associated with the requirement that the
properties. overall charge in a compact space must vanish. We will point
The model consists of a D3-brane parallel to a D7-braneut that we can face our D3-D7 model within a more general
at some distance, which again is the inflaton field. The susetup, related to F theor{18—20Q, where the D7-brane
persymmetry breaking parameter is related to the presence oharge is cancelled by orientifold 7-planes prd) 7-branes.
the antisymmetrict,,, field on the world volume of the D7- This seems to provide a setup where, in string theory, the
brane, but transverse to the D3-brane. When this field is natompactification could be consistently perfornfethis is a
self-dual in this four-dimensional space, the supersymmetrparticularly relevant issue for the cosmological models with
of the combined system is broken. Thisie some extenta ~ FI terms. It was shown by Freedmé®l] that FI terms in
type 1IB dual version of the cosmological model proposed inV=1, D=4 supergravity must be accompanied by an axial
[8], which guarantees that the good properties in the Coudauging of gravitino and gaugino which makes the theory
lomb stage are kept; in particular the spectrum and the ale_}nomalous. We then discuss the uplifting of th(f; compacti-
tractive potential should match the onesRsferm inflation, ~ f1€d, anomaly-free 11B model to M theory, where it becomes

One immediate simplification is that the NS5-branes are no%lmpler. We close with a discussion.
needed any longer. . . II. dE SITTER VALLEY: SEPARATED D3-D7 SYSTEM
More interestingly is the understanding of the Higgs WITH FLUXES
stage. Equation(1.6) can be associated with the Atiyah-
Drinfeld-Hitchin-Manin (ADHM) construction of instantons We will start by reviewing the spectrum of the D3-D7
with gauge groufJ (N). The moduli space of one instanton system with a gauge fiell22,24. The boundary conditions
is the moduli space of vacua ofta(1) gauge theory withN
hypermultiplets and Eq(1.6) is the corresponding ADHM
equation. This suggests that in the brane construction of the?’Some recent papers which also consider orientifold planes to
cosmological model we may look for some instantons on thelescribe the inflationary scenario are[irg].
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TABLE I. Setup of branes and flux. responsible for the spontaneous breaking of supersymmetry.
For example, we may havg=0 in the bulk and the follow-
c 1 2 3 4 5 6 7 8 9 jngvector fields on the brane:

1 1
D7 X X X X X X X X Ag=—Stano;x’, A;=-tand;x°,
F X X X X 2 2

Ag

on the D7 side will depend on a gauge field on its surface. To _ } 9 _} 8
understand the dynamics of the branes we will consider a = Rtanex% Ag=3tandx” 22
D7-brane in a background of the D3-brane. We will allow a
world-volume gauge field on D7 and find that supersymmeNote that if 7 is self-dual, supersymmetry would be unbro-
try is broken when this gauge field is not self-dual. The po-ken[22]. This will be explained viac symmetry in Sec. Il B.
tential between branes will be shown to have a logarithmid=or future reference we define
dependence on the distance, as expected for broken super-
symmetry. Fr=F+*F, 2.3

In an alternative picture, a D3-brane will probe the back-
ground of a D7-brane with a bulB field. The combined and similarly forB.
system will be supersymmetric under the condition thafthe ~ Let us define complex coordinates:
field is self-dual. For the non-self-dual field we calculate the 167 5 8. g
potential and find again a logarithmic dependence on the Z=XTFIXE, 2= XEA X 2.4
distance. Therefore we recover from the probe approxima-

tion, the gauge theory and open string theory req@ls The boundary conditions on the D3-D7 strings along the
6,7,8,9, directions are, therefore,

Ky k k _
A. Perturbative string theory analysis (0:294=0=0, (9,2°+tan6d,z),-,=0 (2.9

Consider a type 1IB system with D3- and D7-branes plus(no sum onk), wherek=1,2, and similar conditions fT¥
a constant world-volume gauge fiefdfield along the direc- (with tang —>’—tan0) Lef LiS now write the mode expan-
tions given in Table I. This is illustrated in Fig. 1. It describes - k K-
a de Sitter stage of a hybrid inflation and itTidual to the
type IIA D4-D6 model of branes at an anglwithout the
NS5-branes considered if8]. K= AX,, eMrmlrtio) L 3 gk entrd(r=io)

We place D7 at x*)2+(x®)?=0 and D3 is initially at n « n “
some d?=(x*2+ (x%)?>d?, where d, is defined in Eq. (2.6
(2.13. There is a constant world-volume gauge fiekd

—dA—B present on D7: The first boundary condition yields

k _ k
f67: tanﬂl, fggz tan 62, (21) An+Vk_ N Br'hLVk, (27)

while the second one gives

Q 3-3 string eZwivk:_ 1+i tanekcy :i
1-itang, ~ =

We take — 7/2< 6, < m/2, which implies that &< v, <1. It

o=0
/_\_/ only remains to find out the zero-point energy as a function

Ot g) 2.8

=7 7-3 string of v, in the NS sector. We use
D7 D3 - 1
ngl (n—v)=—1—2(6v2—6v+1). (2.9
1'0’1’2’3 6,7,8,9
m R ]

The bosons along directiond'” andx®° are quantized with
245 mode numbers * v, and the fermions have mode numbers
n+ (v,—1/2). Thus the zero point energy of the system will
FIG. 1. The D3-D7 “cosmological” system. The 3-3 strings pe
give rise to the\/=2 vector multiplet, the 7-3 strings to the hyper-
multiplet and the world-volume gauge fieféito the FI terms of the 1
D=4 gauge theory. E=— —(

1
Vy— _> (21@
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TABLE Il. Zero-point energies. B. D7-brane world-volume analysis andx symmetry
B , E In the presence of a Fayet-llliopoulos parameter, the sys-

! 2 tem of D3- and D7-branes at some distance from each other
1. v1>1/2 v,<1/2 —(ri—w)/2 is unstable. It is instructive to see this instability from the
2. v<1/2 v,>1/2 (vi—vy)I2 viewpoint of the D7-brane world-volume action
3. v>1/2 vy,>1/2 —(vitrvy,—1)/2
4. v1<1/2 v,<1/2 (vi+v,—1)12 S= _T7f déoe %\ —delg+F)
From the above equation we have the four possible cases in +T7f > Cpﬂ/\ef, (2.195

Table Il. We can choose the Gliozzi-Scheik-Oliy€SO
even states to be either 1,2 or 3,4. We will choose the forme

. (Nhereg is the metric induced on the brane aft-F—B,
Then the zero point energy becomes

whereB is a pull-back of the NS-NS two-form arfél is the
two-form (F=dA) Born-Infeld field strength. We place our

E= ii(vl— vy) =+ 01~ 02_ (2.12) D7-bran¢ in the D3.-brane background. The dilaton is con-
2 2 stant while the metric and self-dual RR form read
Therefore the lowest-lying multiplet of states of open strings ds?=H Y 2(E3Y) + HY2d s?(ES),
consists of bosons whose masses are given by (2.16

FRR=H YdX N egait * (djH 1dX N\ egza).

