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We study cosmic string formation within supersymmetric grand unified the@®eds). We consider gauge

groups having a rank between 4 and 8. We examine all possible spontaneous symmetry breaking patterns from
the GUT down to the standard model gauge group. Assuming standard hybrid inflation, we select all the
models which can solve the GUT monopole problem leading to baryogenesis after inflation, and are consistent
with proton lifetime measurements. We conclude that, in all acceptable spontaneous symmetry breaking
schemes, cosmic string formation is unavoidable. The strings which form at the end of inflation have a mass
which is proportional to the inflationary scale. Sometimes a second network of strings form at a lower scale.
Models based on gauge groups which have a rank greater than 6 can lead to more than one inflationary era;
they all end by cosmic string formation.
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I. INTRODUCTION idea that there may be a gauge grdapvith a single gauge
coupling constant, which describes the interactions between
The interface between high energy physics and cosmolparticles above the scaM . These are the so-called su-
ogy is very fruitful. Both high energy physics and cosmology persymmetric grand unified theori€gSUSY GUTS. From
enter the description of the evolution of the early Universethe point of view of cosmology, SUSY GUTs can provide the
at microscopic and macroscopic levels, respectively. Howscalar field needed for inflation, they can explain the matter-
ever, cosmological models such as inflation must originat@ntimatter asymmetry of the Universe, and they can provide
from the particle physics model describing interactions of thea candidate for cold dark matter, namely, the lightest super-
constituents of the early Universe plasma. Cosmology proparticle.
vides the ground to test fundamental theories at energies far An acceptable SUSY GUT model should be in agreement
beyond the ones accessible by any terrestrial accelerator. with both the standard model and cosmology. The grand uni-
The particle physics standard mod8M) has been tested fied gauge group must be broken at the GUT scale down to
to a very high precision. However, evidence of neutrinothe standard model gauge group. The GUT gauge group must
masseq 1-3] proves that one must go beyond this model.therefore contain the SM gauge group SW{8BU(2).
The simplest explanation of the data is that neutrinos gek U(1)y, and it must predict the phenomenology that has
mass via the see-saw mechanighthwhich results from the been observed at acceleratff$ Constraining SUSY GUTs
breaking of some left-right symmetry. This is the first hint at accelerators is a challenge which will be undertaken in the
suggesting an extension of the SM gauge group, althougfuture. On the other hand, even if accelerators can find SUSY
this is not strictly needed since right-handed neutrinos coulgarticles and constrain the minimal supersymmetric standard
be present without invoking any extra gauge symmetry. Atmodel(MSSM), they will probably say only very little about
present, supersymmet($USY) is the only viable theory for GUTs and symmetry breaking patterns. Luckily, a number of
solving the gauge hierarchy problem. In addition, in the sunew astrophysical data can be used to constrain the various
persymmetric standard model the gauge coupling constantghemes of spontaneously symmetry break®gB from a
of the strong, weak, and electromagnetic interactions, witlyrand unified gauge group down to the standard model.
SUSY broken at the TeV scale, meet in a single point at In building SUSY GUTSs, one faces the appearance of un-
around Mgyr=(2—3)Xx10'° GeV. This strengthens the desirable stable topological defects, mainly monopoles, but
also domain walls, according to the Kibble mechanigh
To get rid of the unwanted topological defects, one employs

*Email address: rachelj@ictp.trieste.it the mechanism of inflation. Inflation is also the most prom-
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ground(CMB) temperature anisotropies, as confirmed by the Il. THEORETICAL FRAMEWORK
recent Wilkinson microwave anisotropy probe measurements
[7]. On the other hand, inflation usually requires fine-tuning
of its parameters, leading to the naturalness issue. These fine The assumption of a GUT implies that our Universe has
tuning problems can be circumvented in SUSY models. |undergone a series of phase transitions associated with the
principle, we could build an inflationary scenario using asPontaneous symmetry breaking of the GUT gauge group
random scalar field with a given potential, which has nothingGeur down to the standard model gauge gro@y
to do with either the SM or a gauge theory containing the= SU(3)cX SU(2). X U(1)y at Mgyr~3%10'° GeV. The
SM. This could come, for example, from a hidden sector. Anlast phase transition of the SSB pattern is the electroweak
interesting possibility is that inflation comes from extensionsPhase  transition which takes place Mz, ~10° GeV as
of the SM, such as a GUT model, which is then self-Gsm breaks down to SU(3)<U(1)q. There might be one,
consistent: monopoles form, inflation originates from theMore than one, or none intermediate symmetry group be-
GUT itself and solves the monopole problem, and in additiorfV€€N Geur and Gsy. The important cosmological conse-
it fits with CMB data, as well as other data such as theduénce o_f these _SSB schemes_ is the formation of topological
baryon asymmetry which is generated by oscillations of théjefeCtS via the Kibble mecha_msiﬁ]. . -
inflaton field. Models along these lines have been con- It we hav_e a system W't.h a topologlcglly no_ntr|V|aI
structed[8—10. This scheme is the philosophy which we vacuum manifold, then fields in different spatial regions fall
follow here into different ground states, and thus SSB may be followed
' by the emergence of a network of topological defects during

