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We have built a supersymmetric SO~10! model consistent with cosmological observations. The model giv
rise to a false vacuum hybrid inflationary scenario which solves the monopole problem. We argue that thi
of inflationary scenario arises naturally in supersymmetric SO~10! models. No external field or external sym-
metry has to be added. It can just be a consequence of the theory. In our specific model, at the end of in
cosmic strings form. The properties of the strings are presented. The cosmic background radiation aniso
induced by the inflationary perturbations and the cosmic strings are estimated. The model produces a
lightest superparticle and a very light left-handed neutrino which may serve as the cold and hot dark m
The properties of a mixed scenario of cosmic string and inflationary large-scale structure formation ar
cussed.@S0556-2821~96!06510-1#

PACS number~s!: 98.80.Cq, 11.27.1d, 12.10.Dm, 12.60.Jv
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I. INTRODUCTION

Supersymmetric SO~10! models have received much in
terest in the past ten years. SO~10! is the minimal grand
unified gauge group which unifies all kinds of matter, than
to its 16-dimensional spinorial representation to which
fermions belonging to a single family can be assigned. T
running of the gauge coupling constants measured at LEP
the minimal supersymmetric standard model with supersy
metry broken at 103 GeV merge in a single point a
231016 GeV @1#, hence strongly favoring supersymmetr
versions of grand unified theories~GUT’s!. The doublet-
triplet splitting can be easily achieved in supersymmet
SO~10!, through the Dimopoulos-Wilczek mechanism@2#.
The fermions masses can be beautifully derived@3#. The
gauge hierarchy problem can be solved@4#. A Z2 symmetry
subgroup of theZ4 center of SO~10! can be left unbroken
down to low energies, provided only ‘‘safe’’ representatio
@5# are used to implement the symmetry breaking fro
SO~10! down to the standard model gauge group. We sho
point out here that, when we write SO~10!, we really mean
its universal covering group, spin~10!. TheZ2 symmetry can
suppress rapid proton decay and provide a cold dark ma
candidate, stabilizing the lightest superparticle~LSP!. Fi-

nally, introducing a pair of Higgs fields in the1261126̄
representations can give a superheavy Majorana mass to
right-handed neutrino, thus providing a hot dark-matter ca
didate and solving the solar neutrino problem through t
Mikheyev-Smirnov-Wolfenstein~MSW! mechanism@6#. All
these features make supersymmetric SO~10! models very at-
tractive.

In a recent paper@7#, we have constrained supersymme
ric SO~10! models using cosmological arguments. We ha
in particular studied the formation of topological defects
all possible symmetry breaking patterns from supersymm
ric SO~10! down to the standard model, considering no mo
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than one intermediate symmetry breaking scale. Dom
walls and monopoles lead to a cosmological catastrop
while cosmic strings can explain large scale structures, p
of the baryon asymmetry of the universe, and thermal flu
tuations in the cosmic background radiation~CBR!. Since
SO~10! is simply connected and the standard model gau
group involves an unbroken U~1! symmetry, which remains
unbroken down to low energy, all symmetry breaking pa
terns from supersymmetric SO~10! down to the standard
model automatically lead to the formation of topological
stable monopoles via the Kibble mechanism@8#. All super-
symmetric SO~10! models are therefore cosmologically irre
evant without invoking some mechanism for the removal
the monopoles, such as an inflationary scenario. The con
sions in@7#, is that there are only two possibilities for break
ing SO~10! down to the standard model which are consiste
with observations. SO~10! can break via SU~3! c3SU~2! L
3SU~2!R3U~1!B2L ; here SO~10! must be broken with a
combination of a 45-dimensional Higgs representation an
54-dimensional one, and via SU~3! c3SU~2! L3U~1!R
3U~1!B2L . In these models, the intermediate symmet
group must be broken down to the standard model gau
group with unbroken matter parity, SU~3)c3SU~2! L
3U~1!Y 3Z2 . In supergravity SO~10! models, the breaking
of SO~10! via flipped SU~5! is also possible.

In this paper, we study a supersymmetric SO~10! model
involving an intermediate SU~3! c3SU~2! L3U~1!R3
U~1!B2L symmetry. The resultant cosmological model
compatible with observations.

In Sec. II, we describe a hybrid inflationary scenario fir
introduced by@9#, and we argue that this type of inflationar
scenario occurs naturally in global supersymmetric SO~10!
models. Neither any external field nor any external symme
has to be imposed. Inflation is driven by a scalar field sing
under SO~10!.

In the next sections, we construct a specific supersymm
ric SO~10! model, as mentioned above. The latter aims to
consistent with observations. In Sec. III we study the sy
metry breaking pattern. We conclude on the proton lifetim
and on a hot dark-matter candidate provided by the mod
5426 © 1996 The American Physical Society
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53 5427SUPERSYMMETRIC SO~10! MODEL WITH INFLATION AND . . .
Using homotopy theory, we find topological defects whic
form according to the Kibble mechanism@8#.

In Sec. IV, we explain how to implement the symmet
breaking pattern which solves the doublet-triplet splittin
and includes the inflationary scenario described in Sec.
We write down the superpotential and find its global min
mum with corresponding Higgs VEV’s.

In Sec. V, we evaluate the dynamics of the symme
breaking and inflationary scenario, studying the scalar pot
tial. It is shown that the monopole problem may be solv
and that cosmic strings form at the end of inflation.

In Sec. VI, we give general properties of the string
formed at the end of inflation. In particular, we study th
possibility that the strings may be superconducting.

In Sec. VII, we estimate the observational consequenc
The temperature fluctuations in the CBR due to the mix
inflation-cosmic strings scenario are evaluated. Using
temperature fluctuations measured by COBE we find val
for the scalar coupling constant, the scale at which the stri
formed and the strings mass per unit length. We specify
dark-matter present in the model and give a qualitative d
cussion of the large-scale structure formation scenario in
model.

We finally conclude in Sec. VIII.
In order to simplify the notation, we shall make use of th

following:

~a! 4c2L2R[SU~4!c3SU~2!L3SU~2!R ,

~b! 3c2L2R1B2L[SU~3!c3SU~2!L3SU~2!R3U~1!B2L ,

~c! 322L1R1B2L[SU~3!c3SU~2!L3U~1!R3U~1!B2L ,

~d! 3c2L1YZ2[SU~3!c3SU~2!L3U~1!Y3Z2 ,

~e! 3c1QZ2[SU~3!c3U~1!Q3Z2 .

II. INFLATION IN SUPERSYMMETRIC SO „10… MODELS

In this section, we argue that false vacuum hybrid infl
tion, with a superpotential in the inflaton sector similar
that studied in@11,12#, is a natural mechanism for inflation in
global supersymmetric SO~10! models. Neither any externa
field nor any external symmetry has to be imposed, it c
just be a consequence of the theory.