2 d2 01_ 02 . . . .
Mi= S+ -, (2.12 H is the usual single center harmonic function B% H
(ma')® 2ma =1+Q/r# andes1is the volume form o, The embed-
ding functions for the D7-brane arg“=c*, where u
where we observe that the boson of md4% becomes ta- =0,1,2,3,6,7,8,9. We also turn on the world-volume gauge
chyonic at the critical distande field, with componentg2.1). Denoting byV; the volume
along ot,0?,0° and allowingi =6,7,8,9, we find the effec-
o2= Wa,( 91; 92) , (2.13 tive potential,
_ o o v=T7v3f do'[ V(1+H tan6,?)(1+H tan6,?)
and the other boson remains at positive mass. The fermion in
the multiplet have a mass —(H™ 1= 1)tan6,tand,]. (2.17
2 Clearly, if 8,= 6,, the force between the D3 and D7 van-
2_ (2.14 ishes. This corresponds to a self-dual configuration in the
v (ra')?’ Euclidean four-spac&* parametrized by directions 6 to 9.

Let p be the radial coordinate in this four-space. Also denote

as the contribution from the zero point energy to the Ramondl“=(x*)?+(x°)?. Change coordinates ta=p*+d* For
sector is zero. large distancesy*>Q, and up to a divergent term coming
The h|gher states in the String Spectrum Sa‘[isfying thérom- the infinite volume of the brane, the potential can be
condition of spontaneously broken supersymmestyM?  rewritten as
=0, also have tachyonic masses whose values and splitting )
are given in[8]. One can check, however, that it is the very Ve — ™ L zfA d_)‘
. : . o . = QT7V3(sinf,—sinb,)
first tachyon which provides a critical distance between the 2 a2 A\
branes; all other higher level tachyons always come at dis-
tances smaller than the first one. Therefore alreadylgat T ) ) )
there is a phase transition and a waterfall stage sets on as the = 5 QT7Vs(sinb,—sindy)%In—,
potential of the gauge theory suggests. (2.19
The F field plays the role of the Fayet-llliopoulos term,
from the viewpoint of the field theory living on the where we introduced the cutoff. This reproduces the at-
D3-brane. It creates an instability in the system driving thetractive potential of hybrid inflation in accordance with the
D3-brane into thed7-brane; this is the de Sitter stage. Theresults discussed i8]. Note that the choice of gauge for the
evolution follows the description given [8]. In particular, a  supergravity potential, is such that it vanishes at infinity
tachyon will form and the system will end in a supersymmet-and reproduces the right energy for the D3-D7 bound state.
ric configuration which will be analyzed in Sec. Il The breaking of supersymmetry manifest in the non-
vanishing force between D3 and D7 can be deduced from
general considerations afsymmetric D7-brane in the back-
3We are assuming;> 6,. ground of D3-brane. The bosonic part of the action is given

2 2
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in Eq. (2.195. Solutions of the equations following from this tion (2.24) shows that unlesg, = 6, there is no solution and
action may have some unbroken supersymriétpere are  all supersymmetries are broken. Indeed;if= 6,= 6 we find
non-trivial spinor solutions to

exp — o3 @ HY200 641~ T 6759} ® 578060 = €0 .-

(1-T)e=0, (2.19 (2.25
where theK-symme_try projecto[ for a D7-brane in a D3-  Tne solution ise=T"g78€0. Thus for self-dualF, F =0
brane background is given §§7] our exact non-linear Killing condition can be satisfied for the

=6 2 0,0 T o123675672= €% 73 T 1236780 Killing spinors, subject to two projector equations

e=10,0T 01236786
Here €' is a spinor of type IIB theory which has 32 inde- (2.26
pendent components. It is represented by two Majorana e=1"g7g€.
spinorsl=1,2 anda=1, . . .,32,satisfying a chirality con-
straint; (,),” is a Pauli matrix and in the absence of the However, if 6, % 6,, Eq. (2.24) cannot be satisfied for non-
“rotation” factor a this Killing equation would just repro- vanishinge,: the constraint on constant spinors cannot de-
duce the D7-brane projector {li o,®T'p1236789 € =0, Which  pend on a function of the world-volume coordinatééo).
would correspond to 1/2 of unbroken supersymmetry. We are |t js important to stress here thi{ o) is a function of the
looking for a configuration with afF=dA on the world  world-volume coordinates which is fixed by the properties of
volume which is skew diagonal, as in EQ.1). The general the background. It will be quite different in the Higgs phase
relation betweenF anda is rather complicated but it turns when an analogous situation will occur and it will be pos-
out to be very simple in our case since the choice of theible to use the independence of the corresponding function
skew-diagonal basis is possible for the matfixit is anti-  on the world-volume coordinates as a condition for the non-
symmetric and independent on the world-volume coordijinear instanton equation.
nates,

a=03® (017e7+ 02Yso) C. D3-brane world-volume analysis

We may see the instability in the D3-D7 system still in a
— u

=03@H"( 01T 67+ 01 g9), (2.2 gifferent fashion. We take a D7-brane geometry wittBa

wherey;=E;?T",, and the vielbeins are given by the metric field obeyingB "0, probed by a D3-brane. A correspond-

i i ity solution can be taken in the following form
of the D3-branel’, are space-time gamma matrices. The''d SuP€rgravi n
presence of theF field affects the unbroken supersymmetry (O?til_lnr(;d by twoT dualities at an angle from the D5-brane
projector of the D7-brane in D3 background and we find for>01ution:
the Killing spinors the following condition: d2,=27; 1/2dSZ(JE3'1)+Z%’2dsz(JE§5)

exp{— o3@HY2(0,11 67+ 0,0'g9) }i 2@ T 91036786 +27 Y2, dS2(B2,) + Z; Y2H ,,d S22,