Given an Inflationary scenario, we investigate the OPO4e associated phase transitigRor a review on topological

logical defects which may be produced at subsequent phasgce s the reader is referred to Réfs3,14.) This leads to
transitions. We coq3|der _aII p_ossmle symmetry breakinghe GuUT monopole problem: all GUTs based on simple
schemes_ and_exa.mlne which kind of topological defects argauge groups lead to the formation of topologically stable
left after inflation, |f any. In all schemes, orjly local topologi- monopoles whose density is aboutdmes greater than the
cal defects can arise, since we only consider gauge symmexperimental limit. Homotopy theory tells us that topologi-
tries. If monopoles or domain walls are produced after inflacally stable monopoles always form. Moreover, a wide vari-
tion, then these SSB patterns are discarded, since thesgy of other defects may also form, leading to important as-
defects should have closed the Universe. The only acceptabigophysical and cosmological implications.
SSB patterns are those which, after the inflationary stage, In this paper, we study the formation of topological de-
either lead to the formation of cosmic strings or to no defectdects in realistic GUTs considering all possible SSB patterns
at all. If cosmic stringgtopological defectsare formed, we of a given group. Allowing for standard hybrid inflation we
should examine their typéNambu-Goto strings, supercon- can then throw away all schemes which lead to the formation
ducting strings and then check their compatibility with the of unwanted defects and check whether strings form at the
constraint coming from the recent measurements of the CM@nd of inflation or after inflation has completed.
temperature anisotropief7,11]. If embedded strings are  Letus consider the symmetry breaking of a gr@igown
formed, then we should examine their stabiliffhey are in  to a subgrougH of G. In order to see whether topological
general unstable under small perturbatipihe symmetry defects form during the phase transition associated with the
breaking patterns leading to the formation of textures canndgreaking ofG down toH, we can study the homotopy groups
be constrained, since local textures decay very[fi8tand  m(G/H) of the vacuum manifold\,,=G/H. If 7 (G/H)
therefore play no role in cosmology. #0, then topological defects are formed;ki=0 then do-

We organize the rest of the paper as follows: In Sec. Il, wenain walls form, ifk=1 then cosmic strings form, k=2
discuss the theoretical framework of our study. We discusghen monopoles form, and K=3 then textures appear.
the various kinds of topological defects which may form, and Spontaneous symmetry breaking patterns which lead to
the criterion for their formation. We briefly review the stan- the formation of monopoles or domain walls are ruled out
dard model for inflation in SUSY GUTSs, and we comment onsince they are incompatible with our Universe, except if an
leptogenesis. In Sec. Ill, we discuss the choice of the gaugiflationary era took place after their formation. The reason
groups which we consider. In Sec. IV, we list all possiblewhy monopoles and domain walls are undesirable, is that in
SSB patterns from the selected GUT gauge groups down tboth cases they soon dominate the energy density of our
the standard model gauge group. We review the most conJniverse and close it. The textures are not studied in this
mon embeddings of the standard model in each GUT. Eacivork because in the local case, their relative contribution to
embedding leads to specific SSB patterns. We list them althe energy density of the Universe decreases rapidly with
giving the type of defect which is formed at each phase trantime [12]. Thus, we cannot constrain SSB patterns with tex-
sition. We then discuss which of the SSB patterns are altures because they cannot play a significant role in cosmol-
lowed from cosmology and we count for each group theogy.
number of schemes where strings are formed after inflation, In addition to topological defects, a gauge field theory
as compared to the number of schemes with no defect. Wanay have nontopological defects. It is possible to obtain a
round up with our conclusions in Sec. V. Finally, in the Ap- submanifold M (m<n), of the original vacuum manifold
pendix, we list the maximal subalgebras which we employM,, by freezing out some combinations of the original
for the groups considered in our study. fields. If the topology ofM,, is such that the theory admits

A. Topological defects
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topological defects, then one can create configurations of the The superpotential for hybrid inflation in SUSY GUTs is
unconstrained fields which correspond to topological defectggiven by

Provided these configurations satisfy the equations of motion _

of the unconstrained theory, then embedded defects appear W=aSOd — u?S, (2.1
[15,16. More precisely, if we have a symmetry breakiGg

