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Supersymmetric SQ10) model with inflation and cosmic strings
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We have built a supersymmetric 80) model consistent with cosmological observations. The model gives
rise to a false vacuum hybrid inflationary scenario which solves the monopole problem. We argue that this type
of inflationary scenario arises naturally in supersymmetri¢1®Dmodels. 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 inflation,
cosmic strings form. The properties of the strings are presented. The cosmic background radiation anisotropies
induced by the inflationary perturbations and the cosmic strings are estimated. The model produces a stable
lightest superparticle and a very light left-handed neutrino which may serve as the cold and hot dark matter.
The properties of a mixed scenario of cosmic string and inflationary large-scale structure formation are dis-
cussed[S0556-282196)06510-1

PACS numbgs): 98.80.Cq, 11.27%-d, 12.10.Dm, 12.60.Jv

I. INTRODUCTION than one intermediate symmetry breaking scale. Domain
Supersymmetric S@0) models have received much in- wa!ls and monqpoles lead to.a cosmological catastrophe,
while cosmic strings can explain large scale structures, part

ter_e.st in the past ten )_/ears.__G!D) IS t.he minimal grand of the baryon asymmetry of the universe, and thermal fluc-
un|f|ed gauge group Wh'C.h ur_1|f|es all kinds qf matter, Fhankstuations in the cosmic background radiati@®BR). Since

to |t§ 16—d|men§|onal splnorlal rep_resentann to.wh|ch a”SO(lO) is simply connected and the standard model gauge
ferm!ons belonging to a smgle family can be assigned. Th%roup involves an unbroken(ll) symmetry, which remains
runnlng_of the gauge coupl_lng constants measgred at LEP if)nproken down to low energy, all symmetry breaking pat-
the minimal supersymmetric standard model with supersymearns from supersymmetric $0D) down to the standard
metry broken at 1D GeV merge in a single point at model automatically lead to the formation of topologically
2x10'® GeV [1], hence strongly favoring supersymmetric stable monopoles via the Kibble mechanif8 All super-
versions of grand unified theorig€&SUT’s). The doublet- symmetric S@L0) models are therefore cosmologically irrel-
triplet splitting can be easily achieved in supersymmetricevant without invoking some mechanism for the removal of
SQ(10), through the Dimopoulos-Wilczek mechanidi2].  the monopoles, such as an inflationary scenario. The conclu-
The fermions masses can be beautifully deriy8ll The sions in[7], is that there are only two possibilities for break-
gauge hierarchy problem can be solddl A Z, symmetry  ing SQ(10) down to the standard model which are consistent
subgroup of theZ, center of S@L0) can be left unbroken Wwith observations. SQ0) can break via S(B) ;X SU(2)_
down to low energies, provided only “safe” representations X SU(2) gXU(1) g ; here S@10) must be broken with a

[5] are used to implement the symmetry breaking fromcombination of a 45-dimensional Higgs representation and a
SO(10) down to the standard model gauge group. We shoul@4-dimensional one, and via $&):XSU2) XU
point out here that, when we write $I), we really mean XU(D)g-L. In these models, the intermediate symmetry
its universal covering group, sgit0). TheZ, symmetry can ~ 9roup must be broken down to the standard model gauge

suppress rapid proton decay and provide a cold dark matt&fOUP With unbroken matter parity, $8).XSU2),
candidate, stabilizing the lightest superpartilesP). Fi- <UDy XZ. In supergravity S@0) models, the breaking

. . . . i . of SO(10) via flipped SU5) is also possible.
nally, introducing a pair of Higgs fields in th&26+ 126 In this paper, we study a supersymmetric($® model

representations can give a superheavy Majorana mass to tnﬁ/olving an intermediate  SB).X SUR), X U(1) gX
right-handed neutrino, thus providing a hot dark-matter cany, 1)g_, Symmetry. The resultant cosmological model is
didate and solving the solar neutrino problem through th%ompatible with observations.

Mikheyev-Smirnov-WolfensteiltMSW) mechanisni6]. All In Sec. Il, we describe a hybrid inflationary scenario first
these features make supersymmetriq BIDmodels very at- introduced by[9], and we argue that this type of inflationary
tractive. scenario occurs naturally in global supersymmetriq 18D

In a recent papefi7], we have constrained supersymmet- models. Neither any external field nor any external symmetry
ric SO(10) models using cosmological arguments. We havehas to be imposed. Inflation is driven by a scalar field singlet
in particular studied the formation of topological defects inunder S@10).
all possible symmetry breaking patterns from supersymmet- In the next sections, we construct a specific supersymmet-
ric SO(10) down to the standard model, considering no moreric SO(10) model, as mentioned above. The latter aims to be

consistent with observations. In Sec. lll we study the sym-
metry breaking pattern. We conclude on the proton lifetime
“Electronic address: R.Jeannerot@damtp.cam.ac.uk and on a hot dark-matter candidate provided by the model.
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Using homotopy theory, we find topological defects whichonly safe representationi§] are used to implement the full
form according to the Kibble mechanidi8. symmetry breaking pattern, such as the 10, the 45, the 54 or

In Sec. IV, we explain how to implement the symmetry the 210-dimensional representations. 126+ 126 pair of
breaking pattern which solves the doublet-triplet splittingHiggs fields are used, the right-handed neutrino can get a

and includes the inﬂationary scenario described in Sec. ”Superhea\/y Majorana mass, and the solar neutrino prob]em
We write down the superpotential and find its global mini- can be solved via the MSW mechani$6i.

mum with corresponding Higgs VEV's. In order to force the VEV's of thel6+ 16 or 126+ 126

In Sec. V,_we f—:-valuate the _dynamic_s of the symmetry air of Higgs fields, needed to lower the rank of the group, to
breaking and inflationary scenario, studying the scalar potedrg

! . oe the order of the GUT scale, we can use a scalar fi€ld
tial. It is shown thqt the monopole prOb'e”? may be solve inglet under SAO0). The superpotential can be written as
and that cosmic strings form at the end of inflation. follows:

In Sec. VI, we give general properties of the strings '
form(_eo! at the end of_ inflation. In particular, we study the leaquq)—szg )
possibility that the strings may be superconducting.