=e. (2.22
ez"’:ggZ{ZHle,
Due to the presence of the D3-brane background, the Killing
spinor has also to satisfy the following conditions: Bg,= —tan 91251H1, Bgo= —tanazz;le,

e=H ey, 10,8 g10660= €0, (2.23
C,=(Z7'—1)sin6;sin O,€31, (2.27
wheree, is a constant spinor which breaks half of the super-
symmetry. Taking this into account in E.22 we reduce Ce=(Z> = 1)[H.cos8-5in B-dx/\d
the problem to the following one: 6= (277~ 1)[H1c086;5In 6,dx5/Adx7
+ H2 COSGZSin 01d Xg/\ng]/\ EE3,1,

1
eXP{ - §U3®H1/2F67[(01+ 02)(1—T 6789
Cg=(Z7*—1)HH,c0s60,C080, €531

+<91—92><1+F6789>]}®Fevggeo=eo. (224 /dx/\dxe/\dxg/ N\,

_where ds?(E2

The harmonic function of the D3 background at the posi j) denotes the Euclidean two-space param-
o . . j h i
tion of the D7-branai?= (x*)2+ (x*)2=0 has the for etrized by Cartesian coordinatesx’ and we have defined

=1+Q/p* wherep?=(0%)2+ (¢") %+ (¢®)%+ (¢°)2. Equa- Hy= (cog0, +sir20,Z; 1) L

“We are using notation dfL7]. H,o=(coS,+sinf6,2; )%,
(2.28
126002-5
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four-dimensional space parametrized by 6,7,8,9, where the

supersymmetric non-linear instanton solution for the gauge

—1-2¢,In(r/ele) field will be found in the presence of a constant, non-self-
7 ' dual magnetic flu¥,,, (B, field. If our F,, (B, field is

The D3-brane probe action is given by self-dual tQ start wi_thF*=0 (B~ =0) there is no Q(_)ulomb

branch or inflation in our model. It would be a limit in which

_ T'(el2) signature in 0,1,2,3 directions and Euclidean signature in the
Z,= lim | 1+cy

e—0"

rE

o all three FI terms vanish. So we will keep a constant
Sps= _TD3f d*ge”(#=%0\—de(g+F) #0 (B~ #0) which nevertheless allows for a Higgs branch

with unbroken supersymmetry.

+Tosf Cs, (2.29

A. D3-D7 bound state and unbrokens symmetry
where the zero mode of the dilatap, is defined bye®o In the context of thac-symmetric D7-brane actiof2.15),
=0s- we will look for a D3-D7 supersymmetric bound state for

For our application the gauge invariant two-forfis  fixed a’. We place our D7-brane in the background of the
vanishing, and we do the approximation dt;1~1 ten-dimensional target space, which is assumed to be flat
+2¢,In(r/A) with A=eY for larger, where we first em- Minkowski space with a non-vanishing const&t, field in
ployed the large approximation and then took—0* (the ~ R* with coordinatesx™, m=6,7,8,9.

“dimensional regularizationf, as can be understood from  The equation for unbroken supersymmetry li€=¢,
Eqg. (2.28. Setting all the above results together, we have fowhere[17]
the potential

I'=e % 0,8 1236780 (3.9
V= TD3VD3[ 1+ C7(Sin 01_ sin 02)2|n(r/./\)] . (23@
and
Thus we have again reproduced the logarithmic long range
potential between the D3- and D7-brane. In the language of 1
th_is section, the self-duali_ty of thB fielq, i.e.B™=0, im- a=-Y,I'kegd, (3.2
plies supersymmetry of this system. This was to be expected 2

from the gauge invariance ¢f=F —B.
Here the matrixY is a non-linear function of the matri%. In
I11. MINKOWSKI] VACUUM: D3-D7 BOUND STATE the Coulomb phase_, we could choose a skew diagonal basis
for F everywhere, sincé was constant. In Sec. Il we chose
The attractive force leads the D3-brane towards the D7:,,=tan6; and Fgg=tané,, leading toYs=6; and Ygg
brane. When the critical distan¢2.13 is reachedwhere a  =4¢,. In the Higgs phasé= is allowed to depend on the
hypermultiplet scalar becomes massjetschyon condensa- orld-volume coordinates; therefor&=F—B cannot be
tion brings the system of these branes into a bound state: thought to a skew diagonal form everywhere. The world-
D3-brane is dissolved on the world volume of the D7 branevo|ume gauge fieldF is also assumed to vanish asymptoti_
Supersymmetry is restored. In this section we describe thigally. In such a case, the expression for the maifx) is a

absolute ground State, show that it has an unbroken Sup%ompncated non-linear expression in termsﬂfo-):
symmetry and that the D-flathess condition is satisfied. In

our previous D4-D6 moddI8] the picture of reconfigurated

branes was suggested for the final state. In the present case, exp{ — Eyikrik®g3 = _r 1— 303Fik]:ik
we are able to give a much more detailed and clear descrip- 2 VI 7+ F 2

tion of this state using the idea of a D3-D7 supersymmetric

bound state which has an energy lower than that of D3 plus + }Fikmf_ F } (3.3

D7 when they are at a distance from each other. 8 theml - '
The Higgs stage of a D3-D7 cosmological model is

closely related to the known descriptions of a DO-D4 boundat large ¢ 67,08 0° our matrix Y(o)|,_..=Y° depends

state in the framework of non-commutative gauge theoryonly on a constant matris

[23] as well as in string theory and Dirac-Born-Infeld theory

[24—-27. The non-linear instantons of the-symmetric 1 1 1

branes inf25] were constructed in the context of flat Euclid- exp{ - 2YSy*e 03] =——|1+ = 037"Bj

ean branes. In particular, the most relevant case therein for 2 V|7—B| 2

our application is the Euclidean D3-brane instanton. There is 1

no need to use the approximation of a double scaling limit, + = ykmig B | (3.9

as in[24,25 to describe a D3-D7 bound state since we will 8

employ the method to find solutions to the BPS equation for

the non-linear instanton suggested 27]. Now it will be useful to introduce a difference between