—H andGemy—Hemp, With Gemi— G andHeng—H, we ex-poosis 4 GUT singlet® and® are GUT Higgs fields in

amine whether( Gemp/ Hemy) 0, which is the criterion for 16y conjugate representations which lower the rank of
the appearance of embedded-(B)-dimensional defects.  he group by one unit when acquiring nonzero vacuum ex-
Embedded defects are not topologically stable and in 9€M5ectation valugVEV), anda and u are two constantsy(
eral they are not dynamically stable eittiéi7]. However, a  has dimensions of maswhich can both be taken to be posi-
number of mechanisms have been proposed in the literaturgye with field redefinition. The superpotential given in Eq.
which may stabilize the embedded strings and therefore, theyp 1) is the most general superpotential consistent with an
may play an important role in cosmology. For example, theR-symmetry under whichW—eAW, ®—e 8D, @
pion string in the theory of strong interactions, and the elec-_>ei3¢, andS— eiB.
troweakZ string in the standard electroweak theory can be ¢ potential has two minima: one valley of local
stabilized in the early Universe via finite-temperature plasma . . for S ter than its critical valus.= u/a o
effects[18]. In addition, an electroweak string can be also T'n'ma’ or S greater-than 1 . ST MV,
stabilized by the presence of bound states of a complex sca_—q)’ and one global supersym.metrlc m|.n|r'r?u.n.1=€0) at'
lar field [19]. Embedded gauge monopoles always syef S=0 and ®=d=u/\/a. Imposing chaotic initial condi-
from a long range instabilitythe Brandt-Neri-Coleman in- tions, i.e.,.S>S;, the fields quickly settle down the valley of

stability [21]), and therefore, we do not consider them. local minima. The potentia¥ = u*+0 and inflation can take
place. SUSY is broken and the one-loop corrections to the

effective scalar potential can be calculaféd]. This gives a
little tilt to the scalar potential which helps the scalar fi€ld
Inflation is at present the most appealing theory whichyg siowly roll down the valley of minima. The last 50 or so
describes the early Universe. Inflation essentially consists of_fq|ds of inflation take place much below the Planck scale.
a phase of accelerated expansion which took place at a ve{yhenSfalls below its critical valueS,, inflation stops by a
high energy scale. Even though only special initial condi-yaterfall regime, and the fields quickly settle down to the
tions eventually lead to successfully inflationary cosmolo—g|0ba| minimum of the potential and supersymmetry is re-

gies, it has been argu¢@?] that these initial conditions are . . .
. . tored. SSB occurs at the end of inflatich and® acquire
precisely the likely outcomes of guantum events Occurre(?]onzero VEVs after inflation, or at most during the last

before the _|r_1flat|onary era. Thu_s, inflation is itself gene_nce_fold; this is GUT model dependanThis is very important
[22]. In addition, when the principles of quantum mechanlcs]cor cosmology because it implies that topological defeits
are taken into account, inflation provides a natural explanaény) form atgt>k/1e end of inflatti))n with a mgssger unit lenath
tion for the origin of the large scale structures and the asso- P 9

ciated temperature anisotropies in the CMB radiafi28]. *ul\a. Henceforth neither monopole nor domain walls
With the increasing data on the CMB, which seem to confirmshould be associated with the SSB induced by®hand ®
an early inflationary erg7], one needs to find the most natu- VEVs. They should not form at any subsequent phase tran-
ral framework for inflation which can match the data. Infla- Sition either. We shall use this argument to constrain all SSB
tion is most naturally realized in SUSY model(§or a re- 0f a givenGgyr. It was already done for supersymmetric
view on inflation in SUSY models the reader in referred toSO(10) modelg30]. It was found that among all the SSB
Ref.[24].) The most natural scenario for inflation, up to date,patterns from SO(10) down to the standard model gauge
is the so-called standard hybrid inflatiofThe reader is re- group involving at most one intermediate symmetry breaking
ferred to Refs[25-27.) scale, only three are in agreement with observations. The
Let us summarize how inflation arises naturally in SUSYproton is “stable” (R parity is conservedand no unwanted
GUTs based on gauge groups with rank greater or equal to Slefects form after inflation. In all these three SSB patterns,
By naturally we mean that neither extra field nor any extracosmic strings form at the end of inflation. They imply a
symmetry, is needed for inflation except those needed t&hixed scenario with inflation and cosmic strings to account
build the GUT itself. In order to satisfy COBE data the in- for the CMB temperature anisotropies. We shall generalize
flationary scale has to be 10'55 GeV[27] which is close to  this to all GUTs predicting neutrinos masses via the see-saw
the GUT scale. Note that the problem of initial conditions ismechanism.
not completely solved, but the argument is that all the fields Let us comment on CMB anisotropies from inflation and
would come out from the quantum gravity period taking val-cosmic strings in SUSY GUTs models. In these scenarios,
ues which are of the order of the cutoff scale of the ultimatethe multipole momentsC, add quadratically and they are
theory, which can be taken to be the Planck séAlgor the  proportional to the same scaleq= u/\/a with a propor-
string scalg28]. The horizon problem is solved for coupling tionality constant which is model dependég8il]. This can
constants of the order of 16. The spectral index is pre- be rewritten asC!=(1—x)CI"+xC, where C™ C"
dicted to be very close to on@ve usually getn=0.98).  «(A;,;;/Mp). Herex depends on the CMB normalization for
Supergravity(SUGRA) corrections can be kept smat9]. each scenario, on the coupling constantof the trilinear

B. Inflation in supersymmetric unified theories
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term aS®® in Eq. (2.1), on the dimension ob, and on the iNvoked to cancel them. However, their effect on the scalar