In Sec. VII, we estimate the observational consequences,
The temperature fluctuations in the CBR due to the mixe
inflation-cosmic strings scenario are evaluated. Using th
temperature fluctuations measured by COBE we find value
for the scalar coupling constant, the scale at which the strin ) : :
formed and the strings mass per unit length. We specify the'?! is natural in th? strong'sens{QZ]. It is of the most'
dark-matter present in the model and give a qualitative disdéneral form consistent with R-symmetry under which
cussion of the large-scale structure formation scenario in thi¥/—€""W, /—€'?" and the product® is invariant.

hered + & stand for al6+ 16 or a126+ 126 pair of Higgs
ields, and the field” is a scalar field singlet under $0).

he constantsr and x are assumed to be both positive and
must satisfyu/ Ja~(10-10'% GeV. The superpotential

model. It is easy to see that the superpotential given in equation
We finally conclude in Sec. VIIL. (1), used to break the rank of the group by one unit, is the
In order to simplify the notation, we shall make use of theSame superpotential used by Dvalial. [11,13 to imple-
following: ment a false vacuum hybrid inflationary scenario, identifying
the scalar field”” with the inflaton field. Hence, as shown
(a) 4.2, 2g=SU(4).XSU(2), X SU(2)R, below, in supersymmeytric S@0) models, the superpoten-

tial used to break 1)g_, can also lead to a period of in-
(b) 3.2, 2515 =SU3) X SU(2) X SU(2)gXU(1)g_, , flation. Inflation is then just a consequence of the theory. In
order to understand the symmetry breaking and the inflation-

(¢) 352, 1g1lg_ =SU(3):XSU(2) X U(1)gXU(Dg_, ary dynamics, we can study the scalar potential. The latter is
given by (keeping the same notation for the bosonic compo-
(d) 3:2.1yZ,=SU(3) ;X SU(2) XU(1)yXZ,, nent of the superfields as for the superfiglds
(&) 3:10Z,=SU3) X U(1)gX Z,. Vi=|Fgl*+|Fo|?+|Faf?, @

where theF terms are such thafy =[dW/dW[, for

II. INFLATION IN SUPERSYMMETRIC SO (10) MODELS ] —
¥,=.7, ®, andd. Thus

In this section, we argue that false vacuum hybrid infla- o o
tion, with a superpotential in the inflaton sector similar to Vi=a?|.7®|2+ a?|.7®|?+ | adD — u?|?. ©)
that studied if11,12, is a natural mechanism for inflation in o
global supersymmetric S@0) models. Neither any external The potential is minimized for arg)+arg(®)=0,
field nor any external symmetry has to be imposed, it cafo>0), and it is independent of arg()+arg@®) and
just be a consequence of the theory. arg(¥)+arg(@). From the vanishing condition of th®

f;helgrs_t thing to nhOte in 50 TOdelﬁ’ is thft ;hf] rank terms, we havé|®|)=(|®|). Thus we can rewrite the scalar
of SO(10) is greater than one unit from the rank of the stan-enial with the new fields which minimize the potential,

dard model gauge group. The rank of &0 is five, whereas | oo5ing the same notation for the old and new fields,
the rank of the standard model gauge group (3Y

XSU2) | XU(1) y(XZy) is 4. In other words, SQ0) has an V,=4a2.712 @2+ (| ®|2— n?)2. ()
additional U1) symmetry, namedJ(1)gz_,, compared to

the standard model gauge group. Therefore the rank of thehe potential has a unique supersymmetric minimum corre-
group must be !owered by one unit at some stage of th‘%ponding to<|<I>|>=<|<IT|>=/L/\/E and.”=0. The potential
symmetry breaking pattern, i.e.,(lg_, must be broken. g 4150 4 local minimum correspondir@ u/\a and
This can be done using a pair &6+ 16 Higgs representa- (|@|)=(|®|)=0. We identify the scalar field” with the
tions or by a pair ofl26+ 126 representations. If 46+ 16 inflaton field and we assume chaotic initial conditions. All
pair of Higgs fields are used, then tifg symmetry, sub- the fields are thus supposed to take initial values the order of
group of both theZ, center of SQL0) and of Ul)z_,, the Planck scale, and hence the initial value of the inflaton
playing the role of matter parity, is broken. On the otherfield S> u/\/a. Since the potential is flat in the” direction,
hand, if a126+ 126 pair of Higgs fields are used, then the we can minimize it at a fixed value of. The® and® fields

Z, symmetry can be kept unbroken down to low energy ifroll down their local minimum corresponding to
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<|<p|>:<|§|>:0_ The vacuum energy density is then domi-fields occurs at the end of inflation, and the the imtermediate
nated by a nonvanishirfgs term,|Fg| = x2. The inflationary ~Symmetry groufs breaks down to the standard model gauge
epoch takes place as the inflaton field slowly rolls down the3"oup. _ _ _
potential. Fs#0 implies that supersymmetry is broken. In the scenario described above, the rank of the interme-
Quantum corrections to the effective potential will help thediate symmetry grous is equal to the rank of SQ@O0),
fields to slowly roll down their global minimurfiL1]. At the ~ Which is 5, and hence involves an unbrokefiLl4_ sym-
end of inflation, the phase transition mediated bydhand =~ Metry. If the rank of the intermediate symmetry group were
® fields takes place. that of the standard_model gauge group, that is Gi)lg__,_
Now, in order to break SQ@0) down to the standard Were broken at the_ first stage of the symmetry breaking, the
— inflationary scenario would unable to solve the monopole
model gaug.e grogp, wg need more th?m@ 16 or a problem, since the later would form at the end of inflation or
126+ 126 pair of Higgs fields. We need Higgs in other rep- gnce inflation completed. Finally, in models where super-
resentations, like the 45, 54 or 210-dimensional represent%ymmetric S@LO) is broken directly down to the standard
tions if the Z, parity is to be kept unbroken down to oW model gauge group, such hybrid inflationary scenarios can-
energy, as required from proton lifetime measurements. Thugot cure the monopole problem.
the full superpotential needed to break ($@ down to the We conclude that if inflation has to occur during the evo-
standard model must, apart of Hd), contains terms involv- |ytion of the universe described by a spontaneous symmetric
ing the other Higgs needed to implement the symmetryyreaking pattern from the supersymmetric grand unified
breaking. Due to the nonrenormalization theorem in supergauge group SQA0) down to the minimal supersymmetric
symmetric theories, we can write down the full superpotensiandard model, it can thus just be a consequence of the
tial which can implement the desired symmetry breaking pattheory. No external field and no external symmetry has to be
tern, just adding to Eq(1) terms mixing the other Higgs jmposed. One can use the superpotential given in(Egto
needed to implement the symmetry breaking pattern. Thergyer the rank of the group by one unit and then identify the
can be no mixing between the latter Higgs and the pair okcalar field, singlet under SQ@O0), with the inflaton field.
Higgs used to break (1) (see Sec. IV for example@nd A false vacuum hybrid inflationary scenario will be imple-

the superpotential can be written as follows: mented. It emerges from the theory.
W=W, (7, ®,)+W,(Hy ,Hy, . ..), 5 lll. THE SUPERSYMMETRIC SO (10) MODEL
AND THE STANDARD COSMOLOGY
where.””is a scalar field singlet under $1) identified with We now construct a supersymmetric @0 model which
the inflaton field, theb and® fields are the Higgs fields used ajms to agree with observations. @0) is broken down to
to break Ul)g- and theH; fields,i=1, ... m, are the m  the standard model gauge group with unbroken matter parity

other Higgs fields needed to implement the full symmetry3 2, 1,Z,, via the intermediate symmetry group
breaking pattern from S@0) down to the standard model 3.2, 1rlg_. . We study the symmetry breaking pattern of
gauge groupW; is given by Eq.(1) and W;+W, has a  the model and deduce general impacts of the model on ob-
global supersymmetric minimum such that the(8® sym-  servations. We look for topological defects formation.

