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Inflationary cosmology with five dimensionalSO„10…

Bumseok Kyae* and Qaisar Shafi†

Bartol Research Institute, University of Delaware, Newark, Delaware 19716, USA
~Received 20 January 2003; published 27 February 2004!

We discuss inflationary cosmology in a five dimensionalSO(10) model compactified onS1/(Z23Z28),
which yields SU(3)c3SU(2)L3U(1)Y3U(1)X below the compactification scale. The gauge symmetry
SU(5)3U(1)X is preserved on one of the fixed points, while ‘‘flipped’’SU(5)83U(1)X8 is on the other fixed
point. Inflation is associated withU(1)X breaking, and is implemented throughF-term scalar potentials on the
two fixed points. A brane-localized Einstein-Hilbert term allows both branes to have positive tensions during
inflation. The scale ofU(1)X breaking is fixed fromdT/T measurements to be around 1016 GeV, and the scalar
spectral indexn50.98–0.99. The inflaton field decays into right-handed neutrinos whose subsequent out of
equilibrium decay yields the observed baryon asymmetry via leptogenesis.
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I. INTRODUCTION

In a recent paper@1#, we showed how supersymmetr
~SUSY! inflation can be realized in five dimensional~5D!
models in which the fifth dimension is compactified on t
orbifold S1/(Z23Z28). Orbifold symmetry breaking in highe
dimensional grand unified theories~GUTs! have recently at-
tracted a great deal of attention because of the apparent
with which they can circumvent two particularly pressin
problems encountered in four dimensional~4D! SUSY GUTs
@2#: namely, the doublet-triplet~DT! splitting problem and
the problem caused by dimension five nucleon decay.
apparent reluctance of the proton decay, as shown by
recent lower limits on its lifetime@3#, seems to be in broad
disagreement with the predicted rates from dimension
processes in minimal SUSYSU(5) andSO(10) models. The
existence of the orbifold dimension makes it possible
implement DT splitting and simultaneously suppress~or
even eliminate! dimension five proton decay.

The inflationary scenario described in Ref.@1# was in-
spired by the above particle physics considerations and
some novel features. The primordial density~temperature!
fluctuations are proportional to (M /MPlanck)

2, along the lines
of the 4D model proposed in Ref.@4#. HereM refers to the
scale of some symmetry breaking that is associated with
flation, and MPlanck51.231019 GeV denotes the Planc
scale. In anSO(10) model, for example, the orbifold break
ing can be used to yield the subgroupH5SU(4)c
3SU(2)L3SU(2)R @5#, so that inflation is associated wit
the breaking ofH to the minimal SUSY standard mode
~MSSM! gauge group@6,1#. The anisotropy measuremen
@7# can provide a determination ofM independently of any
particle physics considerations.M turns out to be quite close
~or equal! to the SUSY GUT scale of around 1016 GeV. Last
but not least, the scalar spectral index of density fluctuati
is very close to unity (n50.9820.99) @6,1#. The gravita-
tional wave contribution to the quadrupole anisotropy
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found to be essentially negligible. In anSO(10) model with
the subgroupH given above, the inflaton decays into th
MSSM singlet~right-handed! neutrinos, whose out of equi
librium decay leads to the observed baryon asymmetry
leptogenesis@8,9#. As we will see, this is also the case eve
with a different subgroupH of SO(10). Baryogenesis via
leptogenesis appears to be a rather generic feature of
SO(10) based inflationary models considered here.

Although our considerations are quite general, in this
per we focus on an example based onSO(10) with subgroup
SU(3)c3SU(2)L3U(1)Y3U(1)X obtained from S1/(Z2

3Z28) orbifolding. The standardSU(5)3U(1)X is preserved
on one brane, while ‘‘flipped’’SU(5)83U(1)X8 is on the
other brane. All massless modes from the chiral compon
of the 5D vector multiplet can be easily superheavy by
troducing Higgs fields in the bulk. Inflation is associat
with the breaking ofU(1)X , followed by its decay into
right-handed neutrinos, which subsequently generate a
mordial lepton asymmetry. The gravitino constraint on t
reheat temperature@10# imposes important constraints on th
masses of the right-handed neutrinos which can be fol
together with the information now available from the osc
lation experiments@11#.