The first thing to note in SO~10! models, is that the rank
of SO~10! is greater than one unit from the rank of the sta
dard model gauge group. The rank of SO~10! is five, whereas
the rank of the standard model gauge group SU~3! c
3SU~2! L3U~1!Y(3Z2) is 4. In other words, SO~10! has an
additional U~1! symmetry, namedU(1)B2L , compared to
the standard model gauge group. Therefore the rank of
group must be lowered by one unit at some stage of
symmetry breaking pattern, i.e., U~1!B2L must be broken.
This can be done using a pair of16116̄ Higgs representa-
tions or by a pair of1261126̄ representations. If a16116̄
pair of Higgs fields are used, then theZ2 symmetry, sub-
group of both theZ4 center of SO~10! and of U~1!B2L ,
playing the role of matter parity, is broken. On the oth
hand, if a1261126̄ pair of Higgs fields are used, then th
Z2 symmetry can be kept unbroken down to low energy
h
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only safe representations@5# are used to implement the ful
symmetry breaking pattern, such as the 10, the 45, the 54
the 210-dimensional representations. If a1261126̄ pair of
Higgs fields are used, the right-handed neutrino can ge
superheavy Majorana mass, and the solar neutrino prob
can be solved via the MSW mechanism@6#.

In order to force the VEV’s of the16116̄ or 1261126̄
pair of Higgs fields, needed to lower the rank of the group,
be the order of the GUT scale, we can use a scalar fieldS

singlet under SO~10!. The superpotential can be written a
follows:

W15aS F̄F2m2S , ~1!

whereF1F̄ stand for a16116̄or a1261126̄pair of Higgs
fields, and the fieldS is a scalar field singlet under SO~10!.
The constantsa andm are assumed to be both positive an
must satisfym/Aa;(101521016) GeV. The superpotential
W1 is natural in the strong sense@12#. It is of the most
general form consistent with R-symmetry under whic
W→eigW, S→eigS and the productF̄F is invariant.

It is easy to see that the superpotential given in equat
~1!, used to break the rank of the group by one unit, is t
same superpotential used by Dvaliet al. @11,13# to imple-
ment a false vacuum hybrid inflationary scenario, identifyin
the scalar fieldS with the inflaton field. Hence, as shown
below, in supersymmeytric SO~10! models, the superpoten
tial used to break U~1!B2L can also lead to a period of in-
flation. Inflation is then just a consequence of the theory.
order to understand the symmetry breaking and the inflati
ary dynamics, we can study the scalar potential. The latte
given by~keeping the same notation for the bosonic comp
nent of the superfields as for the superfields!:

V15uFSu21uFFu21uFF̄u2, ~2!

where the F terms are such thatFC i
5u]W/]C i u, for

C i5S , F, andF̄. Thus

V15a2uS F̄u21a2uS Fu21uaF̄F2m2u2. ~3!

The potential is minimized for arg(F)1arg(F̄)50,
(a.0), and it is independent of arg(S )1arg(F) and
arg(S )1arg(F̄). From the vanishing condition of theD
terms, we havêuFu&5^uF̄u&. Thus we can rewrite the scala
potential with the new fields which minimize the potentia
keeping the same notation for the old and new fields,

V154a2uS u2uFu21~auFu22m2!2. ~4!

The potential has a unique supersymmetric minimum cor
sponding to^uFu&5^uF̄u&5m/Aa andS 50. The potential
has also a local minimum correspondingS.m/Aa and
^uFu&5^uF̄u&50. We identify the scalar fieldS with the
inflaton field and we assume chaotic initial conditions. A
the fields are thus supposed to take initial values the orde
the Planck scale, and hence the initial value of the inflat
field S@m/Aa. Since the potential is flat in theS direction,
we can minimize it at a fixed value ofS . TheF andF̄ fields
roll down their local minimum corresponding to
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5428 53RACHEL JEANNEROT
^uFu&5^uF̄u&50. The vacuum energy density is then dom
nated by a nonvanishingFS term,uFSu5m2. The inflationary
epoch takes place as the inflaton field slowly rolls down t
potential. FSÞ0 implies that supersymmetry is broken
Quantum corrections to the effective potential will help th
fields to slowly roll down their global minimum@11#. At the
end of inflation, the phase transition mediated by theF and
F̄ fields takes place.

Now, in order to break SO~10! down to the standard
model gauge group, we need more than a16116̄ or a
1261126̄ pair of Higgs fields. We need Higgs in other rep
resentations, like the 45, 54 or 210-dimensional represe
tions if the Z2 parity is to be kept unbroken down to low
energy, as required from proton lifetime measurements. T
the full superpotential needed to break SO~10! down to the
standard model must, apart of Eq.~1!, contains terms involv-
ing the other Higgs needed to implement the symme
breaking. Due to the nonrenormalization theorem in sup
symmetric theories, we can write down the full superpote
tial which can implement the desired symmetry breaking p
tern, just adding to Eq.~1! terms mixing the other Higgs
needed to implement the symmetry breaking pattern. Th
can be no mixing between the latter Higgs and the pair
Higgs used to break U~1!B2L ~see Sec. IV for example! and
the superpotential can be written as follows:

W5W1~S ,F,F̄!1W2~H1 ,H2 , . . . !, ~5!

whereS is a scalar field singlet under SO~10! identified with
the inflaton field, theF andF̄ fields are the Higgs fields used
to break U~1!B2L and theHi fields, i51, . . . ,m, are the m
other Higgs fields needed to implement the full symme
breaking pattern from SO~10! down to the standard mode
gauge group.W1 is given by Eq.~1! andW11W2 has a
global supersymmetric minimum such that the SO~10! sym-
metry group is broken down to the standard model gau
group. The scalar potential is then given by

V5V1~S ,F,F̄!1V2~Hi !. ~6!

V1 is given by Eq.~4! andV11V2 has a global minimum
such that the SO~10! symmetry is broken down to the stan
dard model gauge group. The evolution of the fields is th
as follows. The fields take random initial values, just subje
to the constraint that the energy density is at the Plan
scale. The inflaton field is distinguished from the other fiel
from the fact that the GUT potential is flat in its direction
the potential can be minimized for fixedS . Chaotic initial
conditions imply that the initial value of the inflaton field i
greater thanm/Aa. Therefore, the noninflaton fields will roll
very quickly down to their global~or local! minimum, at
approximatively a fixed value for the inflaton,^uHi u&Þ0, for
i51, . . . ,n, ^uHj u&50, for j5n11, . . . ,m, and
^uFu&5^uF̄u&50; a first symmetry breaking, implemente
by then Higgs fieldsH acquiring VEV, takes place, SO~10!
breaks down to an intermediate symmetry groupG. Then
inflation occurs as the inflaton rolls slowly down the pote
tial. The symmetry breaking implemented with theF1F̄
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fields occurs at the end of inflation, and the the imtermedi
symmetry groupG breaks down to the standard model gau
group.