GUT itself. Local cosmic string predictions are unfortunatelyPotential is usually negligible. The way one can solve the
not very well established in detail and range from an almosf’©nepole problem with SUSY GUTs hybrid inflation has
flat spectruni32] to a single wide bump at~500[33] with been discussed in RefL0]. - . .

extremely rapidly decaying tail. Recent numerical simula- We thus assume standard hybrid inflation which can only
tions of local string networkg34] confirm the existence of a occur when the rank of the group is lowered gy least one

: . unit. We can then discuss how frequently cosmic strings
bump at around ~600. It seems that the m|crophyS|c_s of form at the end of inflation with a mass proportional to the

e , X X e‘lnflationary scale as discussed above, so that both inflation
position of the bumi35,36. Studies of mixed perturbation 5,4 cosmic strings contribute to the CMB temperature
models (inflation + cosmic strings impose strong con-  gpisotropies. We point out that for GUTs based on gauge
straints on the maximum contribution of the string networkgroups with rank strictly greater than 5, more than one stage
[33,11). The initial condition is also not taken into account. of jnflation can occur. This could lead to a multiple inflation-
(The distribution of strings forming at the end of inflation ary scenario with or without cosmic strings at each stage. If
and their microstructure may be very different from thosemore than one stage of the SSB pattern lowers the rank of
concerning strings formed at standard phase transijionsthe group, there can be a succession of short bursts of infla-
What we can conclude is that the effect of cosmic strings onion [41] which occur at different scales below the Planck
the CMB power is to lower the height of the first acoustic scale and leave behind a distinctive signature in the spectrum
peak, and to displace it to smaller angular scales, as well asf the generated scalar density perturbatiet. In our sce-
to wash out any secondary pedl3]. In addition, topologi- narios, i.e., in the selected SSB which lead to various stages
cal defects induce non-Gaussian statistics, due to their nomf inflation as well as to cosmic string formation at the end
linear evolution[37]. of each stage, multiple inflation combined with multiple
So far, we have been discussing F-term inflation. D-termstring networks arises.
inflation[38] requires the existend@ addition to the GUT
of a U(1) factor with a nonvanishing Fayet-lliopoulos term )
which can only appear if +#0, whereQ stands for the C. Leptogenesis
U(1) charge[39]. D-term inflation occurs in the following A cosmological scenario is incomplete if it does not dis-
way: If one assumes an appropriate set of discrete and coguss baryogenesis which has to occur after inflation has
tinuous symmetries, the linear term in H@.1) can be for-  taken place. GUT baryogenesis is washed out by inflation
bidden. The VEV of the field® and® can be then forced to and the window left for electroweak baryogenesis is very
equal the Fayet-lliopoulos term which also sets the scale ggmall. The most appealing scenario today for baryogenesis is
inflation. This is the so-called D-term inflatioj#0]. The that of leptogenesi$43] which requires nonzero neutrino
main advantage of D-term inflation is that it works for gen- masses. This scenario is strongly favored since the discovery
eral Khder potentials. However, if this extra U(1) is anoma- of nonzero neutrino mass¢$—3]. (For a review on baryo-
lous coming from string theorgthis would be the best way genesis scenarios and on the cosmological arguments which
to justify its presence the F term is calculated using the they render most of them unlikely, the reader is referred to
Green-Schwarz mechanism and would be at the string scaféef.[44].)
which is far too high for inflation. At the end of D-term  The most economical way for getting neutrino masses is
inflation cosmic strings always forriThis is easy to under- the see-saw mechanisf¥]. This requires the existence of
stand since we are breaking a U(1) gauge symnjdirghis ~ SM gauge singletgthe right-handed neutrinpswhich must
case they satisfy the Bogolomny bound and their contribuget masses arourd g~ 10'* GeV from data on neutrino os-
tion to C,’s is x=0.75[31]. The string contribution is smaller cillations[1-3]. This means that there exist a superpotential
in the F-term cas@31] and as mentioned above, model de-mass term for the right-handed neutrinos of the form
pendent. We conclude that D-term inflation is not consistenMgN;N;, wherei,j=1,2,3 andMg is a 3X3 mass matrix.
with observationg11], but it does not concern us anyway, TheN;’s are SM singlets which couple with the MSSM lep-
since we are interested in GUTs based on simple gaug®n doubletsL and electroweak up-type Higgd, via the
groups. superpotential terrh;;I;H N; , whereh;; is a 3X3 complex
Since topological defects always form at the end of stanYukawa matrix. This gives rise to a nonzero mass maitix
dard hybrid inflation, it is easy to conclude that at least ondor the left-handed neutrinos. The basic idea of leptogenesis
intermediate symmetry breaking is needed betw€gp;  [43] is that when the Universe cools down and its tempera-
andGgy,,. One way to avoid the monopole problem in single ture falls belowT~Mpg, the right-handeds)neutrinos stop
step breaking GUTs is to consider the first nonrenormalizabléeing in thermal equilibrium with the surrounding plasma
term in Eq.(2.1) [8]. Its effect on the scalar potential is to and decay intds)leptons and electroweak Higdisiggsinos;
“shift” the inflationary valley of local minima to a valley in lepton number an@ P are violated 45]. A net lepton asym-
which the GUT Higgs fields have already a nonvanishingmetry is produced which is then transformed into a baryon
VEV, implying that the GUT is already broken during infla- asymmetry via sphaleron transitions, which are effective be-
tion so that no topological defects form at the end of inflationtween 182 and 1G GeV [46]. The reheating temperature in
[8,9]. Note that nonrenormalizable terms of all orders are insupersymmetric models is bounded by above, Ty
general present in the superpotential if no R symmetry is<10'° GeV, to avoid an overproduction of gravitinos which
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would overclose the Universe. groups are divided into four infinite families, SthH 1),