The setup is a D7-brane with normal Minkowski spaceco-dependent and its asymptotic value:

126002-6



D3-D7 INFLATIONARY MODEL AND M THEORY PHYSICAL REVIEW D 65 126002

?zY[F(a)— B]-Y[—B] B. D3-D7 bound state and deformed instantons

In this section we shall discuss a solution of the BPS
equation(3.10, that is, a slight generalization of the nonlin-
) ) ) ear instanton solution of Seiberg and Wittg24], without
Here, the dots stand for terms which are non-linedf end  taking their double scaling limit. This problem was worked
B. We can splitY into a self-dual and an anti-self-dual part gt by Moriyama i 27]. Following the analysis therefwe

Y=YT+yoo _ shall first show that the BPS equati®10 can be brought
The Killing spinor equatiord” e= € takes the form to the form

EY—YO=F(O')+"'- (35)

1 . F;b: H;prfF. (31])
EX[{ - ZO’3®I‘IK[YJ((1_F6789) - - -
We have defined 7 =%~ e F* and FpF

— 1 _ijkl H - _ _ 1 cd
_ . _ =g€ -f.ijfkl y while Fab_ Eab > 6abch and prF
Y1+ o9l 1028 orzaeras =€ (36 _1abcae E  The indices ], ...) and @b, ...) are
associated, respectively, with the closed string megjc
Our spinorse are constant, therefore fof, depending onr = 6jj and the frame metrias,,. The frame metrics,, is
in an arbitrary way, there is no solution with unbroken su-defined with respect to the open string metric
persymmetry. However, in contrast to the Coulomb phase, G =5 —B.5™8 31
the dependence am can now be constrained in a way such ij = i Pk mj - (3.12
that Eq.(3.6) has a solution. The two types of indices,(j, ...) and @,b, . ..), arecon-

There are two possibilities to have unbroken supersym
metry. Choose the spinors Ik to be antichiral(chiral) and
require thatY™ (Y~) does not depend oo, which in turn e?= 52— B3=(1-B)?2
means that* (o) — (Y%)*=0 S '

verted by the vierbei®? which is given by

with  Gjj= d,pe%eP=(eTe);; . (3.13

(1+Terg9e=0, ——= 0=Y*(06)=0. (3.7 Likewise the noncommutative parametét is defined by

ik mj

1

T8 (3.19

km

The remaining condition on spinors is o' =— (ﬁ

1 i . On the other hand, the frame quantitieg, and 6,,, in Eq.
_ ik \0y = — ’ ab
eXp[ 20'3®F (YD)ik 1028 g1236786= €. (3.8) (3.11 are defined as — —

Now we have to decide which of these solutions is the Eab:((eT) l)a":ij(e Db, 3.15
correct description of the Higgs branch of our cosmological -
model. We can consider a limit in which there is no defor- 0°0=e2g'l (&)= — 52 6™By = — B2 (3.16
mation due toB. With antichiral (chiral) spinors inR* we B
find the following supersymmetric configuration: Then the frame Pfaffiaffpf- is related toF pf= by

_ -1
0,0  g10e=F€, 10,80 01236786=€, F"=0 FPfE_(dete) Feif (317

(3.9
3.9 Now notice that an identity,

This is aD3- (D3-) brane projector and a D7-brane projec- 1

tor, in the notation of 17]. F‘=(dete)‘1| (1+FpB)F — Zek'm"FmanB_
Thus, our solution has chiral spinors itf. To have un- B

broken supersymmetry, in the presence of deformaBon

requires that\?*(cr_)=0; this has an interpretation of a D3-
brane(and not aD3) dissolved into a D7-brane. It can be
shown, using Eq¥3.3) and(3.4), thatY (o) =0 is equiva-

—%(BF—FB)], (3.18

holds, while the BPS equatiai3.10 can be rewritten as

lent to 1
(1+FpB)F; — Zek'm"FHanBi} =—B;;Fpf.
Fi By, 3
- 19
1+ PfF 1+PB° (310
Essentially the same BPS equation for theymmetric Eu- *Our case is related tf27] by the replacement8— —B, 6—
clidean D3-brane was derived ja5]. — 0 and e — — €K,
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Since the BPS equatiof8.10 also implies that=" is pro-
portional toB ™, the third termB~F~ —F B~ in the identity
(3.18 is vanishing. Thus we indeed find E@.11)

F.p=—(dete) 'Bj 8,0 FpF = 0,,FpF, (3.20

PHYSICAL REVIEW D65 126002

end-point vacuum is described by a non-marginal bound
state of D3- and D7-branes that corresponds to the Higgs
phase of the gauge theory of the D3-D7 system with the FI
term provided by the nonvanishing™. It is quite well
known that the D3-branes on the D7-branes can be thought
of as instantons on the D7-branes due to the Chern-Simons

as claimed. Now it is straightforward to solve this equation,cc,up”ng

following Seiberg and Wittefi24]. First note that Eq(3.15

for the field strengtlF can be restated, in terms of the frame

coordinatex? and the gauge potentidl,, as

x®=ex'=(1-B)!, (3.20)
. i
A= A= g A (322
Then the solution of Eq3.11) will be given by
A= 0,,x°h(R), (3.23
where we have defined
R%= 8,,xxP. (3.24)

The functionh(R) takes the form, as ifi24] and[26],

1 ACFpf~
h(R)=— 1-\/1+ ———
2F pi6~ R*

., (3.29

where the constant must be positive but otherwise arbi-

trary, asFp;0~ is negative. Below, we will takeC to be
—8N, with N being an integer.

In the presence of the noncommutative paraméteror
equivalently theB™ field, the singularity of théJ(1) instan-
ton is improved, as discussed|i24]. In particular the solu-

1
sCS=WfD7C4AF/\F =N fD3C4. (3.27)

In the above we have presented a D7-brane probe approxi-
mation of the Higgs phase where the D3-brane is described
by a nonlinear or deformed instanton on th&1) DBI
theory on the D7-brane.