metry group is broken down to the standard model gauge The model initially assumes that the symmetries between

group. The scalar potential is then given by particles, forces and particles, are described by a supersym-
metric SA10) theory. The SQLO) symmetry is then broken
V:V1(~7/;¢1CF)+V2(Hi)- 6) down to the standard model gauge group vid 3dglg_ ,
Maur Mg Mz
V; is given by Eq.(4) andV;+V, has a global minimum SQA(10) — 3.2, 1glg_| =32 1yZ,—3:10Z,,  (7)

such that the SQ0) symmetry is broken down to the stan-

dard model gauge group. The evolution of the fields is theny ; ;.~10® GeV, Mg~Mgyr with Mg<Mgyr and

as follows. The fields take random initial values, just subjecty,~100 GeV, and supersymmetry is brokenMt=~10°

to the constraint that the energy density is at the Planclgey. Thez, symmetry, which appears at the second stage of
scale. The inflaton field is distinguished from the other fieldshe symmetry breaking ifv), is the discreté1,—1} symme-
from the fact that the GUT potential is flat in its direction; try, subgroup of both thez, center of S@L0) and of
the potential can be minimized for fixed. Chaotic initial U(1)g_, subgroup of SQL0). Recall that when we write
conditions imply that the initial value of the inflaton field is SO(10) we really mean its universal covering group $p).
greater tham/\/a Therefore, the noninflaton fields will roll The Z2 symmetry acts as matter panty It preserves |arge
very quickly down to their globalor loca) minimum, at  values for the proton lifetime and stabilizes the LSP; it is
approximatively a fixed value for the inflatofH;[)#0, for  thus necessary that ths, symmetry be kept unbroken down
i=1,...,n_, <|Hj|>=0, for j=n+1,...,m, and to low energies_

(|®])=(|®[)=0; a first symmetry breaking, implemented  We can look for topological defect formation in the sym-
by then Higgs fieldsH acquiring VEV, takes place, 300)  metry breaking pattern using topological argumefs.
breaks down to an intermediate symmetry grdap Then  Since spii10), the universal covering group of $), is
inflation occurs as the inflaton rolls slowly down the poten-simply  connected, the second homotopy group
tial. The symmetry breaking implemented with thde+ ® o(spin(10)/32, 1glg | )=m1(3:2 1g1lg_ ) =Z&Z is
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nontrivial. Therefore, according to the Kibble mechanism We want to break SQ@O0) directly down to
[8], topological monopoles form during the first phase tran-3.2, 1z15_, , we therefore need more Higgs. We use an-
sition in equation (7) when SQ@10) breaks down to other 54, which we calB;,, and another 45, which we call
3:2.1g1lg-L . They have a mas¥l,10'" GeV. Furthermore, A, in the T4 direction. The latter breaks $00) down to
the second homotopy groups,(spin(10)/32,1vZ;)= 4.2 1,. S, and Ajs break together SQ@0) down to
m1(3c2.1vZy) =2 and mo(spin(10)/31qZ,)= 4.2 1.

m1(3c1qZz) =Z are nontrivial so that the monopoles are to- ~ The role of Sy, and S., is to force Ass and Ajg into
pologically stable down to low energies. These monopolesig_| and T, directions. SQLO) breaks down to
present today would dominate the energy density of the um3c2L1RlB—L with As, Ssa, AlLs, andS,, acquiring VEV's,

}t/ig:]sse, and are thus in conflict with cosmological observahnd as mentioned in Sec. lll, topologically stable monopoles
: . form.

Now th? first . homotopy group 771(302L_1R15—L/ . During the second stage of symmetry breaking, see Eg.
3c2.10Z,) is nontrivial and therefore topological cosmic (7), the rank of the group is lowered by one unit. Indeed the
strings form according to the Kibble mechanism during therank of 3.2, 1x1s_, is equal to the rank of SQO) which is
;egofdl phase transition mb eqfataoﬂ), whe;\ Zthe 5 whereas the rank of 2,1yZ, is 4. We can therefore

c2L1rlp—L Symmetry group breaks down _toc23_ Y=2-  implement a false vacuum hybrid inflationary scenario as
The strings connect half of the mon_opole-antlmonopole PaliYescribed in Sec. II, if we couple the inflaton field to the
for_med earlier(7]. Sqme closed strings can also for_m. TheHiggs field used to break the intermediate symmetry gauge
strings can break with monopole-antimonopole pair nucle- roup 32, 1x1s_ . The monopole problem can be solved

ation. The monopolgs get_attracted to each other and th nd cosmic strings can form at the end of inflation when the
whole system of strings disappeft4]. Nevertheless, the 3.2, 1rlg . Symmetry group breaks down to the standard

other half of the monopoles remain topologically stable. If : ;
present today, these monopoles would lead to acosmologic%?Odel gauge group with unbroken —mater pariy,

catastrophe. 2LlvZo. - _
Now the rank of 32, 1x1g_, is equal to five, as the rank 10 bréak 32,1gls_, , we use a 126 126 pair of Higgs
of SO(10), and is therefore greater than the rank offields, whlch we calkb 1,6 andd,,5. The latter are safe rep-
3.2,1,Z, from one unit. Thus we can couple the inflaton fesentation$5] and therefore keeps tf#® symmetry unbro-
field with the Higgs field mediating the breaking of ken. A16+ 16 pair of Higgs fields usually used for the same
3.2 1g1g_, down to 3.2, 1yZ,, see Sec. ll, and the mono- purpose would break th&, symmetry. The VEV of thel26
pole problem can be cured. If the monopoles are pushegnd126are in theX direction, the Y1) symmetry of SQL0)
away before the phase transition leading to the strings forwhich commutes with S(5). They break SCL0) down to
_matio_n ta_kes place, then the evolut_ion of the string ”etWQWSU(S)xZZ. All together, i.e., withAss, Sss, Als, Sis,
is quite different t_han prewously said. It is that of topologi- @106, and @y, acquiring VEV's, the SCLO) symmetry
cally stable cosmic strings. group is broken down to 2, 1,Z,.
The symmetry breaking of the standard model is then
IV. MODEL BUILDING achieved using two Higgs in the 10-dimensional representa-
tion of SQ(10), Hyp andHy,.