As emphasized in Ref.@1#, implementation in five dimen-
sions of the inflationary scenario considered in Ref.@4# re-
quires some care. Note that the five dimensional setup is
appropriate one because of the proximity of the scale of
flation and the compactification scale~both are of order
MGUT). The inflaton potential must be localized on the orb
fold fixed points~branes!, since a superpotential in the bul
is not allowed. For a vanishing bulk cosmological constan
three space inflationary solution triggered by nonzero br
tensions~or vacuum energies! exists@1#. However, 5D Ein-
stein equations often require that the signs of the brane
sions on the two branes are opposite, which is undesira
As shown in Ref.@1#, this problem can be circumvented b
introducing a brane-localized Einstein-Hilbert term in the a
tion. The two brane tensions are both positive during infl
tion, and they vanish when it ends.

The plan of our paper is as follows. In Sec. II, we revie
cosmology in a five dimensional setting, and discuss in p
©2004 The American Physical Society04-1
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ticular the transition from an inflationary to the radiatio
dominated epoch. In Sec. III, we discuss the orbifold bre
ing of SO(10) to SU(3)c3SU(2)L3U(1)Y3U(1)X . Sec-
tion IV summarizes the salient features of the inflationa
scenario and subsequent leptogenesis. Our conclusion
summarized in Sec. V.

II. 5D COSMOLOGY

We consider 5D space-timexM5(xm,y), m50,1,2,3,
compactified on anS1/Z2 orbifold, and the supergravity
~SUGRA! action is typically given by

S5E d4xE
2yc

yc
dyeFM5

3

2
R51LB1 (

i 5I ,II

d~y2yi !

e5
5

3S Mi
2

2
R̄41Li D G , ~1!

whereR5 (R̄4) stands for the 5 dimensional~4 dimensional!
Einstein-Hilbert term,LB (LI , LII ) denotes some unspec
fied bulk ~brane! contributions to the full Lagrangian, an
yI50, yII 5yc indicate the brane positions. The brane sca

curvature termR̄4(ḡmn) is defined through the induced me

ric, ḡmn(x)[gmn(x,y50) (m,n50,1,2,3). The brane
localized Einstein-Hilbert terms1 in Eq. ~1! are allowed also
in SUGRA, but should, of course, be accompanied by br
gravitino kinetic terms as well as other terms, as spelled
in the off-shell SUGRA formalism@13#. Here we assume tha
the bulk cosmological constant is zero.

For the cosmological solution let us take the followin
metric ansatz,

ds25b2~ t,y!@2dt21a2~ t !dxW2#1dy2, ~2!

which shows that the three dimensional space is homo
neous and isotropic. The nonvanishing components of the
Einstein tensor derived from Eq.~1! are

G0
053F S b9

b D1S b8

b D 2G2
3

b2 F S ḃ

b
1

ȧ

a
D 2G

2 (
i 5I ,II

d~y2yi !
Mi

2

M5
3

3

b2 F S ḃ

b
1

ȧ

a
D 2G , ~3!

1The importance of the brane-localized 4D Einstein-Hilbert ter
especially for generating 4D gravity in a higher dimensional n
compact flat space was first noted in Ref.@12#.
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a
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ḃ

b

ȧ

a

2S ḃ

b
D 2

1S ȧ

a
D 2G2 (

i 5I ,II
d~y2yi !

Mi
2

M5
3

1

b2

3F2
b̈

b
12

ä

a
14

ḃ

b

ȧ

a
2S ḃ

b
D 2

1S ȧ

a
D 2G , ~4!

G5
556F S b8

b D 2G2
3

b2 F b̈

b
1

ä

a
13

ḃ

b

ȧ

a
1S ȧ

a
D 2G ,

~5!

G05523F S b8

b D •G , ~6!

where primes and dots respectively denote derivatives w
respect toy andt, and the terms accompanied by delta fun
tions arise from the brane-localized Einstein-Hilbert term

Let us first discuss inflation under this setup. Since
N51 SUSY does not allow a superpotential~and the corre-
spondingF-term scalar potential! in the bulk, we introduce
the inflaton scalar potentialsVI ,II (f) (>0) on the two
branes where only 4DN51 SUSY is preserved@1,14#. The
energy-momentum tensor during inflation is given by

T0
05Ti

i52d~y!
VI

M5
3

2d~y2yc!
VII

M5
3

, ~7!