In the scenario described above, the rank of the interm
diate symmetry groupG is equal to the rank of SO~10!,
which is 5, and hence involves an unbroken U~1!B2L sym-
metry. If the rank of the intermediate symmetry group we
that of the standard model gauge group, that is if U~1!B2L
were broken at the first stage of the symmetry breaking,
inflationary scenario would unable to solve the monopo
problem, since the later would form at the end of inflation
once inflation completed. Finally, in models where supe
symmetric SO~10! is broken directly down to the standar
model gauge group, such hybrid inflationary scenarios c
not cure the monopole problem.

We conclude that if inflation has to occur during the ev
lution of the universe described by a spontaneous symme
breaking pattern from the supersymmetric grand unifi
gauge group SO~10! down to the minimal supersymmetric
standard model, it can thus just be a consequence of
theory. No external field and no external symmetry has to
imposed. One can use the superpotential given in Eq.~1! to
lower the rank of the group by one unit and then identify th
scalar fieldS , singlet under SO~10!, with the inflaton field.
A false vacuum hybrid inflationary scenario will be imple
mented. It emerges from the theory.

III. THE SUPERSYMMETRIC SO „10… MODEL
AND THE STANDARD COSMOLOGY

We now construct a supersymmetric SO~10! model which
aims to agree with observations. SO~10! is broken down to
the standard model gauge group with unbroken matter pa
3c2L1YZ2 , via the intermediate symmetry grou
3c2L1R1B2L . We study the symmetry breaking pattern o
the model and deduce general impacts of the model on
servations. We look for topological defects formation.

The model initially assumes that the symmetries betwe
particles, forces and particles, are described by a supers
metric SO~10! theory. The SO~10! symmetry is then broken
down to the standard model gauge group via 3c2L1R1B2L ,

SO~10! →
MGUT

3c2L1R1B2L→
MG

3c2L1YZ2→
MZ

3c1QZ2 , ~7!

MGUT;1016 GeV, MG;MGUT with MG,MGUT and
MZ.100 GeV, and supersymmetry is broken atMs.103

GeV. TheZ2 symmetry, which appears at the second stage
the symmetry breaking in~7!, is the discrete$1,21% symme-
try, subgroup of both theZ4 center of SO~10! and of
U~1!B2L subgroup of SO~10!. Recall that when we write
SO~10! we really mean its universal covering group spin~10!.
The Z2 symmetry acts as matter parity. It preserves lar
values for the proton lifetime and stabilizes the LSP; it
thus necessary that thisZ2 symmetry be kept unbroken down
to low energies.

We can look for topological defect formation in the sym
metry breaking pattern using topological arguments@8#.
Since spin~10!, the universal covering group of SO~10!, is
simply connected, the second homotopy gro
p2„spin(10)/3c2L1R1B2L…5p1(3c2L1R1B2L)5Z%Z is
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nontrivial. Therefore, according to the Kibble mechanis
@8#, topological monopoles form during the first phase tra
sition in equation ~7! when SO~10! breaks down to
3c2L1R1B2L . They have a massMm10

17 GeV. Furthermore,
the second homotopy groupsp2(spin(10)/3c2L1YZ2)5
p1(3c2L1YZ2)5Z and p2(spin(10)/3c1QZ2)5
p1(3c1QZ2)5Z are nontrivial so that the monopoles are t
pologically stable down to low energies. These monopole
present today would dominate the energy density of the u
verse, and are thus in conflict with cosmological observ
tions.

Now the first homotopy groupp1(3c2L1R1B2L /
3c2L1QZ2) is nontrivial and therefore topological cosmi
strings form according to the Kibble mechanism during t
second phase transition in equation~7!, when the
3c2L1R1B2L symmetry group breaks down to 3c2L1YZ2 .
The strings connect half of the monopole-antimonopole pa
formed earlier@7#. Some closed strings can also form. Th
strings can break with monopole-antimonopole pair nuc
ation. The monopoles get attracted to each other and
whole system of strings disappear@14#. Nevertheless, the
other half of the monopoles remain topologically stable.
present today, these monopoles would lead to a cosmolog
catastrophe.

Now the rank of 3c2L1R1B2L is equal to five, as the rank
of SO~10!, and is therefore greater than the rank
3c2L1YZ2 from one unit. Thus we can couple the inflato
field with the Higgs field mediating the breaking o
3c2L1R1B2L down to 3c2L1YZ2 , see Sec. II, and the mono
pole problem can be cured. If the monopoles are pus
away before the phase transition leading to the strings f
mation takes place, then the evolution of the string netwo
is quite different than previously said. It is that of topolog
cally stable cosmic strings.

IV. MODEL BUILDING

A. Ingredients

In this section, we explain how to implement the symm
try breaking pattern given in Eq.~7!. The model solves the
doublet-triplet splitting and includes an inflationary scena
as described in Sec. II.

In order to implement the symmetry breaking patte
given in Eq.~7!, and in order to preserve theZ2 symmetry
unbroken down to low energy, see Eq.~7!, we must only use
Higgs fields in ‘‘safe’’ representations@5#, such as the ad-
joint 45, the 54, the 126 or the 210-dimensional represen
tions.

In order to implement the first stage of the symmet
breaking, we could use only one Higgs in the 21
dimensional representation; unfortunately the model wo
then not solve the doublet-triplet splitting problem. The latt
can be easily solved using the Dimopoulos-Wilczek mech
nism @2#, using two Higgs, one in the adjoint 45-dimension
representation and one in the 54-dimensional one. The V
of the adjoint 45, which we callA45, which implements the
Dimopoulos-Wilczek mechanism is in theB-L direction, and
breaks SO~10! down to 3c2L2R1B2L . The Higgs in the 54
dimensional representation, which we callS54, breaks
SO~10! down to 4c2L2R . Altogether the SO~10! symmetry is
broken down to 3c2L2R1B2L .
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We want to break SO~10! directly down to
3c2L1R1B2L , we therefore need more Higgs. We use a
other 54, which we callS548 , and another 45, which we cal
A458 , in theT3R direction. The latter breaks SO~10! down to
4c2L1R . S548 and A458 break together SO~10! down to
4c2L1R .

The role of S54 and S548 is to force A45 and A458 into
B2L and T3R directions. SO~10! breaks down to
3c2L1R1B2L with A45, S54, A458 , andS548 acquiring VEV’s,
and as mentioned in Sec. III, topologically stable monopo
form.