) . . . To summarize, the symmetry breaking is implemented as
In this section, we explain how to implement the symme-zg|jows:

try breaking pattern given in Eq7). The model solves the

A. Ingredients

doublet-triplet splitting and includes an inflationary scenario (A45)(Ss)(Ag)(SLy (P129(b120
as described in Sec. Il. SO(10) —— 321kl ——
In order to implement the symmetry breaking pattern .
given in Eq.(7), and in order to preserve th& symmetry (H10(Hy10
unbroken down to low energy, see Ed@), we must only use X3c211yZy — 3c1gZs. ®

Higgs fields in “safe” representation&], such as the ad-
joint 45, the 54, the 126 or the 210-dimensional representa- B. The superpotential

t'OTS' d ol he fi ¢ th We now write down the superpotential involving the
n order to implement the first stage of the symmetry e mentioned fields. A consequence of the superpotential

k(;reaking, vlve could use .onI% one Hliggﬁ in t(;]e| 210|"s the symmetry breaking pattern given in E{), which
imensional representation; unfortunately the model woulg,,,qives an inflationary sector.

then not solve the doublet-triplet splitting problem. The latter As discussed above. our model involves four sectors. The
can be eas_lly solved_usmg the_ D'mODO_UI_OS'W'IC_Zek m_eChafirst sector implements the doublet-triplet splitting and in-
nism[2], using two Higgs, one in the adjoint 45-dimensional volves A,s, with VEV in the U(1)g_, direction. It also in-

representation and one in the 54-dimensional one. The VE\éoIvesSs‘l and two Higgs 10-pletd andH’. The superpo-

of the adjoint 45, which we calh;5, which implements the o : o - :
: . o A4S C tential in the first sector is given B/, +W,, with, droppin
Dimopoulos-Wilczek mechanism is in theL direction, and o' shscripts g 1 pping

breaks SQL0) down to 3.2, 2g1z_, . The Higgs in the 54
dimensional representation, which we céd,, breaks W, =maA2+msS2+ N sS3+ N pA2S 9
SQO(10) down to 4.2, 25 . Altogether the SQL0) symmetry is

broken down to 32, 251, . and
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W,=HAH’+my H'? (10)

W; has a global minimum such that the @0) symmetry
group is broken down to 2, 2g1g_,, with A5 and Sy,
acquiring VEV’s. W, implements the doublet-triplet split-
ting; H andH' break SW2), X U(1)y down to Ul)q.

The second sector involves,s, with VEV in the Tag
direction, andS;,. The superpotential in the second sector is
given by

W3:mAIA,2+mer,2+)\er,3+)\AIA,ZSI. (11)

WS; has a global minimum such that the @0) symmetry
group is broken down to @, 2glg ,, with Ay, and S,
acquiring VEV’s.

The superpotentialV; +W,+ W3 has a global minimum
such that the SQ0) symmetry is broken down to
3.2 1g1g_, With Ays, Ss4, Ass, @andSg, acquiring VEV's.

The third sector involvesb,,5 and &5, and breaks
SO(10) down to SU5) X Z,. In order to force theb,,5 and
d,,¢fields to get their VEV'’s the order of the GUT scale, we
use a scalar field” singlet under SQ.0). The superpotential
is of the form, dropping the subscript

W, = a.sdd — p2. (12)

« and u are both positive and we must haug\a=Mg,
with M g=10"—10'® GeV for the unification of the gauge
coupling constants. ldentifying the scalar field with the
inflaton field, W, leads to a false vacuum hybrid inflationary
scenario, as described in Sec. Il.

The superpotentialV; + W, + W3+ W, has a global mini-
mum such that the 2, 115, symmetry group is broken

RACHEL JEANNEROT

W=mpA2+mgS?+ A\ sS*+ N pA?S+HAH' +my H'2
+mu A2+ Mg S 2+ Ny S 3+ A A'2S + 0.7 DD

—ul S+ AAA”, (13
In Eq. (13), A really means TrA?), A®S really means Tr
(A2S), etc. The superpotential given in Ed.3) leads to the
desired pattern of symmetry breaking and the VEV's of
Aus, Ss4, Ass, Siy, P12 andPy,gare given as followgsee
Appendi¥. The adjoint{A,s) is in the B-L direction,
(Ays)= n®diag a,a,a,0,0 (14
where 7=(°, ) anda~Mgyr. (Ssy) is a traceless sym-
metric tensor given by

3
X, X, X, — 5 X, —

5 (15

EX

<Ss4>=l®dia4

where | is the unitary 22 matrix andx=—mp/2\4.
(A}g) is in the T3g direction,
(A, = n®diag0,0,0a’,a’), (16)

wherea’~Mgyr. Si,is a traceless antisymmetric tensor,

3 3
(S50 =1 ®diag<x,’X’,X’,— S =5x'|, 1D
wherex’ =2my, /3N a;.
(D124} 000= (| Daad )= (18)

With the VEV’s chosen above, i6=0, d=u/\a, and
the superpotential has a global minimum such that the
SO(10) symmetry is broken down to the standard model
gauge group with unbroken matter parity @LL X SU(2),

down to the standard model gauge group with unbroken matx U(1), X Z,, and supersymmetry is unbrokésee the Ap-

ter parity, 32, 1yZ,, with Ays, Ss4, Ajs, Sts, P16 and
®,,6 acquiring VEV's.

The full superpotentialW=W,; +W,+W;+W, does not
involve terms mixingA,s; and Sg,, Si, andAysetc... . In
other words the three sectors are independent. Thanks to t
nonrenormalizable theorem, we are not obliged to writ
down these terms, and it is not compatible with any extr
discrete symmetrj15], therefore we do not have to fear any
domain wall formation when the symmetry breaks. Never

theless, in order to avoid any undesirable massless Goldstone
Bosons, the three sectors have to be related. The two fir&f

sectors, which involve the adjoins,s and A5, can be re-
lated introducing a third adjoinf\;s whose VEV does not
have the Dimopoulos-Wilczek form, and adding a term of
the form Tr(AA’A") to the superpotentidll5]. The latter

does neither affect the symmetry breaking pattern, nor th

ing from the separation of thd and® sector from the rest
are complete multiplets of SB) [since the VEVs ofd and
& are SU5) invarianf and therefore do not affect the cos-

€
a

pendix.

V. THE INFLATIONARY EPOCH

he N this section we evaluate the details of the symmetry

breaking pattern and of the inflationary scenario. We write
own the scalar potential and find values of the scalar cou-
pling constant and the mass scalMg andM g7 for which

the inflationary scenario is successful.