However, given the fact that the Higgs phase of this
D3-D7 system is actually identical to the noncommutative
generalization of the ADHM construction of instantons, one
may make a step further and argue that our Minkowski
vacuum is described by the noncommutative instanton of
Nekrasov and Schwaf23], improving the nonlinear instan-
ton solution that we have studied above. The noncommuta-
tive instanton solution is non-singular evenRat 0, resolv-
ing the singularity of the zero-size instantons, and the action
is of course finite.

It is to be stressed that we have thus found a possible
connection of the cosmological “constant” in spacetime
(0123-space and the noncommutativity in internal space
(6789-spacke

A (spacetime cosmological constant

< 6~ (noncommutativity in internal spage

We have generated the cosmological constant by turning
on B~ or equivalentlyé~, which can eventually be inter-

tion (3.23 has a finite instanton number, though the gaugereted as the noncommutative parameter in the internal space

potential itself is singular as we go to the UV:
—21 JF/\F— 1jd4FF
167~ J g4 _W X P

1 - 41,2
=—§pr0 lim (R*h“)=N.
— R—0

(3.2

Note that the final result does not depend on the valu# of
but it was crucial to keep™~ finite in the procedure of get-
ting a finite instanton number. Had we taken the lirit

at the end of our cosmological evolution, the Higgs phase, of
our D3-D7 model. Also it may be somewhat suggestive that
the non-vanishing noncommutativity parameter, i.e. the cos-
mological constant, serves, in a way, to resolve the singular-
ity at the end of inflation.

IV. ACOMPACTIFIED TYPE IIB SETUP

In Sec. Il we studied a system of separated D3-D7 with
world-volume two-form fluxes such that there is no super-
symmetry. This was the Coulomb phase of our model. Be-
cause of spontaneously broken supersymmetry the D3-brane

—0 first, the instanton number would have been divergentwould be attracted towards the D7 and eventually it would

as h*(R) grows asR™®, asR goes to zero, which corre- fall into the D7 as an instanton. Due to the presence of fluxes

sponds to the fact that there is no Abelian instanton withas the FI termthe instanton—which is the dissolved D3—

finite energy. will behave as a noncommutative instanton. The point-like
In our cosmological scenario, the nonvanishigis the  singularity of the instanton is therefore resolved. This is the

seed of the inflation, giving positive vacuum energy and proHiggs phase studied in Sec. lll and now it is supersymmetric.

ducing an instability. In particular our model realizes theGiven such a setup, there are two interesting questions that

slow-roll inflation, as discussed in Sec. Il A. After the slow- we can ask at this stage:

roll inflationary stage, the universe eventually goes through (i) Is it possible to get aompactifiedfour-dimensional

the tachyon condensation or “waterfall stage,” and ends upmodel for this setup? We would then need to compactify our

with the Minkowski vacuum. As we mentioned earlier, this type IIB model on a six-dimensional base. But this raises the
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problem of anomalies or equivalently charge conservation.  TABLE IV. Field decomposition upon compactification.
Therefore what we need is a configuration in four dimen
sions which is anomaly free. Scalars Vectors

(i) Is it possible to study the metric for the system for

both the Coulomb and the Higgs phase? In the Coulomb™" Gmn s Yo
. . . NSRR BNSRR BNS,RR

phase we expect the metric to have an inherent time depeﬁM~N ma_ mu
dence. In the Higgs phase—now because ofp,¢ ®,0 -
supersymmetry—we expect a time-independent metric. -+ DY Di,.DF D*

In this section we shall see that both these questions can'" > mnep O T veb ahrm
be partially answered from a type 1B setup involving both
branes and orientifold planes. In Sec. V we describe its mn=x45, @, B=x8789 , p=x0123 (4.2

M-theory lift.

then reducing ovef?/7Z, we have in Table IV, in addition to
A. The model a metricg,,,, the spectrum of scalars and vectors from the

To get a model in four dimensions we have to compactifySUpergraVity fieldgin terms of four-dimensional multiplets_
our D3-D7 system on a six-dimensional space. The brangdg@Wever, K3 further cuts down the spectrum as the first
are oriented as in Table I. Therefore we need to compactiff?€tli number is zero(ﬁgRtQat no one form can exjstin
directionsx*56789 which raises the question of charge con-Particularitkillsg,,, ,Bn;""andD .., . It also restricts the
servation. Both the D3- and the D7-branes pointson the ~ humber of two-forms on it to be
compact two space*®. Therefore to cancel the charges of
the branes we have to poegativelycharged objects in our by=Dy;+2bge=22, (4.3
model. These have to be orientifold planes, since anti-branes . . .
would annihilate with the branes destroying the dynamicscorrespondmg to t.he. number of four-d|menS|onaI scalars
However, in string theory an orientifold operation is an from the metric. This is the supersymmetric spectrum of the

elaborate mechanism which requires various other brand§©del- This spectrum is, as we know, incomplete. The com-

and planes to get a completely consistent picture. We nol'€te spectrum involves additional 16 D7-branes as 4 O7

describe one consistent setup which satisfies all the requir Jqqes. Th% O7 planes are located at the four orbifold singu-
ments of a compact model. arities of T°/Z,5. To cancel charges locally we need 4 D7-

The model that we take to get a compactified type IIBbranes on top of each orientifold planes. Therefore we have 7

setup has been studied earlier in a different context for Sutgrar?es wrapping thda((;%_. This (ijs a faﬂ]iliar .mo?ﬁl in the
persymmetric cases. This involves compactifying type I1B on” "th€ory cogtext.lgsé) |sctt)1.ss§re ia9] the axion dilaton is
K3XT?/7Z,, where theZ, is an orientifold operation: constant and could be arbitraty.