During the second stage of symmetry breaking, see
~7!, the rank of the group is lowered by one unit. Indeed t
rank of 3c2L1R1B2L is equal to the rank of SO~10! which is
5 whereas the rank of 3c2L1YZ2 is 4. We can therefore
implement a false vacuum hybrid inflationary scenario
described in Sec. II, if we couple the inflaton field to th
Higgs field used to break the intermediate symmetry gau
group 3c2L1R1B2L . The monopole problem can be solve
and cosmic strings can form at the end of inflation when t
3c2L1R1B2L symmetry group breaks down to the standa
model gauge group with unbroken matter parit
3c2L1YZ2 .

To break 3c2L1R1B2L , we use a 1261126̄pair of Higgs
fields, which we callF126 andF̄126. The latter are safe rep-
resentations@5# and therefore keeps theZ2 symmetry unbro-
ken. A16116̄ pair of Higgs fields usually used for the sam
purpose would break theZ2 symmetry. The VEV of the126
and126̄are in theX direction, the U~1! symmetry of SO~10!
which commutes with SU~5!. They break SO~10! down to
SU~5!3Z2 . All together, i.e., withA45, S54, A458 , S548 ,
F126, and F̄126 acquiring VEV’s, the SO~10! symmetry
group is broken down to 3c2L1YZ2 .

The symmetry breaking of the standard model is th
achieved using two Higgs in the 10-dimensional represen
tion of SO~10!, H10 andH108 .

To summarize, the symmetry breaking is implemented
follows:

SO~10! ——→
^A45&^S54&^A458 &^S548 &

3c2L1R1B2L ——→
^F126&^f126&

33c2L1YZ2 ——→
^H108 &^H108 &

3c1QZ2 . ~8!

B. The superpotential

We now write down the superpotential involving th
above mentioned fields. A consequence of the superpoten
is the symmetry breaking pattern given in Eq.~7!, which
involves an inflationary sector.

As discussed above, our model involves four sectors. T
first sector implements the doublet-triplet splitting and i
volvesA45, with VEV in the U~1!B2L direction. It also in-
volvesS54 and two Higgs 10-plets,H andH8. The superpo-
tential in the first sector is given byW11W2 , with, dropping
the subscripts,

W15mAA
21mSS

21lSS
31lAA

2S ~9!

and
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W25HAH81mH8H82. ~10!

W1 has a global minimum such that the SO~10! symmetry
group is broken down to 3c2L2R1B2L , with A45 and S54
acquiring VEV’s.W2 implements the doublet-triplet split-
ting; H andH8 break SU~2! L3U~1!Y down to U~1!Q .

The second sector involvesA458 , with VEV in the T3R
direction, andS548 . The superpotential in the second sector
given by

W35mA8A821mS8S821lS8S831lA8A82S8. ~11!

W3 has a global minimum such that the SO~10! symmetry
group is broken down to 3c2L2R1B2L , with A458 and S548
acquiring VEV’s.

The superpotentialW11W21W3 has a global minimum
such that the SO~10! symmetry is broken down to
3c2L1R1B2L , with A45, S54, A458 , andS548 acquiring VEV’s.

The third sector involvesF126 and F̄126, and breaks
SO~10! down to SU~5! 3Z2 . In order to force theF126 and
F̄126 fields to get their VEV’s the order of the GUT scale, w
use a scalar fieldS singlet under SO~10!. The superpotential
is of the form, dropping the subscript

W45aS F̄F2m2S . ~12!

a andm are both positive and we must havem/Aa5MG ,
with MG.101521016 GeV for the unification of the gauge
coupling constants. Identifying the scalar fieldS with the
inflaton field,W4 leads to a false vacuum hybrid inflationar
scenario, as described in Sec. II.

The superpotentialW11W21W31W4 has a global mini-
mum such that the 3c2L1R1B2L symmetry group is broken
down to the standard model gauge group with unbroken m
ter parity, 3c2L1YZ2 , with A45, S54, A458 , S548 , F126, and
F̄126 acquiring VEV’s.

The full superpotentialW5W11W21W31W4 does not
involve terms mixingA458 andS54, S548 andA45 etc . . . . In
other words the three sectors are independent. Thanks to
nonrenormalizable theorem, we are not obliged to wr
down these terms, and it is not compatible with any ex
discrete symmetry@15#, therefore we do not have to fear an
domain wall formation when the symmetry breaks. Neve
theless, in order to avoid any undesirable massless Golds
Bosons, the three sectors have to be related. The two
sectors, which involve the adjointsA45 andA458 , can be re-
lated introducing a third adjointA459 whose VEV does not
have the Dimopoulos-Wilczek form, and adding a term
the form Tr(AA8A9) to the superpotential@15#. The latter
does neither affect the symmetry breaking pattern, nor
inflationary scenario discussed below. The light states res
ing from the separation of theF andF̄ sector from the rest
are complete multiplets of SU~5! @since the VEVs ofF and
F̄ are SU~5! invariant# and therefore do not affect the cos
mological scenario, and they do not affect the running of t
gauge couplings either. The full superpotential of the mo
is therefore
is
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W5mAA
21mSS

21lSS
31lAA

2S1HAH81mH8H82

1mA8A821mS8S821lS8S831lA8A82S81aS F̄F

2m2S 1AA8A9. ~13!

In Eq. ~13!, A2 really means Tr(A2), A2S really means Tr
(A2S), etc. The superpotential given in Eq.~13! leads to the
desired pattern of symmetry breaking and the VEV’s
A45, S54, A458 , S548 , F126, andF̄126 are given as follows~see
Appendix!. The adjoint^A45& is in theB-L direction,

^A45&5h ^diag~a,a,a,0,0! ~14!

whereh5(21
0

0
1) and a;MGUT. ^S54& is a traceless sym-

metric tensor given by

^S54&5I ^diagS x,x,x,2 3

2
x,2

3

2
xD , ~15!

where I is the unitary 232 matrix and x52mA /2lA .
^A458 & is in theT3R direction,

^A458 &5h ^diag~0,0,0,a8,a8!, ~16!

wherea8;MGUT. S548 is a traceless antisymmetric tensor,

^S548 &5I ^diagS x,8x8,x8,2 3

2
x8,2

3

2
x8D , ~17!

wherex852mA8 /3lA8.

^uF126u&ncnc5^uF̄126u&ncnc5d. ~18!

With the VEV’s chosen above, ifS50, d5m/Aa, and
the superpotential has a global minimum such that t
SO~10! symmetry is broken down to the standard mod
gauge group with unbroken matter parity SU~3! c3SU~2! L
3U~1!Y3Z2 , and supersymmetry is unbroken~see the Ap-
pendix!.

V. THE INFLATIONARY EPOCH

In this section we evaluate the details of the symme
breaking pattern and of the inflationary scenario. We wr
down the scalar potential and find values of the scalar c
pling constant and the mass scalesMG andMGUT for which
the inflationary scenario is successful.