We are interested in the dynamics of the symmetry break-
g pattern and how the inflationary scenario fits in the sym-
metry breaking pattern. We therefore need to study the scalar
potential. In order fully to understand the dynamics of the
model, one would need to use finite temperature field theory.
Nevertheless, study of the scalar potential derived from the
superpotential given in Eq413) leads a good understanding

d

. ) s ) f the field evolution. Th lar potential is given
inflationary scenario discussed below. The light states resul?— e field evolutio e scalar potential is given by

V=(2mMpA+ 2\ pAS)?+ (2MsS+ 3N sS?+ A pA?%)?
+(2mp A"+ 2N 0 A’S )2+ (2mg S + 3N S'2

mological scenario, and they do not affect the running of the
gauge couplings either. The full superpotential of the model
is therefore

A D)2 o2 T2+ o] D |2+ | add — 2.
(19
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We remind the reader th@ andA’ are two Higgs fields in  corrections to the effective potential are nonvanishing. They
the 45-dimensional representation of @@ with VEV in are given by{11]

theB—L andTsg directions, respectivel\s andS’ are two .

Higgs fields in the 54-dimensional representation of BIp , (=1) ] M;(.¥)

® and® are two Higgs in thel26 and 126 representations, AV() =3, 6472 Mi('(/)‘lln( A2 ) @D

with VEVs in the right-handed neutrino direction. The scalar

field.”” is a scalar field singlet under $@). It forces® and  where the summation is over all helicity states for both fer-
® to get VEV of the order of the GUT scale. The scalar fieldmions and bosonsA denotes a renormalization mass and
" is identified with the inflaton fielde and u are both  (—1)F indicates that the bosons and fermions make opposite
positive constants which must satisfy the relationsign contributions to the sum:«1) stand for the fermions.
wlJa=Mg. The potential is minimized for Therefore the one loop effective potential obtained from Egs.
arg(®) +arg(@®)=0, («>0), and it is independent of (20) and(21) is given by[11]

arg(v) +arg(®) and arg() +arg(®). We rewrite the po-

tential with the new fields which minimize the potential, Ve u%bl1+ a? 5| a’s? N 2_1 2| 1— u
keeping the same notation for the old and new fields. The"eff~ # 30,21 ¢ M A2 u?z n as?
scalar potential becomes
o 2 2 MZ m2 )
+|—=+1] In|1+— +F5b, (22
V=(2mMpA+ 2\ pAS)2+ (2MsS+ 3N sS2+ A pA?)2 M as M
+(2ma A’ + 2\ 0 A'S')?+(2mg S’ + 30 g S'? where s=(.7)>. Now m=10° GeV and u/\a~10">"16
AN A )24 402 2| D2+ (o D|2— u2)? GeV, hence unlesa<1, the soft supersymmetry breaking

term can be neglected. Its contribution to the scalar potential

is negligible. Fors>s,, the quantum corrections to the ef-
+ §m2|.,%12, (200 fective potential help”” to roll down its minimum. Below
S., the ./ field is driven to zero by the positive term
a?|.71?|®|? which becomes larger with increasifd)|. Rap-
lfdly the ®, ®, and.” fields settle down the global minimum
of the potential, corresponding t6P),c,c=®5ee= u/ Ja
ands=0. This does not affect the VEV's of th§, A, S',

where we have also introduced a soft supersymmetry brea
ing term forS, andm~ 10° GeV.

The scalar potential is flat in the” direction; we thus
identify the scalar field” with the inflaton field. We suppose e . .
chaotic initial conditions; that is we suppose that all theandA fields Wh'gh rim%m unchangeg. TZ\QZ@ﬁRlB*P
fields have initial values of the order of the Planck scale. WeYMMmetry group breaks _OWn_tOCZi v£2. AS ShOwn In
then minimize the superpotential for fixed. We easily find Sec. lll, topological cosmic strings form during this phase
that for.”> u/Ja=s,, (recall that, > 0), there is a local transition. If inflation ends after the phase transition, the

o e =l ’ ) strings may be inflated away.
g]’mtlanllﬁg \?aolggzp;sngscgntglgge'ﬁr'\_E% $Z)nd('i‘é)A( : 6)8 223 Inflation ends when the “slow roll” condition is violated.

. i A AR he slow roll condition is characterized H%0],
(17). Since all the fields are assumed to take initial values o%r b$0]
the order of the Planck scale, the inflaton field has an initial

value greater thap/\/a. Then, because the potential is flat e<l, 7=l (23
in the inflaton direction, the field®, ®, A, A’, Sand S’ where

settle quickly to the local minimum corresponding (8},

(A, (S"), and(A") as in Egs.(14), (15), (16), and (17) M2 72 M2 [\

respectively, and|®|)=(|®|)=0. The first phase transition €= _p(_) . = _p(_) (24)
takes place and the $T0) symmetry group breaks down to 167\ V 8w\ V

the 32,1515, symmetry group. As shown in Sec. lll, to-
pologically stable monopoles form according to the Kibbleand the prime refers to derivatives with respectstoAs
mechanisni8] during this first phase transition. pointed out by Copelanet al.[10], the slow-roll condition is
Once the fieldsA, S, A’, andS' have settled down to a poor approximation. But as shown[it0], the number of
their minimum, since the first derivative®V/oA, dV/9S,  e-foldings which occur between the time whepn and e
dVIGA', anddV/aS' are independent b and.”, the fields  reach unity and the actual end of inflation is a tiny fraction of
A, A’, S, andS' will stay in their minimum independently unity. It is therefore sensible to identify the end of inflation
of what the fieldsP and.”” do. When the VEV of the infla- With € and » becoming of order unity.
ton field is greater tham/\a=s,, |®|=|®|=0, F, term From the effective potentidR2) and the slow-roll param-
has a nonvanishing VEV, which means that supersymmetr§ters(24) we have[11]
is broken in the”” direction, by an amount measured by the ) -
VEV of the .”” superfield. There is a nonvanishing vacuum a’M, R
energy densityV=u*. An inflationary epocHan exponen- 87T2MG) 167
tially extending universecan start.
As has been pointed out recenfly2], the fact that super-
symmetry is broken fo(.7)>{.¥). implies that the one loop

1
(x2—1)|n(1—7)

2

1
+(x2+1)|n(1+ ;) , (29
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ent interaction with matter due to the supersymmetry resto-
(3x2—1)ln( 1- p) ration inside the core of the string. These special properties

will be studied elsewhere.