T5
550, ~8!

wherei 51,2,3, andVI , VII are the scalar potentials on th
branes aty50 ~B1! and y5yc ~B2!, respectively. They are
suitably chosen to provide a large enough number
e-foldings to resolve the horizon and flatness problems.
end of inflation is marked by the breaking of the ‘‘slow roll
conditions, and the inflaton rolls quickly to the true sue
ersymmetric vacuum with flat 4D space-time. Thus, for t
inflationary epoch it is sufficient to consider only scalar p
tentials in the energy-momentum tensor. We will discu
more general cases later.

The exact inflationary solution is@1#

b~y!5H0uyu1c, ~9!

a~ t !5eH0t, ~10!

whereH0 (.0) is the Hubble constant during inflation. Th
integration constantc in Eq. ~9! can be normalized to unity
without loss of generality. The introduction of the bran
localized Einstein-Hilbert terms do not affect the bulk so
tions, Eqs.~9! and ~10!, but they modify the boundary con
ditions. The solutionb(y) should satisfy the following
boundary conditions aty50 andy5yc ,

VI

6M5
3
52H01

1

2

MI
2

M5
3

H0
2 , ~11!

,
-
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VII

6M5
3
5

H0

11H0yc
1

1

2

MII
2

M5
3

H0
2

~11H0yc!
2

.

~12!

Thus,H0 andyc are determined byVI andVII . Note that the
brane cosmological constants~scalar potentials! VI and VII
are related to the Hubble constantH0. While the nonzero
brane cosmological constants are responsible for inflating
3-space, their subsequent vanishing restores SUSY and
antees the flat 4D space-time. SinceVII must be zero when
VI50, it is natural that the scalar field controlling the end
inflation is introduced in the bulk. With SUSY broken at lo
energies, the minima of the inflaton potentials on both bra
should be fine-tuned to zero@15,16#.

From Eqs.~11! and~12! we note that in the absence of th
brane-localized Einstein-Hilbert term aty50, the inflaton
potentials~brane cosmological constants! VI andVII should
have opposite signs. However, a suitably large value
MI /M5 @17# can flip the sign ofVI @1#, so that bothVI and
VII are positive. Thus, a brane-localized Einstein-Hilb
term aty50 seems essential for successfulF-term inflation
in the 5D SUSY framework. Its introduction does not co
flict with any symmetry, and in Ref.@1# a simple model for
realizing a large ratioMI /M5 was proposed.

The 4D reduced Planck mass@[(MPlanck/8p)1/2# is given
by

M P
2 5M5

3E
2yc

yc
dyb21MI

21MII
2

5M5
3ycS 2

3
H0

2yc
212H0yc12D1MI

21MII
2 , ~13!

while the 4D effective cosmological constant is calculated
be

Leff5E
2yc

yc
dyb4H M5

3F4S b9

b D16S b8

b D 2G
1d~y!VI1d~y2yc!VII J

53H0
2FM5

3ycS 2

3
H0

2yc
212H0yc12D1MI

21MII
2 G

53H0
2M P

2 , ~14!

which vanishes whenVI5VII 50.
After inflation, the inflaton decays into brane and~subse-

quently! bulk fields, which reheat the whole 5 dimension
universe. To quantify the inflaton and radiation~or matter!
dominated epochs, we use the fluid approximation,
04600
e
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TM
N5

1

M5
3 S 2r 0 0 0 T0

5

0 p 0 0 0

0 0 p 0 0

0 0 0 p 0

T5
0 0 0 0 P5

D , ~15!

wherer andp are contributed by bulk and brane matter,

r[
1

2yc
rB1 (

i 5I ,II
d~y2yi !r i , ~16!

p[
1

2yc
pB12yc (

i 5I ,II
d~y2yi !pi . ~17!

Note that in Eq.~15! the nonzero off-diagonal component
T0

5 @5(21/b2)T05# andT5
0 (5T05) are considered. In Eqs

~16! and ~17!, we normalizerB and pB with the circumfer-
ence of the extra dimension, so their components have
same mass dimension as their brane counterparts. With
~3!–~6! and ~15!, the 5D ‘‘Friedmann-like’’ equations are
readily written,

1

2ycM5
3
rB5

3

b2 F S ḃ

b
D 2

12
ḃ

b
H1~H22h2!G ,

~18!

1

M5
3
r I5F3

MI
2

M5
3

H226hG , ~19!