We are interested in the dynamics of the symmetry bre
ing pattern and how the inflationary scenario fits in the sy
metry breaking pattern. We therefore need to study the sc
potential. In order fully to understand the dynamics of th
model, one would need to use finite temperature field theo
Nevertheless, study of the scalar potential derived from
superpotential given in Eq.~13! leads a good understandin
of the field evolution. The scalar potential is given by

V5~2mAA12lAAS!21~2mSS13lSS
21lAA

2!2

1~2mA8A812lA8A8S8!21~2mS8S813lS8S82

1lA8A82!21a2uS F̄u21a2uS Fu21uaF̄F2m2u2.

~19!
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We remind the reader thatA andA8 are two Higgs fields in
the 45-dimensional representation of SO~10! with VEV in
theB2L andT3R directions, respectively.S andS8 are two
Higgs fields in the 54-dimensional representation of SO~10!.
F andF̄ are two Higgs in the126and126̄ representations,
with VEVs in the right-handed neutrino direction. The scal
field S is a scalar field singlet under SO~10!. It forcesF and
F̄ to get VEV of the order of the GUT scale. The scalar fie
S is identified with the inflaton field.a and m are both
positive constants which must satisfy the relatio
m/Aa5MG . The potential is minimized for
arg(F)1arg(F̄)50, (a.0), and it is independent of
arg(S )1arg(F) and arg(S )1arg(F̄). We rewrite the po-
tential with the new fields which minimize the potentia
keeping the same notation for the old and new fields. T
scalar potential becomes

V5~2mAA12lAAS!21~2mSS13lSS
21lAA

2!2

1~2mA8A812lA8A8S8!21~2mS8S813lS8S82

1lA8A82!214a2uS u2uFu21~auFu22m2!2

1
1

2
m2uS u2, ~20!

where we have also introduced a soft supersymmetry bre
ing term forS, andm;103 GeV.

The scalar potential is flat in theS direction; we thus
identify the scalar fieldS with the inflaton field. We suppose
chaotic initial conditions; that is we suppose that all th
fields have initial values of the order of the Planck scale. W
then minimize the superpotential for fixedS . We easily find
that forS .m/Aa5sc , ~recall thatm,a.0), there is a local
minimum corresponding touFu5uF̄u50, andA, A8, S and
S8 taking values as given above in Eqs.~14!, ~15!, ~16!, and
~17!. Since all the fields are assumed to take initial values
the order of the Planck scale, the inflaton field has an ini
value greater thanm/Aa. Then, because the potential is fla
in the inflaton direction, the fieldsF, F̄, A, A8, S andS8
settle quickly to the local minimum corresponding to^S&,
^A&, ^S8&, and ^A8& as in Eqs.~14!, ~15!, ~16!, and ~17!
respectively, and̂uFu&5^uF̄u&50. The first phase transition
takes place and the SO~10! symmetry group breaks down to
the 3c2L1R1B2L symmetry group. As shown in Sec. III, to
pologically stable monopoles form according to the Kibb
mechanism@8# during this first phase transition.

Once the fieldsA, S, A8, andS8 have settled down to
their minimum, since the first derivatives]V/]A, ]V/]S,
]V/]A8, and]V/]S8 are independent ofF andS , the fields
A, A8, S, andS8 will stay in their minimum independently
of what the fieldsF andS do. When the VEV of the infla-
ton field is greater thanm/Aa5sc , uFu5uF̄u50, FS term
has a nonvanishing VEV, which means that supersymme
is broken in theS direction, by an amount measured by th
VEV of the S superfield. There is a nonvanishing vacuu
energy density,V5m4. An inflationary epoch~an exponen-
tially extending universe! can start.

As has been pointed out recently@12#, the fact that super-
symmetry is broken for̂S &.^S &c implies that the one loop
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corrections to the effective potential are nonvanishing. The
are given by@11#

DV~S !5S i

~21!F

64p2 Mi~S !4lnSMi~S !

L2 D , ~21!

where the summation is over all helicity states for both fe
mions and bosons.L denotes a renormalization mass an
(21)F indicates that the bosons and fermions make oppos
sign contributions to the sum; (21) stand for the fermions.
Therefore the one loop effective potential obtained from Eq
~20! and ~21! is given by@11#

Veff5m4bX11
a2

32p2 F2 lnS a2s2

L2 D1S as2

m2 21D 2lnS 12
m2

as2D
1S as2

m2 11D 2lnS 11
m2

as2D G1
m2

2m4 s
2bC, ~22!

where s5^S &@. Now m.103 GeV andm/Aa;1015216

GeV, hence unlessa!1, the soft supersymmetry breaking
term can be neglected. Its contribution to the scalar potent
is negligible. Fors.sc , the quantum corrections to the ef-
fective potential helpS to roll down its minimum. Below
sc , the S field is driven to zero by the positive term
a2uS u2uFu2 which becomes larger with increasinguFu. Rap-
idly theF, F̄, andS fields settle down the global minimum
of the potential, corresponding tôF&ncnc5F̄ncnc5m/Aa
ands50. This does not affect the VEV’s of theS, A, S8,
and A8 fields which remain unchanged. The 3c2L1R1B2L
symmetry group breaks down to 3c2L1YZ2 . As shown in
Sec. III, topological cosmic strings form during this phas
transition. If inflation ends after the phase transition, th
strings may be inflated away.

Inflation ends when the ‘‘slow roll’’ condition is violated.
The slow roll condition is characterized by@10#,

e!1, h!1, ~23!

where

e5
Mp

2

16p SV8

V D 2, h5
Mp

2

8p SV9

V D ~24!

and the prime refers to derivatives with respect tos. As
pointed out by Copelandet al. @10#, the slow-roll condition is
a poor approximation. But as shown in@10#, the number of
e-foldings which occur between the time whenh and e
reach unity and the actual end of inflation is a tiny fraction o
unity. It is therefore sensible to identify the end of inflation
with e andh becoming of order unity.

From the effective potential~22! and the slow-roll param-
eters~24! we have@11#

e5S a2Mp

8p2MG
D 2 x2

16p F ~x221!lnS 12
1

x2D
1~x211!lnS 11

1

xD G
2

, ~25!
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5432 53RACHEL JEANNEROT
h5S aMp

2pMG
D 2 1

16p F ~3x221!lnS 12
1

x2D
1~3x211!lnS 11

1

xD G
2

, ~26!

wherex is such thats5xsc . The phase transition down to
the standard model occurs whenx51. The results are as
follows. We find the values of the scalar couplinga, the
scaleMGUT and the scaleMG which lead to successful infla-
tion. For a>35243, MG;101521016 GeV, e is always
greater than unity, and the slow roll condition is never sat
fied. The scaleMGUT at which the monopoles form satisfie
M pl>MGUT>101621017 GeV. For a<0.0220.002 and
MG;101521016 GeV, neitherh nor e ever reaches unity.
S reachesS c during inflation. Inflation must end by the
instability of theF andF̄ fields. In that case, inflation end
in less than a Hubble time@10# onceS reachesS c . Cosmic
strings, which form whenx51, are not inflated away. The
scale MGUT at which the monopoles form must satisf
Mpl>MGUT>101621017 GeV. For the intermediates value
of a, inflation occurs, and ends when eithere or h reaches
unity; the string forming phase transition takes places on
inflation completed.