The two main characteristics of the strings, their width
, (26)  and their mass, are determined through the Compton wave-
length of the Higgs and gauge bosons forming the strings.

wherex is such thas=xs,. The phase transition down to '€ Compton wavelength of the Higgs and gauge bosons are
the standard model occurs wher=1. The results are as eSPectively
follows. We find the values of the scalar coupliag the
scaleM ¢t and the scalé ¢ which lead to successful infla-
tion. For a=35—43, Mg~10°-10'® GeV, € is always
greater than unity, and the slow roll condition is never satis-and
fied. The scaléM ¢ at which the monopoles form satisfies “1 1
M ,=Mgyr=10°—10" GeV. For a=<0.02-0.002 and Sx~myt=(y2eMg) "t (28)
Mg~ 10— 10'® GeV, neithery nor e ever reaches unity.
" reaches¥ during inflation. Inflation must end by the
instability of thed® and® fields. In that case, inflation ends 4 \which the strings form.
in less than a Hubble tim 0] once.”” reaches/c. Cosmic As mentioned above, the strings formed in our model can

strings, which form whenx=1, are not inflated away. The pe rejated to those formed during the symmetry breaking

scale Mgyt at \évhlch7the monopole_s form must satisfy pattern S@L0) — SU(5)x U(1)— SU(5)X Z,. These strings

M =M gyr=>10""—10'" GeV. For the intermediates values haye been studied by Aryal and EverEt6] in the nonsu-

of «, inflation occurs, and ends when eitheor 7 reaches  persymmetric case. Using their results, with appropriate

unity; the string forming phase transition takes places ONCehanges in the gauge coupling constant and in parameters of

inflation completed. the Higgs potential, we find that the string mass per unit
length of the string is given by

[ aMp 71
T\ 27Mg/ 167
2

1
+(3x2+1)In| 1+ "

80,0~ My, = (2aMg) (27

wheree is the gauge coupling constant in supersymmetric
SQ(10) and it is given bye?/47=1/25 andMg is the scale

VI. FORMATION OF COSMIC STRINGS
. . . . . w=(2.5-3)(Mg)?, (29)
In this section we give general properties of the strings
which form at the end of inflation when the.31glz-|  for the scalar couplinga ranging from 5<10°2 to
symmetry group breaks down tq.3 1yZ,. We find their  2x107!. Recall that the mass per unit- ength characterizes

width and their mass, give a general approach for their interthe entire properties of a network of cosmic strings.
actions with fermions and study their superconductivity.

B. No superconducting strings

A. General properties One of the most interesting feature of GUT strings is their

Recall that, since the first homotopy group superconductivity. Indeed, if they become superconducting
m1(3:2 1r1p- /3.2, 1yZ,) is nontrivial, cosmic strings at the GUT scale, then vortons can form and dominate the
form during the second phase transiti@ee Eq.(7)] when  energy density of the universe; the model loses all its inter-
the 32,1515, symmetry breaks down to .3, 1yZ, . We  est. The strings arising in our model are not superconducting
note that the subspace spanned Ryand B—L is also in Witten's sensd18]. They nevertheless can become cur-
spanned b andY. The generator of the string correspondsrent carrying with spontaneous current generation at the elec-
to the U1) of SO(10) which commutes with S(5), and the troweak scale through Peter's mechanisifl]. But it is be-
gauge field forming the string is the corresponding gaugdieved that this does not have any disastrous impact on the
field, which we callX. The strings are Abelian and physi- standard cosmology. It has been shown in the nonsupersym-
cally viable. The model does not give rise to Alice strings,metric case that the Abelian strings arising when(BID
like most of the non-Abelian GUT phase transitions wherebreaks down to S(B) X Z, have right-handed neutrino zero
Abelian and non-Abelian strings form at the same time. Thismodes[20]. Since the Higgs field forming the string is a
is a good point of the model, since Alice strings give rise toHiggs boson in thel26 representation which gives mass to
guantum number nonconservation, and are therefore in cornthe right-handed neutrino and winds around the string, we
flict with the standard cosmology. The strings arising in ourexpect the same zero modes on our strings. Since supersym-
model can be related to the Abelian strings arising in themetry is restored in the core of the string, we also expect
symmetry breaking pattern of @) down to to the stan- bosonic zero modes of the superpartner of the right-handed
dard model with S{B) X Z, as intermediate scale, since they neutrino. Now, the question of whether or not the string will
have the same generator; the latter have been widely studids current carrying will depend on the presence of a primor-
in the nonsupersymmetric cagbs,17. Nevertheless, in our dial magnetic field, and the quantum charges of the right-
model, inside the core of the string, we do not have arhanded neutrino with respect to this magnetic field. If there is
SQO(10) symmetry restoration, but a.3, 1glg_, symmetry a primordial magnetic field under which the right-handed
restoration. We therefore don’t have any gauge fields medireutrino has a nonvanishing charge, then the current will be
ating baryon number violation inside the core of the stringsable to charge up. On the other hand, if such magnetic field
but one of the fields violateB—L. We also expect the su- does not exist, or if the right-handed neutrino is neutral, then
persymmetric strings to have different properties and differthere will be nothing to generate the current of the string.
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Although it is possible to produce a primordial magnetic The cosmic strings density perturbations also induce CBR
field in a phase transitiof21], we do not expect the fields anisotropies given bj22]

produced through the mechanism of Rgfl] to be able to

charge up the current on the string, since the latter are cor- oT
related on too large scales. Nevertheless, the aim of this sec- T
tion is to show that the strings will not be superconducting at

the GUT scale in any case. We can therefore assume a Worgghere 1. is the strings mass per unit length, which is given
situation, that is, suppose that the magnetic fields are corrgyy Eq. (29). It depends on the scalar coupling Since the

lated on smaller scales, due to any mechanism for primordighter is undetermined, we can use the order of magnitude
magnetic field production any time after the Planck scale. In

our model, cosmic strings form when3 1z1z_, breaks w~ (33
down to 32,1,Z,. Therefore the symmetric phase

3.2,1yZ, will be associated with color, weak and hyper- which holds for a wide range of the parametersee Eq.
charge magnetic fields. The color and weak magnetic field§29) and Ref.[16]. In Eq. (33), » is the symmetry breaking
formed when SQL0) broke down to 32,1z15_,, and and scale associated with the strings formation, hgreM .

the hypercharge magnetic field formed at the following Hence, from Egs(31) and (32 the temperature fluctua-
phase transition, formed from the and B—L magnetic tions in the CBR are given by

fields. Since the charges of the right-handed neutrino with 5 5
respect to the color, weak and hypercharge magnetic fields oT oT oT
~/|=] + % (34)
T/ T
inf C.S.
2

~9Gu, (32

C.s.

are all vanishing, no current will be generated. T
We conclude that the strings will not be superconducting
at the GUT scale. They might become superconducting at the
electroweak scale, but this does not seem to affect the stan- ~\8mN,+ 8]
dard big-bang cosmology in any essential way.
If the strings formed at the end of inflation are still present
today, they would affect temperature fluctuations in the CB
and have affected large scale structure formation.

tot

Mg

M (39

The temperature fluctuations from both inflation and cosmic
I:zstrings add quadratically. Since they are both proportional to
Mg /M, their computation is quite easy.