1

M5
3
r II 5H MII

2

M5
3

3

b2 F S ḃ

b
D 2

12
ḃ

b
H1H2G16

h

bJ
y5yc

,

~20!

1

2ycM5
3

pB52
1

b2 F2
b̈

b
2S ḃ

b
D 2

14
ḃ

b
H12Ḣ13~H22h2!G ,

~21!

1

M5
3

pI52FMI
2

M5
3 ~2Ḣ13H2!26hG , ~22!

1

M5
3

pII 52H MII
2

M5
3

1

b2 F2
b̈

b
2S ḃ

b
D 2

14
ḃ

b
H12Ḣ13H2G

16
h

bJ
y5yc

, ~23!

1

2ycM5
3

P552
3

b2 F b̈

b
13

ḃ

b
H1Ḣ12~H22h2!G , ~24!
4-3
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1

2ycM5
3

T05523 sgn~y!F ḣ

b
2

h

b

ḃ

b
G . ~25!

Here sgn(y)[1 (21) for y.0 (,0), and

H~ t ![
ȧ

a
, ~26!

b~ t,y!5h~ t !uyu11. ~27!

For MI.M5 ,MII , andH@h, the brane matter contributio
from B1 is dominant, and Eqs.~18!–~25! reduce to the ap-
proximate 4D Friedmann equations,

S ȧ

a
D 2

'
1

3M4
2
r I , ~28!

ä

a
'

21

6M4
2 ~r I13pI !. ~29!

Equations~18!–~25! satisfy the energy-momentum conserv
tion law, ¹MTN

M50 whoseN50 andN55 components are
@18#

ṙ13S ḃ

b
1H D ~r1p!5T58

014
b8

b
T5

0

52ycM5
3FG058 14

b8

b
G05G , ~30!

P581
b8

b
~4P523p1r!

52Ṫ0
52S 4

ḃ

b
13H DT0

5

52ycM5
3 1

b2 F Ġ051S 2
ḃ

b
13H DG05G . ~31!

The inflaton contributes to the energy momentum tensor,
~15!,

TMN[TMN
inf 1TMN

m , ~32!

whereTMN
inf denotes the contributions to the energy mom

tum tensor from the inflatonf(t,y),

TMN
inf [

1

2yc
]Mf]Nf2

1

4yc
gMN]Pf]Pf1 (

i 5I ,II
d~y2yi !

3dM
m dN

n F]mf]nf2gmnS 1

2
]lf]lf1Vi~f! D G ,

~33!

andTMN
m is assumed to have the same form as Eq.~15!. The

conservation law¹MTMN
inf 50 gives rise to the scalar fiel

equation in the presence of both the brane and bulk kin
04600
-

q.

-

ic

terms. If only the inflaton potentials on the branes,VI(f)
andVII (f) are dominant in Eq.~32!, one can check that the
solutions reduce to Eqs.~9! and ~10!, namely, H5h
5constant (5H0). The inflaton decay producesTMN

m .
We have tacitly assumed that the interval separating

two branes~orbifold fixed points! remains fixed during infla-
tion. The dynamics of the orbifold fixed points, unlik
the D-brane case@19#, is governed only by theg55(x,y)
component of the metric tensor. The real fieldse5

5, B5, and
the chiral fermionc5R

2 in 5D gravity multiplet are assigned
even parity underZ2 @13#, and they compose anN51 chiral
multiplet on the branes. The associated superfield can
quire a superheavy mass and its scalar component can
velop a vacuum expectation value~VEV! on the brane. With
superheavy brane-localized mass terms, the low-ly
Kaluza-Klein~KK ! mass spectrum is shifted so that even t
lightest mode obtains a compactification scale mass@20#.
Since this mass is much greater thanH0 the interval distance
is stable even during inflation. This stabilization of the inte
val distance in turn leads to the stabilization of the wa
factor b(y). This is because the fluctuationdb(y) of the
warp factor near the solution in Eq.~9! turns out to be pro-
portional to the interval length variationdg55 from the lin-
earized 5D Einstein equation@21#.

So far we have discussed onlyS1/Z2 orbifold compacti-
fication. The results can be directly extended toS1/(Z2

3Z28). Within the framework discussed in this section, w
can accommodate any promising 4D SUSY inflationa
model. We consider one particular model below whi
comes from compactifyingSO(10) on anS1/(Z23Z28).