VI. FORMATION OF COSMIC STRINGS

In this section we give general properties of the strin
which form at the end of inflation when the 3c2L1R1B2L
symmetry group breaks down to 3c2L1YZ2 . We find their
width and their mass, give a general approach for their int
actions with fermions and study their superconductivity.

A. General properties

Recall that, since the first homotopy grou
p1(3c2L1R1B2L /3c2L1YZ2) is nontrivial, cosmic strings
form during the second phase transition@see Eq.~7!# when
the 3c2L1R1B2L symmetry breaks down to 3c2L1YZ2 . We
note that the subspace spanned byR and B2L is also
spanned byX andY. The generator of the string correspond
to the U~1! of SO~10! which commutes with SU~5!, and the
gauge field forming the string is the corresponding gau
field, which we callX. The strings are Abelian and phys
cally viable. The model does not give rise to Alice string
like most of the non-Abelian GUT phase transitions whe
Abelian and non-Abelian strings form at the same time. T
is a good point of the model, since Alice strings give rise
quantum number nonconservation, and are therefore in c
flict with the standard cosmology. The strings arising in o
model can be related to the Abelian strings arising in t
symmetry breaking pattern of SO~10! down to to the stan-
dard model with SU~5! 3Z2 as intermediate scale, since the
have the same generator; the latter have been widely stu
in the nonsupersymmetric case@16,17#. Nevertheless, in our
model, inside the core of the string, we do not have
SO~10! symmetry restoration, but a 3c2L1R1B2L symmetry
restoration. We therefore don’t have any gauge fields me
ating baryon number violation inside the core of the string
but one of the fields violatesB2L. We also expect the su
persymmetric strings to have different properties and diff
is-
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ent interaction with matter due to the supersymmetry res
ration inside the core of the string. These special proper
will be studied elsewhere.

The two main characteristics of the strings, their wid
and their mass, are determined through the Compton wa
length of the Higgs and gauge bosons forming the strin
The Compton wavelength of the Higgs and gauge bosons
respectively

dF126
;mF126

21 5~2aMG!21 ~27!

and

dX;mX
215~A2eMG!21, ~28!

wheree is the gauge coupling constant in supersymme
SO~10! and it is given bye2/4p51/25 andMG is the scale
at which the strings form.

As mentioned above, the strings formed in our model c
be related to those formed during the symmetry break
pattern SO~10! →SU~5!3U~1!→SU~5!3Z2 . These strings
have been studied by Aryal and Everett@16# in the nonsu-
persymmetric case. Using their results, with appropri
changes in the gauge coupling constant and in paramete
the Higgs potential, we find that the string mass per u
length of the string is given by

m.~2.523!~MG!2, ~29!

for the scalar couplinga ranging from 531022 to
231021. Recall that the mass per unit- ength characteri
the entire properties of a network of cosmic strings.

B. No superconducting strings

One of the most interesting feature of GUT strings is th
superconductivity. Indeed, if they become superconduc
at the GUT scale, then vortons can form and dominate
energy density of the universe; the model loses all its in
est. The strings arising in our model are not superconduc
in Witten’s sense@18#. They nevertheless can become cu
rent carrying with spontaneous current generation at the e
troweak scale through Peter’s mechanism@19#. But it is be-
lieved that this does not have any disastrous impact on
standard cosmology. It has been shown in the nonsupers
metric case that the Abelian strings arising when SO~10!
breaks down to SU~5!3Z2 have right-handed neutrino zer
modes@20#. Since the Higgs field forming the string is
Higgs boson in the126 representation which gives mass
the right-handed neutrino and winds around the string,
expect the same zero modes on our strings. Since super
metry is restored in the core of the string, we also exp
bosonic zero modes of the superpartner of the right-han
neutrino. Now, the question of whether or not the string w
be current carrying will depend on the presence of a prim
dial magnetic field, and the quantum charges of the rig
handed neutrino with respect to this magnetic field. If there
a primordial magnetic field under which the right-hand
neutrino has a nonvanishing charge, then the current wil
able to charge up. On the other hand, if such magnetic fi
does not exist, or if the right-handed neutrino is neutral, th
there will be nothing to generate the current of the strin
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Although it is possible to produce a primordial magnet
field in a phase transition@21#, we do not expect the fields
produced through the mechanism of Ref.@21# to be able to
charge up the current on the string, since the latter are c
related on too large scales. Nevertheless, the aim of this
tion is to show that the strings will not be superconducting
the GUT scale in any case. We can therefore assume a w
situation, that is, suppose that the magnetic fields are co
lated on smaller scales, due to any mechanism for primor
magnetic field production any time after the Planck scale.
our model, cosmic strings form when 3c2L1R1B2L breaks
down to 3c2L1YZ2 . Therefore the symmetric phas
3c2L1YZ2 will be associated with color, weak and hype
charge magnetic fields. The color and weak magnetic fie
formed when SO~10! broke down to 3c2L1R1B2L , and and
the hypercharge magnetic field formed at the followin
phase transition, formed from theR and B2L magnetic
fields. Since the charges of the right-handed neutrino w
respect to the color, weak and hypercharge magnetic fie
are all vanishing, no current will be generated.

We conclude that the strings will not be superconducti
at the GUT scale. They might become superconducting at
electroweak scale, but this does not seem to affect the s
dard big-bang cosmology in any essential way.

If the strings formed at the end of inflation are still prese
today, they would affect temperature fluctuations in the CB
and have affected large scale structure formation.

VII. OBSERVATIONAL CONSEQUENCES

We show here that the strings formed at the end of infl
tion may be present today. We find the scaleMG at which
cosmic strings form and the scalar coupling of the inflat
field which are consistent with the temperature fluctuatio
observed by COBE. We then examine the dark-matter c
tent of the model and make a qualitative discussion regard
large scale structure formation.

A. Temperature fluctuations in the CBR

If both inflation and cosmic strings are part of the sc
nario, temperature fluctuations in the CBR are the result
the quadratic sum of the temperature fluctuations from infl
tionary perturbations and cosmic strings.

The scalar density perturbations produced by the infl
tionary epoch induce temperature fluctuations in the CB
which are given by@11#

S dT

T D
inf

.A32p

45

V3/2

V8Mpl
3Uxq ~30!