An estimate of the coupling is obtained from the rela-

VIl. OBSERVATIONAL CONSEQUENCES tion [11]
We show here that the strings formed at the end of infla- 3/
tion may be present today. We find the schlg at which o 8m % (36)
cosmic strings form and the scalar coupling of the inflaton Xq \/N_q My

field which are consistent with the temperature fluctuations
observed by COBE. We then examine the dark-matter con- With x,~ 10, using Eqs(35) and(36) and using the den-
tent of the model and make a qualitative discussion regardingity fluctuations measured by COBE1.13x 100~ [23] we

large scale structure formation. get
o a=0.03, (37)
A. Temperature fluctuations in the CBR
If both inflation and cosmic strings are part of the sce- Mg=6.710° GeV. (38)

nario, temperature fluctuations in the CBR are the result of

the quadratic sum of the temperature fluctuations from inflaWith these values, we find thay reaches unity when

tionary perturbations and cosmic strings. x=1.4 and the scal®lgyr at which the monopoles form
The scalar density perturbations produced by the inflamust satisfy

tionary epoch induce temperature fluctuations in the CBR 6
which are given by 11] Mp=Mgur=6.7 16° GeV, (39

ST 307 32 whereM,, is the Planck mass- 1.2216° GeV.
<?) = \/EW Xq (30 From the_ above results, we can be confident that the
inf pl strings forming at the end of inflation should still be around
today.
Mg|2 Now that we have got values for the scalar coupling
~(877Nq)1’2( M—I> , (31)  and the scalM at which the strings form, the Compton
p

wavelength of the Higgs and gauge bosons forming the
strings given by Eqs(27) and (28) can be computed. We
where the subscript indicates the value.'ofas the scale find

(which evolved to the present horizon sizgossed outside

the Hubble horizon during inflation, ard, (~50—60) de- X e m<£1126~0-421028 cm (40
notes the appropriate numberefoldings. The contribution

to the CBR anisotropy due to gravitational waves producedor the Compton wavelength of the Higgs field forming the
by inflation in this model is negligible. string and
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TABLE |. The table shows the values obtained for the scalehanded neutrinos masses of ordeny= 1012 GeV, if

Mg at which the strings form, the scalar coupliagthe Higgs and  f~10"* GeV. Neutrinos also get Dirac masses which are

gauge boson Compton wavelengthis and oy of the strings, and  typically of the order of the mass of the up-type quark of the

Gu, where o is the strings mass per unit length a@ is the . - . e .
Newton’s constant, for different values of the number of F:orrespondmg family; for instancep, ~m, . After diagonal

e-foldings N and for different initial values used for their compu- izing the neqtrlno mass; matrix, one finds that the r.lght-
tation for the string mass-per-unit length. handed neutrino mass,_=mg and the left-handed neutrino

massmVLsz,/mR. With the above values we get

Ng 50 50 60 60
Minit 7 2.57° 7 2.57° m,e~10"" eV, (43
Mg 6.8x 10%° 6.3x 101 6.5x 101° 6.1x 10"

@ 0.03 0.03 0.03 0.29 m,.~10"% eV, (44)
Sp 04210728 0.44x10 % 0.43<10°%% 0.46x10 %8

S 0.29x10°%° 0.31x10°%® 0.30x10°%® 0.32x10°%° m,~10 eV. (45)

Gu 77107 6.7x107  7.1x1077  6.3x10°7

The tau neutrino is a good hot dark matter candidate.
. - Our model thus provides both CDM and HDM and is
Ox~my"~0.2910 " cm (41)  consistent with mixed cold and hot DM scenarios.
) It is interesting to note that CDM and HDM are, in this
for the Compton wavelength of the strings gauge bosong,qe| related to each other. Indeed, Fyesymmetry in Eq.
So,,s~ Ox thus the strings possess an inner core of fals§7) "\yhich stabilizes the LSP, is kept unbroken because a

vacuum of.radiusﬁcplze a_nd a magnetic ﬂ_“X tube _With & 126+126 and not16+ 16 pair of Higgs fields are used to
smaller radiusdy . The string energy per unit length is given break U(1)_, . If a 16 dimensional Higgs representation

by Eq.(29), thus, using above results, we have were used, the right-handed neutrino could not get a super-
. heavy Majorana mass and thus no HDM could be provided,
Gu~7.7<10"", (42 also thez, symmetry would have been broken, and thus the

where G is Newton’s constant. The results are slightly af- LSP destablhzeq. The26+ 126. pair of Higgs f'eld.s provide
superheavy Majorana to the right-handed neutrino and keeps

fected by the number a#-folding and by the order of mag- :
nitude (33) used to compute the temperature fluctuations intheZZ—panty un.brok_en. It leads to bath HDM and C.:D.M' W
the CBR due to cosmic strings in Eq84) and (35). Once conclude that, in this model, CDM and HDM are intimately

we have found the value for the scalar coupliagor suc- related. Either the model provides both cold and hot dark

cessful inflation, we can redo the calculations with a betterrn atter, or it does not provide any. Our model provides both

initial value for the string mass per unit length; see &9); CDM and HDM.

the scalar couplingr is unchanged. The results are summa-
rized in Table I. C. Large scale structure

We give here only a qualitative discussion of the consis-
B. Dark matter tency of the model with large scale structure. We do not

We specify here the nature of dark matter generated b a!<e any calculations which would reql_Jire a full study on
the model. heir own. We can nevertheless use various results on large

If we go back to the symmetry breaking pattern of theScale structure with inflation or cosmic strings. Since we de-

model given by Eq(7), we see that a discre®, symmetry termined the nature of dar_k matter provided by the model,
remains unbroken down to low energy. THis symmetry is we may make sensible estimations about the the consistency

a subgroup of both thez, center of S@L0) and of of the model with large scale structure.
U(L)g_, subgroup of SQLO). This Z, symmetry acts as Presently there are two candidates for large scale structure

matter parity. It preserves large values for the proton lifetimgrmation, the inflationary scenario and the topological de-

and stabilizes the lightest superparticle. The LSP is a goo cts_scenario with cosmic strings. Both scena_rios are a_Iways
cold dark matter candidate considered separately. Indeed, due to the difference in the

The second stage of symmetry breaking in Eg). is nature of the density perturbations in each of the models,
. . : . ' density perturbation calculations due to a mixed strings and
implemented with the use of B26+ 126 pair of Higgs mul- yp 9

: . . o inflation scenario are not straightforward. Indeed in the
tiplets, with VEV’s in the direction of the )y of SO(10)  ; a4tion-based models density perturbations are Gaussian

which commutes with S(5). The 126 multiplet can couple adiabatic whereas in models based on topological defects
with fermions and give superheavy Majorana mass to thénhomogeneities are created in an initially homogeneous
right-handed neutrino, solving the solar neutrino problem vigyackground 24].