III. SU „3…cÃSU„2…LÃU„1…YÃU„1…X MODEL

We consider theN52 ~in the 4D sense! SUSY SO(10)
model in 5D space-time, where the 5th dimension is co
pactified on anS1/(Z23Z28). Z2 reflects y→2y, and Z28
reflectsy8→2y8, with y85y1yc/2. There are two indepen
dent orbifold fixed points~branes! at y50 andy5yc/2. The
S1/(Z23Z28) orbifold compactification is exploited to yield
N51 SUSY as well as breakSO(10) to some suitable sub
group.

Under SU(5)3U(1)X , the SO(10) generators are spli
into2

TSO(10)5F240110 1024

104 240210
G

10310

, ~34!

where the subscripts labeling theSU(5) representations in
dicateU(1)X charges, and the subscript ‘‘10310’’ denotes
the matrix dimension. Also,24(524) corresponds toSU(5)

2TheSO(2n) generators are represented as (B2S A2C
A1C B1S), whereA,

B, C aren3n antisymmetric matrices andS is ann3n symmetric
matrix @22#. By a unitary transformation, the generators are giv
by ( C2 iB A1 iS

A2 iS C1 iB), whereA and S denoteU(n) generators, andC
6 iB transform asn(n21)/2 andn(n21)/2 underSU(n).
4-4
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generators while diag(1535 ,21535) is theU(1)X generator.
The 535 matrices240 and 1024 are further decompose
underSU(3)c3SU(2)L3U(1)Y as

2405S „8,1…01„1,1…0 „3,2̄…25/6

„3̄,2…5/6 „1,3…02„1,1…0
D

0

, ~35!

10245S „3̄,1…22/3 „3,2…1/6

„3,2…1/6 „1,1…1
D

24

. ~36!

Thus, each representation carries two independentU(1)
charges. Note that the two„3,2…1/6s in 1024 are identified.

Consider the two independentZ2 andZ28 group elements,

P[diag~ I 333 , I 232 ,2I 333 ,2I 232!, ~37!

P8[diag~2I 333 , I 232 , I 333 ,2I 232!,
~38!

which satisfy P25P8251535. Under the operations
PTSO(10)P

21 and P8TSO(10)P821, the matrix elements o
TSO(10) transform as

F „8,1…0
11

„3,2̄…25/6
12

„3̄,1…22/3
22

„3,2…1/6
21

„3̄,2…5/6
12

„1,3…0
11

„3,2…1/6
21

„1,1…1
22

„3,1…2/3
22

„3̄,2̄…21/6
21

„8,1…0
11

„3̄,2…5/6
12

„3̄,2̄…21/6
21

„1,1…21
22

„3,2̄…25/6
12

„1,3…0
11

G
10310

,

~39!

where the superscripts of the matrix elements indicate
eigenvalues of theP andP8 operations. Here we omitted th
two U(1) generators@„1,1…0

¿¿s# to avoid too much clutter.
As shown in Eqs.~34! and ~35!, they should appear in th
diagonal part of the matrix~39!. The eigenvalues ofP and
P8 are the imposed parities~or boundary conditions! of fields
in the adjoint representations. The wave function of a fi
with parity (12), for instance, must vanish on the brane
y5yc/2, and only fields assigned (11) parities contain
massless modes in their KK spectrum.

An N52 gauge multiplet consists of anN51 vector mul-
tiplet @Va5(Am

a ,l1a)# and anN51 chiral multiplet @Sa

5„(Fa1 iA5
a)/A2,l2a

…#. In order to breakN52 SUSY to
N51, opposite parities must be assigned to the vector
the chiral multiplets in the same representation. The pari
of N51 vector multiplets coincide with the parities of th
correspondingSO(10) generators in Eq.~39!. From the as-
signed eigenvalues in Eq.~39!, only the gauge multiplets
associated with„8,1…0

11 , „1,3…0
11 , and two„1,1…0

11 , which
correspond to theSU(3)c3SU(2)L3U(1)Y3U(1)X gen-
erators, contain massless modes. Therefore, at low energ
theory is effectively described by a 4D N51 supersymmet-
ric theory withSU(3)c3SU(2)L3U(1)Y3U(1)X .