To=Q-(—1) L. Iys. (4.1 1. The orbifold limit

. . . . Naively from the supergravity point of view it is difficult
The torusT? is oriented alongx* x®; Z,s is the orbifold ; .
orojection with the action®5— - x*5 0 i the world-sheet to argue the existence of the tetrahedfiZ,s since the

orientation reversal and-(1)F. changes the sign of the left total sourceis zero at the orbifold point. However, perturba-

. time fermi THeS i ges ted gl 67890  live string theory “feels” it. Thus, a D3-brane feels the ori-
moving space |meF ermions. IS oriented along : entifold background, even if both charge and tension are can-
Under the() - (—1)"t operation the various fields of type IIB

. ) : celled by the presence of both orientifolds and D-brdnes.
change as in Table Ill. Taking further into account, we Let us concentrate on one bunch of 4 B707. The gauge

s 6,7,8,94; H
see frorrljthe T"f‘rt;:e i tlhaB;_flaldsr?Ion@( . d|rect|k(])ns are theory on the D3 is &p(1)=SU(2) Seiberg-Witten theory
lprOJeclte ou4t’.5 ehon P fields that survive rr}usi;[j ave (f)ne with 8 supercharges whose matter hypermultiplets are given
eg along x™>. These appear as gauge fields in four-, w0 p3.p7 strings. The strings which go around the O7

dimensions or as scalars. Other fields which have one IeBIane and come back give the massWé bosons charged

: 4 5
gther alonlgx _for X dare also removed from the spectrum. under thel (1) gauge multipletéthe string starting from and
or example, if we denote ending on the DB

TABLE lll. Parity of orientifold operations.

QO (—1)Ft Q-(-1)" ®There are, however, some special points in the constant coupling
moduli space where the seven branes are distributed in some spe-
gun + + + cific way, which gives rise to exceptional global symmetry on the
NS _ + _ four-dimensional gauge theof28]. These points are at strong cou-
MN . . . .
RR pling. We ignore these subtleties because they will not affect the
B + — -
MN result.
4 + + + "At this point putting a probe looks arbitrary and it seems like we
@ - - + have not cancelled its charge on the compact space. In the next
D* - - + section we shall argue the consistency of this from the M-theory

point of view.
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The location of the D3-brane in thé"° corresponds to the Before we end this section let us summarize the situation.
expectation value of the complex chiral field in the adjoint of First, the full matter content of our theory:

SU(2)—this is theinflaton field in our model—which be- (1) Gauge fields on D3-branesThese are theSU(2)
longs to the vector multiplet. Denoting this ds=x*+ix®>  gauge fields broken tdJ(1) at any generic point of our
we can diagonalize this to model. In fact there is never an enhancemen&td(2) in
this setup, so it remaing(1) all through[30,31,19,2] If
b ( d o0 ) (4.4 we take a large number of D3-branes then the situation can
“\o —-d/° ' be more subtle.

(2) Gauge fields on the D7-braneghese are th&Q(8)

The classical massless point =0 and theW* have gauge fields on the seven branes. In our case we have
masses a. switched on a background (1) field on one of the D7-

There are also strings which start from and end on thdranes which breaks supersymmetry in our model. This field,
D7-branes. They give rise to tf®&0(8) gauge fields on the F, acts as a Fl term in the D3 world-volume theory.
D7-branes. These strings survive the orientifold projection (3) Massive hypermultipletSThese are generated by 3—7
because the vertex operators are neutral ufidprojections.  strings which survive th€) projections. In general they are
However, there could be strings which start from a D7, crossnassive.
an O7 and come back to the D7. For these striflgsrojec- (4) Bulk modesThese come from the bulk supergravity
tions remove the first massless vector multiplets charged urmodes. UndeK) projection many of the bulk fields are re-
der SQ(8). Thesurviving states are the next stringy oscilla- moved from the spectrum as discussed above. The surviving
tions which are massive and non-BPX)]. ones undergo further projection due to &8 manifold. In

The Coulombbranch of our model is when we switch on the end we get a metric, scalars and vectors in four dimen-
gauge fluxF on the seven branes. As discussed earlier thisions. These vectors are in addition to t8€(8) and the
flux is non-primitive i.e. non-self-dual. This breaks super- U(1) vectors of the D7- and D3-branes, respectively.
symmetry spontaneously and therefore the D3 probe would (5) Stable non-BPS state$hese are actually the modes
be attracted towards the D7. This motion creates an instabithat survive() projection on the D7-branes coming from the
ity in the system which triggers off non-perturbative correc-7-7 strings that go around the O plane. They are all massive

tions on the background. and receive sizable quantum correction.
(6) Modes on O planesThey are non-existent when we
2. Away from orbifold limit neglect non-perturbative corrections. However, in our model

Under non-perturbative corrections each O7 plane splitd/e expect the corrections to bg sizable as we have isolated a
into two (p,q) seven braneBwhere (,q) seven branes are D7 from the rest of the dynamics. Therefore the O planes no
defined as branes on whiclp,{) strings can end-p,q de- longer remain non-dynamical. Novp(q) strings can end on
noting the two background values Bffields]. In a theory ~them and therefore they support matter fields.
with 16 bulk supercharges this is explicitly demonstrated in _(7) Junctions and networksAdditional states can also
[19,20. We expect something similar for our case too. How-2/1S€ in our setup. A D7-brane can be connected to two dif-
ever, our main concern is to study @olatedand compac- ferent (p,q).seven brapes via a junction or a string network.
tified D3-D7 system. This can be achieved by pulling a p7They contribute additional states. But these are in general
from the bunch and studying its dynamics in the presence diassive, so we can neglect them.

a probe D3-brane. This way we can isolate the other O7-D7 From the above analysis we see that most of the other
dynamics from our inflationary model. matter fields coming from branes and planes are actually

Our last concern is the anomaly cancellation. For thgnassive, and in the limit when we separate one D7-brane

SUSY setup of our modéith self-dual ) the argument of ~ Tom the whole crowd, we can in principle study a compac-
anomaly cancellation is simple. Let us make twoualites ~ tified theory with few massless matter fieldscluding grav-
along directions¢*® of the torusT2. Under this ity). This is what we have tried to achieve here.