the MSW mechanisni6] and providing a good hot dark  |n the attempt to explain large scale structure, inflation-
matter candidate. This can be done if all fermions are asseeded cold dark matter models or strings models with HDM
signed to the 16-dimensional spinorial representation Ofre the most capabl@4]. In adiabatic perturbations with hot
SO(10). In that case, couplings of the forP¥"126, where  dark matter small scale perturbations are erased by free
¥ denotes a 16-dimensional spinor to which all fermionsstreaming whereas seeds like cosmic strings survive free
belonging to a single family are assigned, provide right-streaming and therefore smaller scale fluctuations in models
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with seeds+ HDM are not erased, but their growth is only collaborations between participants. | would also like to

delayed by free streaming. thank R.R. Caldwell and N. Manton. | acknowledge Newn-
Our model involves both hot and cold dark matter, andham College and PPARC for financial support.

both inflation and cosmic strings. It is therefore sensible to

suggest that our model will be consistent with large scale APPENDIX: MINIMIZING THE SUPERPOTENTIAL

structure formation, with the large scale fluctuations result- ) . . o

ing from the inflationary scenario and small scale fluctua- N this Appendix, we find the true minimum of the super-

tions being due to cosmic strings. potential of the model. We calculate theterms and find the
VEV’s of the Higgs fields which correspond to the global
VIII. CONCLUSIONS minimum.

The full superpotential of the model is given by E#3),

We have successfully implemented a false vacuum hybrid , ) 3 5 , s
inflationary scenario in a supersymmetric @0 model. We W=mpA“+mMsS™+ NS + N pA°S+HAH'+my, H
first argL_led that this type (_)f inflationary scenario is a natural M A 2 My S 24 g S A A2S + 0. DD
way for inflation to occur in global supersymmetric 80
models. It is natural, in the sense that the inflaton field — P+ Tr(AA'A"). (A1)
emerges naturally from the theory, no external field and no
external symmetry has to be added. The scenario does nathere A and A’ are 54-dimensional Higgs representations
require any fine tuning. In our specific model, the (30  therefore traceless second rank antisymmetric tensors. Thus
symmetry is broken via the intermediate231z1s_, sym- in the 10-dimensional representation of @Q they are of
metry down to the standard model with unbroken matter parthe form, with appropriate subscripts,
ity 3.2,1yZ,. The model gives a solution for the doublet-
triplet splitting via th_e Dimopoulos-Wilczek mechanism. It (Se)=1 ®diag{x Y X
also suppresses rapid proton decay.

The inflaton, a scalar field singlet under @0), couples
to the Higgs mediating the phase transition associated witRnd
the breaking of 32,1g1g_, down to the standard model. 3 3
The scenario starts with chaotic initial conditions. The (Sé@zl@diaix,’x’,x’,— —x', - _X,), (A3)
SQO(10) symmetry breaks d#l ¢t down to 32, 1z15_, and 2 2

topologically stable monopoles form. There is a nonvamShwherex andx’ are the order oM, and are determined by

ing vacuum energy density, supersymmetry is broken, and
exponentially extending epoch starts. Supersymmetry is brzﬁl]e ;ﬁgi?mﬁeczgd;ilrignzfiot:gl rteerms The. Higgs gosonsb
45 45 presentations and must be

ken, and therefore quantum corrections to the scalar potenti h o el
can not be neglected. The latter help the inflaton field to rolfl the B—L and T directions respectivelysee Sec. Iy.
down its minimum. At the end of inflation the.2, 1x1s | Therefore in the 10-dimensional representation of(1%D

breaks down to @,1,Z,, at a scaleMg, and cosmic Aas andAgs are given by
strings form. They are not superconducting. _ ;

Comparing the CBR temperature anisotropies measured (Asg)=7®diaga,a,a,00), (A4)
by COBE with that predicted by the mixed inflation-cosmic \yherea~M g and
strings scenario, we find values for the scalar coupdirend
for the scaleM g at which the strings formM g is calcu- (A5 =n®diag 0,0,0a’,a’), (A5)
lated such that we get enoughfoldings to push the mono-
poles beyond the horizon. The results are summarized iwherea’~Mgyr. The ® and @ fields are Higgs bosons in
Table I. The evolution of the strings is that of topologically the 126 and ®-dimensional representations. THe and ®
stable cosmic strings. The model is consistent with a mixedields must break the (1) x symmetry which commutes with
HCDM scenario. Left-handed neutrinos get very smallSU(5), and thus acquire VEV's in the right-handed neutrino
masses and the tau neutrino may serve as a good HDM cadirection. From the vanishing condition for tHe terms,
didate. They could also explain the solar neutrino problen‘(cp> (<I>>and thus, with appropriate subscripts,
via the MSW mechanism. The unbroken matter parity stabi-
lizes the LSP, thus providing a good CDM candidate. A <®126>chc=<<1)126);c;c=d, (AB)
gualitative discussion leads to the conclusion that the model
is consistent with large scale structures, very large scal@hered~Mg.
structures being explained by inflation and cosmic strings The true vacuum corresponds Foterms vanishing. Su-
explaining structures on smaller scales. An algebraic invesPersymmetry is unbroken. Using the same notation for the
tigation for this purpose would be useful, but will require Scalar component than for the superfield, theterms are
further research. given by

3

<
,—EX,—EX (AZ)
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Fs=2mgS +3\gS' 2+ A0 A2, A10 3
S s s A ( ) _mle’+Z)\81X’2_)\A/a,2:O, (Al?)
Fo=a/®, (A11)
o asd=0, (A18)
Fo=a/d, (A12)
— d?— u?=0, Al9
F,=add— u2. (A13) e (A19)

wheres is the VEV of the scalar field”. We note that the
roles of the 54 dimensional representati®gsandS;, are to
force the adjointA;s and A5 into B—L and Ty directions.
With the VEV's chosen above, see Ed$2), (A4), (A3),
(A5), and (A6), if s=0 andd=u/\a the potential has a
maa+ 2\ ,ax=0, (A14) global minimum, such that the $00) symmetry is broken
down to SU3) X SU(2) | X U(1) gX U(1)g_. and supersym-

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

3., 1 5 metry is unbroken and we havex=2m,/3\, and
_mSX+Z)\SX +§)\Aa :o' (A15) X,:2mA7/3)\Ar. a~|\/|GU-|-, a.,""M GUT a.nd,LL/\/E"“MG,
whereM g~ 10" GeV andMg<Mgyr<M, and M is

2mpya’ —3\a’'x’ =0, (A16)  the Planck mass- 10" GeV.
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