The most effective way for leptogenesis is therefore nonso(2n+1), Sp(), and SO(2), wheren denotes the rank
thermal. This happens for example if the inflaton field decaysf the group. In addition there are five simple exceptional
into right-handed neutrinos and sneutrirtsse, for example, groups,G,,F,,E4,E7,Eg, Where the index corresponds to
Ref. [47]). The resulting lepton asymmetry is then propor-the rank of the group. The basic requirement for a GUT is
tional to the reheating temperature, inversely proportional t@hat it must contain the standard model gauge grGup,
the inflaton mass, and depends on neutrino mass parameterssy(3).x SU(2), X U(1)y as a sub-group. Its rank must
Constraints from successful inflation, reheating, and neutringnerefore be greater or equal to 4, which is the ranigf;.
masses can be satisfied. In these scenarios, the right-handsghple groups of rank 4 are $5), SO(9), Sp(8), SO(8),
neutrino masses come from a superpotential tefi®@N;N;, £, and we can add the semisimple group SU{®U(3).
where the GUT Higgs fieldD is identified with the GUT ~ among these groups of rank 4, only SU(5) and SU(3)
Higgs field entering the inflationary superpotential given inx sy(3) have complex representations, which are needed in
Eq.(2.1). This is the same Higgs field which bresBs-L (B order to describe electroweak interactions. However, SU(3)
and L are, respectively, baryon and lepton numbers  x sy(3) cannot describe particles of integer and fractional
GUTs, predicting right-handed neutrinos. Such GUTSs contaiftharge and therefore it is also excluded. Thus, the only group
a U(1)s-. gauge symmetry and the scale of neutrino massegs rank 4 which remains is SU(5)50].
is proportional to thé8—L breaking scale. In selecting GUT gauge groups, we have two additional
~ Another nonthermal process for leptogenesis is via decayeonstraints: the group must include a complex representation
ing B—L cosmic stringg48]. The Higgs field responsible hich is necessary to describe the standard model fermions,
for string formation is the same Higgs field which is used togng it must be anomaly free. In principle, Sty(may not be
breakB—L. Sin(:.:e it giveS mass to the right'handed neutri'anomaly fred:53], more precise'y it depends on the chosen
nos, there are rl_ght-handed neutrino zero modes trapped f@rmionic representatiofi50]. We assume that the Shl
B—L cosmic string cores. These are released when cosmigroups which we use have indeed a fermionic representation
string loops decay and leptogenesis takes place. If the supahat certifies that the model is anomaly free. With these con-
potential given in Eq(2.1) is used for inflation, as well as to  straints taken into accouritve do not yet require see-saw
_breakB—L, thenB—L cosmic strings form at the end of mechanism for neutrino massesnly SO(h+2) with n
inflation. Such models were discussed in RdB]. In this  >o SU(n) with n=5, andEg can be kept. We also point
case both processes contribute to the lepton asymmetry @it that minimal SUSY S(5) is ruled out by proton lifetime
the Universe: the nonthermal process from reheating afteneasurements.
inflation and the decay of cosmic strings. _ The last constraint comes from neutrino masses. The

In any case, the SSB patterns which can explain thgajrly recent discovery of neutrino oscillations at Super-
baryon asymmetry of the Universe have tBe-L gauge kamiokande[1] implies that neutrino have a mass. The
takes place at thB—L breaking scale, both nonthermal sce- kamLAND [3] direct measurement of neutrino mixing have
narios will compete, somehow in the same way that both:onfirmed the existence of nonzero neutrino masses. Since
strings and inflation can contribute to CMB anisotropies. Itthe standard model does not predict the existence of mass for
would be very interesting to calculate in which proportion the neutrino, we must go beyond. The simplest possibility is
they contribute to the net baryon asymmetry of the Universgg add a singlet which plays the role of right-handed neu-
today. trino. One can also add a triplet of Higgs to the SM. But

neutrino masses are predicted in GUTs which contain a
. GRAND UNIFIED THEORIES U(1)g_,. gauge symmetry4]. The requirement of see-saw
mechanism is our next constraint on the choice of the group.