_ F
Q- (=) Zys— Q. (4.5 V. M THEORY ON A FOURFOLD WITH G FLUXES

This is now type | theory on a torus which is further dual to  The above setup can be further simplified by lifting it to

heterotic string on a torus. As we know all anomalies—M theory. All the complicacies of branes and planes now

gauge and gravity—are cancelled for this theory and theredisappear in M theory. The system of 16 B74 O7 located

fore we expect the same for a type IIB background. at four points ofT%/Z,5 in type 1B theory simply becomes a
In our case, however, the background is non-T%7, orbifold of K3 in M theory. In other words, the whole

supersymmetric and hengedualities are subtle. So anomaly setup in type 1B theory is actually just M theory compacti-

cancellation has to be checked by explicitly doing the onefied onT*/Z,x K3. Denoting thel* directions as*'%*5the

loop graph for the given background. However, as we shall,, operation sendgnotice this is distinct from théeZ, of

discuss in the ensuing section, anomaly cancellation can b®ec. IV):

equated in this case to charge cancellation on a compact

manifold in M-theory. For this case therefore we can argue Z,

that anomalies do get cancelled. x31045 310,45 (5.0
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The original positions of the branes and planes become orbi- TABLE V. Dictionary between type 1B and M-theory descrip-
fold singularities in M theory. The non-supersymmetric flux tions.
on one of the seven branes in type IIB theory becomes lo

calizedG flux near one of the orbifold singularities. Super- Type IIB M theory
symmetry is broken by choosing a non-primiti@eflux. Be- T2[Q-(— 1)Ft-Z,]XK3 T47,% K3
fore we go into the details of the M-theory setup let us 407 + 4 D7) 4 orbifold fixed points
summarize the situation in Table V. The model that we are D3 brane M2
going to use is M theory compactified on a fourfold with Fon D7 brane Localize@ flux at fixed points
fluxes switched on. To get &=2 theory we have to com- - P
pactify M theory onK3 X K3. We shall take one of th€3 to C°F"°mb phase Nonfpr.'r.mt'vg flux
be a torus fibration over @P* base(see Fig. 2 The Weier- Higgs _phgse o 4 l?nmmvé; flux

Away from orientifold limit T*17,— SmoothK3

strass equation governing the background is given by

2=x3+xf(2)+9(2), (5.2
Y 9 we can show that IIA theory is now on
wherex,y,ze CP, f(z) is a polynomial of degree eight, and
g(z) is a polynomial of degree 12 im As a concrete ex- T3

ample let us considdi 9] —_— (5.8
(=1)F- Q- Ty

4 4
g(Z)ZH (z-2), f(z):a_H (z—z)?, (5.3  This, however, is dual to M theory dt3 [33], thus proving
=1 =1 our result.
where a is a constant. This basically describes a torus at Equation(5.8) describes the orbifold limit oK3. We as-

every point ofCP! labeled by the coordinate The modular ~ SUMe this is the initial stage of our dynamical process. In
parameterr(z) of the torus is determined in terms 61/g2 terms of type IIB language, we place a D3-brane at the center

through the relation of mass of the & (4 D7/0O7) setup on one side of the “pil-
low” T?/7, and another on its diametrically opposite side, as
_ [63(7)+ 65(7)+ 65(7)]° in Fig. 3. We turn on the same gauge fluxes on all of the four
j(n)= 22 fixed points. The logarithmic potential of Sec. Il creates a
7(7) force between each pair of D3 and D7 branes, if we assume
4.(24f)°  55296° the size of theT?/Z, to be large enough. However, in this

(5.9 configuration the total force between D3 and D7 branes is
balanced, and the logarithmic potential being approximately

The number of points at which the torus degenerates is givefiat 1eads to a nearly de Sitter evolution. Quantum fluctua-

T 277+ 43T 27+4a%

in terms of the zeroes of the polynomial tions will destabilize the system allowing both the D3-brane
to move towards some D7-brane and the D7-branes to move
A=4f3+2792. (5.5  away from the orbifold fixed points. This is the beginning of

the Coulomb phase or equivalently the inflationary stage
In terms of our choice of andg the number of points at (Fig. 4). As the system starts evolving we do not expect the
which the torus degenerates is given as coupling to remain constant anymore. The whole system
moves away from the orientifold limit, which in M-theory

4
A=(4a3+27)[[1 (z—z)%=0. (5.6)

To go to type IIB theory we have to shrink the fiber torus (23, 3310) T2
to zero size. Let us study this decomposition carefully. We
first denote the bask3 by coordinates®”#°and the other - K3
K3 by x*>31%in M theory. The spacetime &*'2 In type
[IB therefore we get 16 D7 and 4 O7 planes located at points (24, x°) CP!
on aCP?! along directions<*5. These branes and planes wrap
the otherK3 alongx® - ° The spacetime is novour di-
mensionalx®*2?23 From our choice of,g the K3 is ellipti-
cally fibered and therefore theéP! base in 1IB theory is
given by T?/(—1)Ft. Q- 7,5 where() is the orientifold op- (28,27, 28, 2%) K3
eration, (1)t changes the sign of the left moving fermions
andZyg:x*°— — x5,
To verify the above analysis one can make a further

T-duality along, sayx®. Using the fact thaf32] FIG. 2. The “snowman” fibration of thé&K3X K3 fourfold. The

crosses indicate points on tHéP! basis at which the fiber tori

T3 degenerate. In the orbifold limit of the “topK3 there will be four
Q inliB — Z30 in lIA (5.7 such points.
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» Single D3-D7 system

® : 4D7/07
A: D3
/N\: D3 : (p.g)7-brane
: D3

. D7-branes
: D3

FIG. 3. The initial brane configuration on the “pillow” FIG. 4. The Coulomb branch. As the system is driven away
27, from the unstable point of Fig. 2T%/Z,—CP?, the orientifold
planes split into p,q) 7-branes, and the D3-brane will eventually

language means we have a genéf®. Finally, we expect fallinto one D7-brane as an instanton.

the D3 to fall into one particular D7-brane as a NONCOMMUY Lo e the Laplacian and the Hodgds defined with respect

tative instanton as explained in Sec. lll. This is the super- AXe i iqht-f d f
symmetric configuration that has been studied in M theory© 9 @ndXg is an eight-form constructed out from curvature

and which we now describe. tensors given in E¢(5.26. _ o
The G flux can now decompose in two ways to give dif-

ferent supersymmetricbackgrounds in type IIB. Let us
choose the following basis of one-forms for the fiber torus
Let us first summarize the known properties of the four-(with modular parameter) [34].
fold that allows for a supersymmetric configuration: _ _
The fourfold vacua has a tadpole anomaly givenysg4 dz=dx+rdy, dz=dx+rdy. (5.13
wherey is the Euler characteristics of the fourfold.)f24 is ) ) .
integral, then the anomaly can be cancelled by placing ég terms of spacetime coordinates tr;e directignz are
sufficient number of spacetime filling M2-branesn points X »X_ - TheCtP baGs7eSr;as Cogfd'f}at_%élx_ and theooltg%KS
of the compactification manifold. There is also another way'S oriented along™"*% The “flat” directions arex™"~