'~8pNq!
1/2SMG

Mpl
D 2, ~31!

where the subscript indicates the value ofS as the scale
~which evolved to the present horizon size! crossed outside
the Hubble horizon during inflation, andNq (;50260) de-
notes the appropriate number ofe-foldings. The contribution
to the CBR anisotropy due to gravitational waves produc
by inflation in this model is negligible.
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The cosmic strings density perturbations also induce C
anisotropies given by@22#

S dT

T D
c.s.

'9Gm, ~32!

wherem is the strings mass per unit length, which is give
by Eq. ~29!. It depends on the scalar couplinga. Since the
later is undetermined, we can use the order of magnitude

m;h2, ~33!

which holds for a wide range of the parametera; see Eq.
~29! and Ref.@16#. In Eq. ~33!, h is the symmetry breaking
scale associated with the strings formation, hereh5MG .

Hence, from Eqs.~31! and ~32! the temperature fluctua-
tions in the CBR are given by

S dT

T D
tot

'AS dT

T D
inf

2

1S dT

T D
c.s.

2

~34!

'A8pNq181SMG

Mpl
D 2. ~35!

The temperature fluctuations from both inflation and cosm
strings add quadratically. Since they are both proportiona
MG /Mpl their computation is quite easy.

An estimate of the couplinga is obtained from the rela-
tion @11#

a

xq
;
8p3/2

ANq

MG

Mpl
. ~36!

With xq;10, using Eqs.~35! and~36! and using the den-
sity fluctuations measured by COBE.1.13310(25) @23# we
get

a.0.03, ~37!

MG.6.71015 GeV. ~38!

With these values, we find thath reaches unity when
x.1.4 and the scaleMGUT at which the monopoles form
must satisfy

Mpl>MGUT>6.7 1016 GeV, ~39!

whereMpl is the Planck mass.1.221019 GeV.
From the above results, we can be confident that

strings forming at the end of inflation should still be aroun
today.

Now that we have got values for the scalar couplinga
and the scaleMG at which the strings form, the Compton
wavelength of the Higgs and gauge bosons forming t
strings given by Eqs.~27! and ~28! can be computed. We
find

dF126
;mF126

21 ;0.4210228 cm ~40!

for the Compton wavelength of the Higgs field forming th
string and
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5434 53RACHEL JEANNEROT
dX;mX
21;0.2910229 cm ~41!

for the Compton wavelength of the strings gauge bos
dF126

.dX thus the strings possess an inner core of fa

vacuum of radiusdF126
and a magnetic flux tube with a

smaller radiusdX . The string energy per unit length is give
by Eq. ~29!, thus, using above results, we have

Gm;7.731027, ~42!

whereG is Newton’s constant. The results are slightly a
fected by the number ofe-folding and by the order of mag-
nitude ~33! used to compute the temperature fluctuations
the CBR due to cosmic strings in Eqs.~34! and ~35!. Once
we have found the value for the scalar couplinga for suc-
cessful inflation, we can redo the calculations with a bet
initial value for the string mass per unit length; see Eq.~29!;
the scalar couplinga is unchanged. The results are summ
rized in Table I.

B. Dark matter

We specify here the nature of dark matter generated
the model.

If we go back to the symmetry breaking pattern of th
model given by Eq.~7!, we see that a discreteZ2 symmetry
remains unbroken down to low energy. ThisZ2 symmetry is
a subgroup of both theZ4 center of SO~10! and of
U~1!B2L subgroup of SO~10!. This Z2 symmetry acts as
matter parity. It preserves large values for the proton lifetim
and stabilizes the lightest superparticle. The LSP is a go
cold dark matter candidate.

The second stage of symmetry breaking in Eq.~7! is
implemented with the use of a1261126̄pair of Higgs mul-
tiplets, with VEV’s in the direction of the U~1!X of SO~10!
which commutes with SU~5!. The126̄multiplet can couple
with fermions and give superheavy Majorana mass to
right-handed neutrino, solving the solar neutrino problem
the MSW mechanism@6# and providing a good hot dark
matter candidate. This can be done if all fermions are
signed to the 16-dimensional spinorial representation
SO~10!. In that case, couplings of the formf C̄C126̄, where
C denotes a 16-dimensional spinor to which all fermio
belonging to a single family are assigned, provide righ

TABLE I. The table shows the values obtained for the sca
MG at which the strings form, the scalar couplinga, the Higgs and
gauge boson Compton wavelengthsdF anddX of the strings, and
Gm, wherem is the strings mass per unit length andG is the
Newton’s constant, for different values of the number
e-foldingsNq and for different initial values used for their compu
tation for the string mass-per-unit length.

Nq 50 50 60 60
m init h2 2.5h2 h2 2.5h2

MG 6.831015 6.331015 6.531015 6.131015

a 0.03 0.03 0.03 0.29
dF 0.42310228 0.44310228 0.43310228 0.46310228

dX 0.29310229 0.31310229 0.30310229 0.32310229

Gm 7.731027 6.731027 7.131027 6.331027
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handed neutrinos masses of ordermR.1012 GeV, if
f;1024 GeV. Neutrinos also get Dirac masses which a
typically of the order of the mass of the up-type quark of th

corresponding family; for instancemD
ne.mu . After diagonal-

izing the neutrino mass matrix, one finds that the righ
handed neutrino massmnR

.mR and the left-handed neutrino

massmnL
.mD

2 /mR . With the above values we get

mne;1027 eV, ~43!

mnm;1023 eV, ~44!

mnt;10 eV. ~45!

The tau neutrino is a good hot dark matter candidate.
Our model thus provides both CDM and HDM and

consistent with mixed cold and hot DM scenarios.
It is interesting to note that CDM and HDM are, in thi

model, related to each other. Indeed, theZ2 symmetry in Eq.
~7!, which stabilizes the LSP, is kept unbroken because
1261126̄ and not16116̄ pair of Higgs fields are used to
break U(1)B2L . If a 16 dimensional Higgs representatio
were used, the right-handed neutrino could not get a sup
heavy Majorana mass and thus no HDM could be provid
also theZ2 symmetry would have been broken, and thus t
LSP destabilized. The1261126̄pair of Higgs fields provide
superheavy Majorana to the right-handed neutrino and ke
theZ2-parity unbroken. It leads to both HDM and CDM. W
conclude that, in this model, CDM and HDM are intimate
related. Either the model provides both cold and hot da
matter, or it does not provide any. Our model provides bo
CDM and HDM.

C. Large scale structure

We give here only a qualitative discussion of the cons
tency of the model with large scale structure. We do n
make any calculations which would require a full study o
their own. We can nevertheless use various results on la
scale structure with inflation or cosmic strings. Since we d
termined the nature of dark matter provided by the mod
we may make sensible estimations about the the consiste
of the model with large scale structure.