GUTs can solve many of the SM problems, such as th&\Ve point out that these models can also automatically lead to
guantization of the electric charge, the quarks and leptonR-parity conservatiof54] and baryogenesis via leptogenesis
masses, and the origin of neutrino masses. On the other har{d3]. SUSY GUT models that we shall select at the end are
SUSY solves the gauge hierarchy problem. In the MSSMself-consistent: they predict neutrino masses and R-parity
with SUSY broken at around $0GeV the strong, weak, and conservation, they solve their own monopole problem with
electromagnetic gauge coupling constants run with energinflation, and at the end of inflation baryogenesis via lepto-
and reach the same value Mitg,~3x 10'® GeV. Hence genesis can take place.

SUSY GUTs can describe particle interactions at energies Regarding the upper bound on the rank, we limit our
above Mgyt and it must be broken down to the standardstudy to groups with rank less than or equal to 8. Clearly,
model gauge group. In this section, we select GUT gaugéhe choice of the maximum rank is in principle arbitrary. The
groups which lead to the correct SM phenomenology withouthoice of r<8 could, in a sense, be motivated by the
fine tuning[50-52. Horava-Witten55] model, based oBgX Eg. Each factoEg

A single value for the three gauge coupling constants ofrank r=8) can be seen as confined in one brane. Thus,
the standard model can be obtained with a simple group awithin a four-dimensional theoryno extra dimensionsthe
with a group which is the direct product nfidentical simple  rank can be limited to =8. To be more precise, within the
groups with the addition of a discrete symmefy. Simple  framework of five consistent string theories in ten dimen-
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sions (i.e., type | open strings, type IIA and 1IB closed The definition of the weak hypercharge is given where
strings, and the two closed heterotic stringhe rank of the needed. The microstructure of cosmic strings is very much
gauge group is bounded to<22 [56]. However, it is at dependent on these assignments, which can imply different
present believed that the five string theories are related bgosmological and astrophysical effects such as superconduc-
strong-weak coupling dualities, and they can be seen as difivity, nonthermal production of baryons, lepton asymmetry,
ferent limits of one underlying theory, the M theory. In this or dark matter.

context, one gets nonperturbative strings which have their In order to simplify the notation, we write<2, 2z which

own nonperturbative gauge group, thus enhancing, by a reatands for SU(49XSU(2) XSU(2)r, 3c2 2gr1lg-. for

lot, the maximum rank required in perturbation thef5g]. SU(3)cX SU(2), XSU(2)rX U(1)g__ , etc. We also use the

(A few years ago, the upper bound of the rank was found taiumbers 1,2,23 over an arrow to distinguish the type of
be 1¢ [57].) Even though we limit our study to<8, we gauge defect which is formed during the corresponding
believe that we still capture the main results. Indeed, highephase transition: 1 stands for monopoles, 2 for topological
rank groups leadias one can see in the following sectiptts  cosmic strings, 2 for embedded strings, and 3 for domain
similar SSB patterns as the one considered for groups ofalls; 0 indicates that no defect forms. If the number is
smaller rank. At last, but not least, a fully exhaustive analysigiven in brackets, it stands for the type of defect formed

is clearly impossible. during the SSB of the same gauge group down to the same
1(1,2)
subgroupxZ,. As an exampleG — H(Z,) means that
IV. SPONTANEOUS SYMMETRY BREAKING PATTERNS monopoles form wherG breaks down toH, while both

_ _ monopoles and cosmic strings form wh@rbreaks down to
In the previous section, we showed that a number of congys 7 ¢ (z,) appears but there is no number in brackets, it
straints restrict the choice of symmetry gro@sur- In this  is pecause th@, appeared during a previous transition and
section, we study all possible spontaneous symmetry brealg . type of defect which forms in the SSB with unbrok&n
ing patterns fromGgyr down to the standard model gauge iq jgentical to the one without it. FinallG— - - - means that

groupGgy (0r Gsyx Zp) and we look for defect formation. o 5B patterns @& down toGey, have already been given.
Here Z, is a subgroup of the U(%), gauge symmetry

which is contained in various gauge groups such a&l80 A. Discrete symmetries

E(6), and SU(8). ltplays the role of R parity. Recall that R brieflv di . di . :
parity in SUSY forbids all dimensions 3 and(dven dimen- We brie y QISCUSS various iscrete symmetries which may
appear during the SSB patterns. The subgroup of