A. Supersymmetric setup: Higgs phase

of cancelling the anomaly and this is throughflux. The G Decomposings flux as

flux contributes &C tadpole through the Chern-Simons cou- G

pling fC/AG/\G. When x/24 is not integral then we need — =dz\w—-dz\* o, (5.14)
both the branes and th® flux to cancel the anomaly. The 2

anomaly cancellation formula becomes . .
y wherew has one leg alongP?! and two along 3, we get in

Y 1 type 1IB the following three forms:
ﬁZS_ZJ' GAG+n, (59) -
m Hysso—*w, Hpr=owt—*wT7. (5.15
which must be satisfied for type II1A or M theory. The anomaly cancellation condition will now become, in

If we denote the spacetime coordinates 3y where type IIB theory
=0,1,2 and the internal space by the complex coordinates
y®,a=1,... ,4then in the presence d& flux the metric X _
becomes a warped one 54~ Nt Hrr\Hnsns (5.16

d2=e~ %) nwdxﬂdxueqs(y)/zgabﬂyadyﬁ, (5.10 wheren is the number of D3-branes.
We can also decompoge fluxes as

with the G flux satisfying the condition k

G—E F.AQ (5.17)
G=*G, JAG=0, (5.11) 27 = Y '

where the Hodge star acts on the internal fourfold with met\¥herei=1,2, ... k are the number of points at which the
fic g andJ is the Kahler form of the fourfold. There is also fIP€r torus degenerates, ad are the normalizable har-

another non-vanishing given in terms of the warp factor as Monic forms localized at the singularities. The physical sig-
G .6 32 The warp factor satisfies the equation nificance ofF; are thegaugefields that would appear on the

7-branes when we go to type IIB by shrinking the fiber torus.
1 The fact that locally aK3 looks like a Taub-NUT space
A7*Xg— =G/\G implies that there exist a harmonic two form which is anti-
2 self-dual and normalizable. It is not difficult to identify the
n harmonic two-forms with(};. The anomaly cancellation
— 472 By—y) |, 51 condition or equivalently the warp factor equation will now
4 .21 v y,)} 612 become in type-IIB theory:

uvpa™ €pvp

Ae3PR2—*
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k The various terms appearing in the above equation are de-
Ae32=x ;> [Fi/AF;+tr(RAR)]8%(z—2), fined as
=1

(5.18
Jo=3x2% R"NPRe\p Ry VR y0
wherez; are the positions of the seven branes.
Hence the generab-flux background will be 1
+ ERMNPQRRSP&MTURRSTUN + O(Run)»

G _
E:Ei FAQ+dz\w;+dz\w,,  (5.19 (5.24)
wherei denotes the number of singularities or an equivalent g — i,GABCNl"‘NgeABCM  w.RMaMz
number of seven brangs 11B). 3! 1 8 12
The self-duality ofG flux does not implyF to be self- « RM7Mg (5.25
dual. This is the precise condition for the existence of a N7Ng’ '
non-commutative instanton.
Since the background is supersymmetric we now expect _ s 1 22
the metric to be given by the analysis[85,36. The metric Xg= 3% pl0 4 rR%=Z (R (526
has the form of a D3-brane metric and the cosmological con-
stant vanishes. Now assuming that our warp factor is everywhere smooth,
then integrating ou(5.12 we have the required anomaly
B. Coulomb phase cancellation equation for the fourfold. However, if we set

As discussed if36] a (2,2 G-flux background is non- Xg=0 we then ob_serve that there could be r]on-trivial _
supersymmetric if the flux does not satisfy the primitivity background fluxes in the model. Thg only conslstent so!utlon
condition. i.e. we reaui then is to takeG=0 andn=0. This is the key issue which

,i.e. quire > m e .
we think is important to have the required background.
gaEG 0. (5.20 Another point which follows immediately is that sindg
e and Eg are of the same fornfand order as Xg it will be
Therefore let us choose a generic background for the G-flu{iconsistent to neglect them and consider oy Therefore
as to have a consistent picture in the presence of branes and
planes wecannotneglect higher order curvature terms. Also,
G ~ o this is a possible way to go around the no-go theorems of
2—=dz/\wl+dz/\m2. (5.21)  Gibbons[38] and Maldacena and Nea[39].
m (2) G-flux corrections In our modelG flux could also
. N - o contribute higher order corrections. These corrections have
We do not impose any conditions @ ; asg*°Gapca# 0. not been worked out in any detail. However, they are be-
The numbem of D3-branes can be tuned by choosing som&jeved to be of the general form

appropriate values fo?f)lyz, satisfying

> amnpV—9(dG)"GRP, (5.27)
n=24_f (:Ul'f':Uz)/\(T:Ul_;Z)z) (522 mn.p

where the coefficients,,, are not known in generélAs
Since the system isot supersymmetric we expect the D3- long as we take the backgroul@fluxes to be smooth and
brane to be moving towards the seven branes. And therefoigmall we can in principle neglect these corrections. For
the metric ansatz cannot be a static one d8%34. sharply varyingG fluxes, however, there could be sizable

corrections which may destabilize the background.

C. Higher order corrections

. . VI. DISCUSSION
Before we end this section let us make some remarks on

higher order corrections in 11-dimensional supergravity In our paper the main emphasis was on the derivation of
which were briefly alluded to in the earlier sections. In ourthe gauge theory with the particular potential and FI terms
model there are two different sources of higher order correcrom type IIB string theory. When this gauge theory is
tions[37]. coupled to gravity in four dimension it leads to hybrid infla-
(1) Curvature correctionsIn the M-theory metric the tion. As briefly discussed in Secs. IV and V we expect the
higher curvature corrections come from the following termsconfiguration of D7-branes and O7 planes in the presence of
in the 11-dimensional Lagrangian:
11, 1 J' 8For some special cases wher p=0 andm=4 they are calcu-
f d X\/_g[JO 256 CAXg- (523 e in[40].
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D3-branes(at the equilibrium points on the “pillow} will tions described in Sec. M1,36. We will leave this problem
lead to adS, space as the beginning of inflation. Quantumfor future work.
fluctuation will trigger off inflation in this system.
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