As seen in Eq.~39!, all of the gauge multiplets associate
with the diagonal components240 , 10 in Eq. ~34! survive at
B1. Thus, on B1SU(5)3U(1)X is preserved@23#. On the
other hand, in Eq.~39!, the elements with (11) and
04600
e

d
t

d
s

the

(21) parities can compose a second~distinct! set of
SU(5)83U(1)X8 gauge multiplets. In theSU(5) generator

at B1, 240 @5„8,1…0
111„1,3…0

111„1,1…0
111„3,2̄…25/6

12

1„3̄,2…5/6
12#, the „3,2̄…25/6

12 and „3̄,2…5/6
12 are replaced by

„3,2…1/6
21 and „3̄,2̄)21/6

21 at B2 which belong in1024 and104

respectively ofSU(5)3U(1)X ,

24085„8,1…0
111„1,3…0

111„1,1…0
111„3,2…1/6

21

1„3̄,2̄)21/6
21 at B2, ~40!

where the assigned hypercharges coincide with those g
in ‘‘flipped’’ SU(5)83U(1)X8 @24#. The U(1)X8 generator at
B2 is defined as

diag~1333 ,21232 ,21333 ,1232!. ~41!

Thus, theU(1)X8 charges of the surviving elements at B2 tu
out to be zero, while the other components are assign
24 or 4. TheU(1)X8 generator and the matrix elements wi
(11), (21) parities in Eq.~39! can be block-diagonalized
to the form in Eq.~34! through the unitary transformation

U5S I 333 0 0 0

0 0 0 I 232

0 0 I 333 0

0 I 232 0 0

D
10310

. ~42!

We conclude that the gauge multiplets surviving at B2
associated with a second~‘‘flipped’’ ! SU(5)83U(1)X8 em-
bedded inSO(10) @24#.

With opposite parities assigned to the chiral multiple
two vectorlike pairs S

„3̄,1…
22/3
11 , S

„3,1…
2/3
11 and S

„1,1…
1
11,

S
„1,1…

21
11 contain massless modes. Although the nonvanish

chiral multiplets at B1 areS1024
(5S

„3̄,1…
22/3
11 1S

„3,2…
1/6
12

1S
„1,1…

1
11) and S104

(5S
„3,1…

2/3
111S

„3̄,2̄…
21/6
12 1S

„1,1…
21
11),

S
„3,2…

1/6
12 andS

„3̄,2̄…
21/6
12 are replaced byS

„3,2̄…
25/6
21 andS

„3̄,2…
5/6
21

at B2 that are contained inS240
and S240

at B1. Together
with the vectorlike pairs containing massless modes, t
compose10248 - and1048-plets ofSU(5)83U(1)X8 ,

S10
248 5S

„3̄,1…
22/3
11 1S

„3,2̄…
25/6
21 1S

„1,1…
21
11, ~43!

S10
48
5S

„3,1…
2/3
111S

„3̄,2…
5/6
211S

„1,1…
1
11 at B2. ~44!

TABLE I. U(1)R charges of the vector and hypermultiplets.

U(1)R V, S H, Hc

1 fc

1/2 l1 cc

0 Am F, A5 f
21/2 l2 c
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TABLE II. U(1)X
(8) , U(1)R , U(1)PQ charges and matter parities of the superfields.

Fields S NH N̄H 10B
(8) 10B

(8) 1i 5̄i
10i

X(8) 0 5 25 24 4 5 23 1

R 1 0 0 0 0 1/2 1/2 1/2
PQ 0 0 0 0 0 0 21 21/2
Z2

m 1 1 1 2 2 2 2 2

Fields h1
(8) h2

(8) h̄1
(8) h̄2

(8) S1 S2 S̄1 S̄2

X(8) 22 22 2 2 0 0 0 0

R 0 1 0 1 1/2 1/2 0 0
PQ 1 1 3/2 3/2 21 23/2 1 3/2
Z2

m 1 2 1 2 1 1 1 1
s

-

o

r

n
s,
en

n,

as
g at

s

o-

par-

s

re
een
ings

by
en-
Now let us discuss theN52 ~bulk! hypermultiplet
H @5(f,c)#, Hc@5(fc,cc)# in the vector representation
10, 10c (510) of SO(10), whereH andHc areN51 chiral
multiplets. Under SU(5)3U(1)X and SU(3)c3SU(2)L
3U(1)Y , 10 and10c are