sion 5 baryon and lepton number violating operators, there- . L X
fore forbidding fast proton decay. This discrélg symmetry U(1)p- which plays the role. of R parity is the only discrete
can be left unbroken down to low energy when appropriat ymmetry that we shall conS|der_|n the SSB patterns. It must
representations are used to implement the SSB patdiin e there b_y natura!ne;s fqr keeping the proton ]lfetlme abqve
R parity is thus an automatic consequence of SUSY GUT%he experimental limits, since we do not consider the exis-
which contain U(1}_, . Only models with unbrokei, at ~ (€nce of any other symmetry th&r at the GUT scale.
low energy are consistent with the proton lifetime measure- _ Nevertheless, we point out that some disc&fesymme-
ments. Therefore when it appears in a SSB scheme, we ke% £s may be left unbroken when the rank of the group is
it unbroken down to low energy. wered. Thls depends on the Higgs representation vyhlch is
We only consider maximal regular subgroujsg]; they used to _|mplement the SSB. _However, only two discrete
are listed explicitly in the Appendix. We disregard specialsymmet”es' the standa, parity and oneZg parity, are
maximal subgroups because it is then really nontrivial to gef"omaly free and can remain unbroken at low en¢fg.
Ggy With the correct phenomenology. We write down ggp(Note that by adding some gauge .smglets and/or doublets
schemes which are consistent with both group theory an§V0 MoreZs could be allowed.Also, in order to get th&;
particle physics phenomenology. Some of the SSB schemaymmetry some very high nggs-d|men3|onal repregentatlons
may be extremely complicated for model building. For ex-&'€ neededSs]. For example, in order to get a residugj
ample, nontrivial Higgs representations may be needed. IfoM Ee, One has to choose a 3003-dim Higgs representation.
fact, in model building with a minimal set of Higgs, we do 10 Simplify our work, we disregard thes&, . They must be
not usually get many intermediate SSB scales. Also, in goinggroken at some stage during the SSB pattern, so that they are
beyond one or two intermediate SSB scales, the model losd¥oken today. From a cosmological point of view, when
its predictability. However, this is beyond the scope of thethese discrete symmetries break, unwanted domain walls
systematic search we are aiming to. form. In a full _modgl, they must therefore appear and be
For each group, there may be different ways of embedProken before inflation. c
ding Ggy, in a given maximal subgroup. We use different Anothgr discrete symmetrz2 can also be left unbroken _
indices to refer to the embedding that we consider. The thre@hen Pati-Salam or left-right symmetry groups appear. This
indicesC, L, and Y Stand for color, left, and hypercharge, leads to the formation af, strings which get connected via
respectively, but we use more generally the in@ak) when  domain walls wherZ§ breaks60]. [This is not coming from
SU(N) D SU(3)e [SU(N), DSU(2),]. We use several other the breaking of a gauge U(1) symmetry and hence does not
indices which correspond to different possible embeddingenter in the comments aboyeThe Z5 symmetry is also
of Ggy in maximal subgroups o0& t. They are explained known as D parity{61]. The scale of breaking 02(2: and
below when we list the various SSB patterns for each groupSU(2)z may be, in principle, separated. We discuss all the
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SSB patterns for SUSY S@0) with and without unbroken D It is used for SSB via the Georgi-Glashow modié#]; we
parity at high scale. Although the unbroken D parity mayadd no subscript to S@3). In thesecond case
also appear irEg models, for reasons of simplification, we

do not discuss it. The important issue is that it must be bro- X: -~ 1(Z+V) 4.3
ken before inflation takes place. 2 5 ' '
B. SU(5) and it is used for the breakings via the flipped SU(5) model

) ] ) ) [65], in which case we add the subscrifti.e., we write %.

The discussion of SBB) GUT s very short, since S8) |5 SO(10), all the standard model fermions of each family
has a rank 4 and can only break directly down to the standarg|ys a right-handed neutrino belong to the 16-dimensional
model gauge group. This SSB leads to the formation of (Orepresentation. The decomposition of the 16 under SU(5)
pologically stable monopoles which are inconsistent with ob— SU(5) is given in Refs[64,65.
servations. One way to solve the monopole problem in Thus, there are two ways of embedding SU(5)
SUSY SU5) is to introduce an extra singlet and to give X U(1)y D SU(3)ex SU(2), X U(1), in minimal SO(10)
nontrivial initial conditions to the fields in the Higgs poten- GUT, but there is only one way for SU(]63]. HereV is
tial [62]. In the following section we discuss GUT gauge ,qjated to the third componeid, of SU(2), and toB—L
groups with rank greater or equal to 5. which is contained in SO(10) by ’

C. SO(10) V=—-413-3(B-L), (4.9

SO(10) is a gauge group of rank 5, which contains
as maximal subgroups SU(XJJ(1) and the Pati-Salam
gauge group Gps=SU(4)cXSU(2)sxSU(2)., where Z=—13+3(B-L). (4.5
SU(4)cDSU(3)cX U(1)g-1 -

In order to give explicit definition for the hypercharge, we Thus, in the first case,
consider the following decompositidig3]:

and related t&Z by

Y 1
SO(10)DSU(5) X U(1)y 5=kt 5(B-L), (4.6
DSU(3)cXSU(2) X U(1),XU(1)y . (4.))  while in the second case

There are two possible assignments for the hyperchdrge s 1
that reproduce the SM and they depend on whether it is only 5 =IrT5(B-L). (4.7)
included in SU(5) or also in S@O). In the first case
We list below the SSB schemes of SO(10) via(5U
I:Z 4.2 subgroups. We indicate the type of defecformed at each
' ' phase transition

1

Y 52y Gsw (Z2)
BRI VAR D201, 1 MY Ge (2
P G (22)
SQ(10) \ (4.9
o5, 2P Ggy (2o
°% 52y 1 Geu (Zo).