Presently there are two candidates for large scale struc
formation, the inflationary scenario and the topological d
fects scenario with cosmic strings. Both scenarios are alw
considered separately. Indeed, due to the difference in
nature of the density perturbations in each of the mode
density perturbation calculations due to a mixed strings a
inflation scenario are not straightforward. Indeed in t
inflation-based models density perturbations are Gauss
adiabatic whereas in models based on topological defe
inhomogeneities are created in an initially homogeneo
background@24#.

In the attempt to explain large scale structure, inflatio
seeded cold dark matter models or strings models with HD
are the most capable@24#. In adiabatic perturbations with ho
dark matter small scale perturbations are erased by f
streaming whereas seeds like cosmic strings survive f
streaming and therefore smaller scale fluctuations in mod
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with seeds1 HDM are not erased, but their growth is onl
delayed by free streaming.

Our model involves both hot and cold dark matter, a
both inflation and cosmic strings. It is therefore sensible
suggest that our model will be consistent with large sc
structure formation, with the large scale fluctuations resu
ing from the inflationary scenario and small scale fluctu
tions being due to cosmic strings.

VIII. CONCLUSIONS

We have successfully implemented a false vacuum hyb
inflationary scenario in a supersymmetric SO~10! model. We
first argued that this type of inflationary scenario is a natu
way for inflation to occur in global supersymmetric SO~10!
models. It is natural, in the sense that the inflaton fie
emerges naturally from the theory, no external field and
external symmetry has to be added. The scenario does
require any fine tuning. In our specific model, the SO~10!
symmetry is broken via the intermediate 3c2L1R1B2L sym-
metry down to the standard model with unbroken matter p
ity 3c2L1YZ2 . The model gives a solution for the double
triplet splitting via the Dimopoulos-Wilczek mechanism.
also suppresses rapid proton decay.

The inflaton, a scalar field singlet under SO~10!, couples
to the Higgs mediating the phase transition associated w
the breaking of 3c2l1R1B2L down to the standard model
The scenario starts with chaotic initial conditions. Th
SO~10! symmetry breaks atMGUT down to 3c2L1R1B2L and
topologically stable monopoles form. There is a nonvanis
ing vacuum energy density, supersymmetry is broken, and
exponentially extending epoch starts. Supersymmetry is b
ken, and therefore quantum corrections to the scalar poten
can not be neglected. The latter help the inflaton field to r
down its minimum. At the end of inflation the 3c2L1R1B2L
breaks down to 3c2L1YZ2 , at a scaleMG , and cosmic
strings form. They are not superconducting.

Comparing the CBR temperature anisotropies measu
by COBE with that predicted by the mixed inflation-cosm
strings scenario, we find values for the scalar couplinga and
for the scaleMG at which the strings form.MGUT is calcu-
lated such that we get enoughe-foldings to push the mono-
poles beyond the horizon. The results are summarized
Table I. The evolution of the strings is that of topological
stable cosmic strings. The model is consistent with a mix
HCDM scenario. Left-handed neutrinos get very sm
masses and the tau neutrino may serve as a good HDM
didate. They could also explain the solar neutrino proble
via the MSW mechanism. The unbroken matter parity sta
lizes the LSP, thus providing a good CDM candidate.
qualitative discussion leads to the conclusion that the mo
is consistent with large scale structures, very large sc
structures being explained by inflation and cosmic strin
explaining structures on smaller scales. An algebraic inv
tigation for this purpose would be useful, but will requir
further research.
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APPENDIX: MINIMIZING THE SUPERPOTENTIAL

In this Appendix, we find the true minimum of the supe
potential of the model. We calculate theF terms and find the
VEV’s of the Higgs fields which correspond to the globa
minimum.

The full superpotential of the model is given by Eq.~13!,

W5mAA
21mSS

21lSS
31lAA

2S1HAH81mH8H82

1mA8A821mS8S821lS8S831lA8A82S81aS F̄F

2m2S 1 Tr~AA8A9!. ~A1!

whereA and A8 are 54-dimensional Higgs representation
therefore traceless second rank antisymmetric tensors. T
in the 10-dimensional representation of SO~10! they are of
the form, with appropriate subscripts,

^S54&5I ^diagS x,x,x,2 3

2
x,2

3

2
xD ~A2!

and

^S548 &5I ^diagS x,8x8,x8,2 3

2
x8,2

3

2
x8D , ~A3!

wherex andx8 are the order ofMGUT and are determined by
the vanishing condition of theF terms. The Higgs bosons
A45 andA458 are 45-dimensional representations and must
in the B2L and T3R directions respectively~see Sec. IV!.
Therefore in the 10-dimensional representation of SO~10!
A45 andA458 are given by

^A45&5h ^diag~a,a,a,0,0!, ~A4!

wherea;MGUT and

^A458 &5h ^diag~0,0,0,a8,a8!, ~A5!

wherea8;MGUT. TheF andF̄ fields are Higgs bosons in
the 126 and F̄-dimensional representations. TheF and F̄
fields must break the U~1!X symmetry which commutes with
SU~5!, and thus acquire VEV’s in the right-handed neutrin
direction. From the vanishing condition for theD terms,
^F&5^F&and thus, with appropriate subscripts,

^F126&ncnc5^F̄126&ncnc5d, ~A6!

whered;MG .
The true vacuum corresponds toF terms vanishing. Su-

persymmetry is unbroken. Using the same notation for
scalar component than for the superfield, theF terms are
given by

FA52mAA12lAAS, ~A7!

FS52mSS13lSS
21lAA

2, ~A8!

FA852mA8A812lA8A8S8, ~A9!
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FS‘52mS8S813lS8S821lA8A82, ~A10!

FF5aS F̄, ~A11!

FF̄5aS F, ~A12!

FS 5aF̄F2m2. ~A13!

Using the VEV’s of the Higgs fields given above, we eas
get the VEV’s of theF terms. The vanishing condition fo
the latter leads to the following relations, for each term r
spectively:

mAa12lAax50, ~A14!

2mSx1
3

4
lSx

21
1

5
lAa

250, ~A15!

2mA8a823lA8a8x850, ~A16!
ily
r
e-

2mS8x81
3

4
lS8x8

22lA8a8250, ~A17!

asd50, ~A18!

ad22m250, ~A19!

wheres is the VEV of the scalar fieldS . We note that the
roles of the 54 dimensional representationsS54 andS548 are to
force the adjointA45 andA458 into B2L andT3R directions.
With the VEV’s chosen above, see Eqs.~A2!, ~A4!, ~A3!,
~A5!, and ~A6!, if s50 andd5m/Aa the potential has a
global minimum, such that the SO~10! symmetry is broken
down to SU~3! c3SU~2! L3U~1!R3U~1!B2L and supersym-
metry is unbroken and we havex52mA /3lA and
x852mA8 /3lA8. a;MGUT, a8;M GUT, andm/Aa;MG ,
whereMG;1015216 GeV andMG<MGUT<Mpl andMpl is
the Planck mass;1019 GeV.
.
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