105S 522

5̄2
D 5S „3,1…21/3

12

„1,2…1/2
11

„3̄,1…1/3
21

„1,2̄…21/2
22

D ,

10c5S 5c
2

5c
22

D 5S „3c,1…1/3
21

„1,2c
…21/2

22

„3̄c,1…21/3
12

„1,2̄c
…1/2

11

D , ~45!

where the subscripts62 areU(1)X charges and the remain
ing subscripts indicate the hyperchargesY. The superscripts
on the matrix elements denote the eigenvalues of theP and
P8 operations. As in theN52 vector multiplet, opposite
parities must be assigned forH andHc to breakN52 SUSY
to N51. The massless modes are contained in the two d
blets „1,2…1/2

11 and „1,2c
…1/2

11 @5„1,2…1/2
11#. While the surviv-

ing representations at B1,„3,1…21/3
12 and „1,2…1/2

11 @also

„3̄c,1…21/3
12 and „1,2̄c

…1/2
11] compose two522 ~or 5̄c

22) of
SU(5)3U(1)X , at B2 the nonvanishing representations a
two 5̄28 of SU(5)83U(1)X8 ,

5̄285„3̄,1…1/3
211„1,2…1/2

11 @or „3c,1…1/3
211„1,2̄c

…1/2
11# at B2.

~46!

In this model, theSU(2) R symmetry which generally
exists inN52 supersymmetric theories is explicitly broke
to U(1)R . Since N51 SUSY is present on both brane
U(1)R symmetry should be respected. We note that differ
U(1)R charges can be assigned toH1024

andH10c
4

c as shown

in Table I @25#.
04600
u-

e

t

To construct a realistic model, which includes inflatio
based onSU(3)c3SU(2)L3U(1)Y3U(1)X , we introduce
a U(1)PQ axion symmetry and ‘‘matter’’ parityZ2

m @6#. For
simplicity, let us assume that the MSSM matter superfields
well as the right-handed neutrinos are brane fields residin
B1.3 They belong in10i , 5̄i , and1i of SU(5), wherei is the
family index. Their assignedU(1)X , U(1)R and U(1)PQ
charges and matter parities appear in Table II.

We introduce two pairs of hypermultiplets (H10,H10c
c )

and (H10,H10c
c ) @5(H10,H10c

c )# in the bulk. The twoSU(5)

Higgs multipletsh1 and h̄1 (5 and 5̄) arise fromH10 and
H10, and theirU(1)R charges are chosen to be zero. A
discussed above, theN52 superpartnersH10

c and H10
c also

provide superfieldsh2 and h̄2 with 5(8) and 5̄(8) representa-
tions at B1 ~B2!. However, theirU(1)R charges are unity
unlike h1 and h̄1. To make them superheavy we can intr
duce another pair of5 and 5̄ with zero U(1)R charges and
2 matter parities on the brane.

The superpotential at B1, neglecting the superheavy
ticles’ contributions except for the inflatons, is given by

W5kS~NHN̄H2M2!1
s1

M P
S1S2h1h̄11

s2

M P
S1S2S̄1S̄2

1yi j
(d)10i10jh11yi j

(ul)10i 5̄j h̄11yi j
(n)1i 5̄jh1

1
yi j

(m)

M P
1i1j N̄HN̄H , ~47!

where S, NH , N̄H , S1,2, and S̄1,2 are singlet fields. Their
assigned quantum numbers appear in Table II. WhileS, NH ,
N̄H , and h1 , h̄1 are bulk fields, the rest are brane field

3If the first two quark and lepton families reside on B2 whe
SU(5)83U(1)X8 is preserved, undesirable mass relations betw
the down-type quarks and the charged leptons do not arise. Mix
between the first two and the third families can be generated
introducing bulk superheavy hypermultiplets in the spinor repres
tations ofSO(10) @26#.
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residing on B1.NH , N̄H should be embedded in16H , 16H ,

and the other components in16H , 16H could be made heavy
by pairing them with proper brane fields. From Eq.~47!, it is
straightforward to show that the SUSY vacuum correspo
to ^S&50, while NH and N̄H develop VEVs of orderM.
@After SUSY breaking in the manner ofN51 SUGRA,^S&
acquires a VEV of orderm3/2 ~gravitino mass!.# They break
SU(3)c3SU(2)L3U(1)Y3U(1)X to the MSSM gauge
group, and make the massless modes inS1024

([10B) and

S104
([10B) superheavy@26#. From the last term in Eq

~47!, the VEV of N̄H also provides masses to the righ
handed Majorana neutrinos.

Because of the presence of the soft terms,S1,2 and S̄1,2,
which carryU(1)PQ charges, can obtain intermediate sca
VEVs of orderAm3/2M P. They lead to am term of orderm3/2
in MSSM as desired@27,28#. Of course, the presence o
U(1)PQ also resolves the strongCP problem@29#.

The Higgs fieldsh1 and h̄1 contain color triplets as wel
as weak doublets. Since the triplets inh1 and h̄1 are just
superheavy KK modes, a small coefficient (m;TeV) accom-
panyingh1h̄1 more than adequately suppresses dimensio
operators that induce proton decay. Proton decay can
proceed via superheavy gauge bosons with masses'p/yc
and are adequately suppressed@tp;1034236 yr#.

IV. INFLATION AND LEPTOGENESIS

The first two terms in the superpotential~47! are ideally
suited for realizing an inflationary scenario along the lin
described in Refs.@1,4,6#. We will not provide any details
except to note that the breaking ofU(1)X takes place nea
the end of inflation which can lead to the appearance
cosmic strings. Since the symmetry breaking scale ofU(1)X
is determined from inflation to be close to 1016 GeV @4#, the
cosmic strings are superheavy and therefore not so desi
~because of potential conflict with the recentdT/T measure-
ments!. They can be simply avoided by following the stra
egy outlined in Ref.@6#, in which suitable nonrenormalizabl
terms are added to Eq.~47!, such thatU(1)X is broken along
the inflationary trajectory and the strings are inflated aw
Remarkably, the salient features of the inflationary scen
are not affected by the addition of such higher order ter
For k somewhat smaller~larger! than 1023, n varies between
0.98 and 0.99.

The inflationary epoch ends with the decay of the os
lating fields S, NH , N̄H into the MSSM singlet~right-
handed! neutrinos, whose subsequent out of equilibrium d
cays yield the observed baryon asymmetry via leptogen
ll,

04600
s

5
till

s

f

ble

y.
io
s.

-

-
is

@8,9#. The production of the right-handed neutrinos a
sneutrinos proceeds via the superpotential coupli
n i

cn j
cN̄HN̄H and SNHN̄H on B1, wheren i , j

c ( i , j 51,2,3) de-
note the SU(5) singlet ~right-handed neutrinos! carrying
nonzeroU(1)X charges. Taking account of the atmosphe
and solar neutrino oscillation data@11#, and assuming a hier
archical pattern of neutrino masses~both left- and right-
handed ones!, it turns out that the inflaton decays into th
lightest ~the first family right handed neutrino! @1,30#. The
discussion proceeds along the lines discussed in Ref.@31#,
where it was shown that a baryon asymmetry of the des
magnitude is readily obtained.

The 5D inflationary solution requires positive vacuum e
ergies on both branes B1 and B2@1#. While inflation could
be driven by the first two terms in Eq.~47! at B1, an appro-
priate scalar potential on B2 is also necessary. Since
boundary conditions in Eqs.~11! and~12! requireL1 andL2
to simultaneously vanish, it is natural forS to be a bulk field.
The VEVs ofS on the two branes can be adjusted such t
the boundary conditions are satisfied. As a simple exam
consider the following superpotential at B2,

WB25k2S~ZZ̄2M2
2!, ~48!

whereZ and Z̄ areSO(10) singlet superfields with opposit
U(1)R charges. Thus, only the gauge symmetryU(1)X on
B1 is broken during inflation.

V. CONCLUSION

Inspired by recent attempts to construct realistic
SUSY GUT models, we have presented a realistic inflati
ary scenario in this setting, along the lines proposed in R
@1#. Inflation is implemented throughF-term scalar potentials
on the two branes, which is allowed by 5D Einstein gravi
We have discussed the transition from the inflationary to
radiation dominated phase, and provided a realistic
SUSY SO(10) model in which the compactification on a
S1/(Z23Z28) orbifold leads to the gauge symmetrySU(3)c

3SU(2)L3U(1)Y3U(1)X . Inflation is associated with the
breaking of the gauge symmetryU(1)X , at a scale very
close toMGUT. Baryogenesis via leptogenesis is very natu
in this approach, and the scalar spectral indexn
50.98–0.99. The gravitational contribution to the quad
pole anisotropy is found to be tiny (&1024).
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