In Ref. [66] it has already been shown that if a 126- incompatible with cosmology.

dimensional Higgs field is used, $1) is broken down to SO(10) can also break via the left-right symmetric groups
SU(5)X Z, and stable cosmic strings arise. However, sinceGpsD SU(3)cX SU(2)rX SU(2), XU(1)g__, in which case
the next SSB leads to monopole formation, this model ighe assignment of the hypercharge is given by @d/). As
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explained in thg previous gection, a discrete_ symmetrgroup Spin(10) which is really broken td[Spin(6)
known as D parity(noted asZ;) can appear, leading to the X Spin(4)]/Z,)(X ZS). [We remind the reader that SU(4)
formation of walls bounded by strings; such configurationsy sy(2)x SU(2)~ Spin(6)x Spin(4).] The quotientZ, re-

are not problematic for cosmology. However, if inflation gyts from the nontrivial intersection of Spin(6) and Spin(4)
takes place before the formation of domain walls, then thesg, 4 implies the formation of monopoles.

would become cosmologically catastrophic; this situation is
forbidden. AnotheiZ, appears when SQ@O0) is breaking via
Gps[60]; indeed, it is not SQL0) but its universal covering

The SSB patterns dbpg and Gpg with D parity down to
Ggum (Z,) are, respectively, given by

1 2 (2
bosc2 1515 2P Geu (2o
1
30 2L 2R 1B7L ] ’
N 2'(2)
. Gswm (22)
\
(1 22
bosc2 115 P Gey (Z2)
1
4c 2, 1 {
4c 2 25\ — TC LR 2'(2) (4.9
. Gsw (Z2)
\
1 2(2)
- Sl o ey (2
1(1,2
\ 7 Gsm (Z2)
and
([ sc2 210 -
1,3 2 (2)
_1) 30 2|_ 2R 1B—L Zg < N 3C 2L lR 1B*L N GSM (22)
2'3 (2,3
7 Gsw (22)
\
( 3
2o4c2 1k o
1,3 2(2)
i 4c 2, 1g Z5 ! L Sc 2 lrley Gsm (Z2)
3 (23
Gsm (Z2)
4 2, 2g Z§ . S (4.10
3
N 4c 2| 2 — Eq. (49
Yoac21
- c 4L 1r -
1,3
0 8¢ 2L 2g 15 -
1,3 2(2)
— eAlelen gy 2y
1,31,2,3
7 Gswm (Z2).
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associated defect formation are
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For SQ10), we find that there are 68 SSB patterns which
do not lead to formation of unwanted defects after inflation
and all these models lead to the formation of topological
strings or embedded ones, at the end of inflation. More pre
cisely, we find that there are 34 SSB patterns with topologi-
cal strings and unbroken matter parity, i@gyxZ,. There

o 4c 2 2g — Eqg. (49 are 21 SSB patterns leading to the formation of topological
strings, but with broken R parity. Finally, there are 13 SSB
1,2 c schemes with embedded strings. In($@, when embedded
4c 2 2r Z; — FEo. (410 strings are formed, R parity is always broken. In all these
models,B—L is broken at the end of inflation and leptoge-
L2 4c 2, 1g Z§ _ nesis is efficient. As discussed earlier, the proton lifetime
measurements require unbroken R parity. There are therefore
1 only 34 SSB patterns which satisfy all the constraints and
. 4c 21 1 - they all lead to the formation of topological cosmic strings at
SQ(10) the end of inflation.
32 27 15 25 —
_1> 3c 2L 2 1g-, — D. SU®)
SU(6) is the second group of rank 5. The maximal sub-
1 2(2) groups of SW6) are given in Table I. Recall that $68) does
_ 3c 2L g 1g-1 N Gsm (Z2) not containB—L and, therefore it cannot accommodate the
data on neutrino oscillations. There are only few possibilities
12 Gsm (Z2) for the spontaneous symmetry breaking patterns fronf6sU
- down to theGgy. We list them below, indicating also the
type of defects, if any, formed at each phase transition.
(4.1
( 2 1
The SSB patterns listed above and the type of defect in- - -
dicated above the arrows, contain all the information one N 13 2112 ¢
needs to address the question of whether cosmic stftngs . 5% { — vc“t — T SM
pological or embeddedare expected to exist in models
which are compatible with both particle physics and cosmol- l_f Gswm
ogy. The acceptable models must be consistent with proton L
lifetime measurements, solve the GUT monopole problem
with inflation, and explain the baryon asymmetry of the Uni- (1 2
verse. Inflation takes place when the rank of the group is 3211 _ Gsu
lowered and nonthermal leptogenesi®., B—L breaks at 40 2, 1 ¢
the end of inflatioh is efficient. For GUTs based on gauge Ggwm
groups which have a rank less than or equal to 5 such as L -
SO(10) or SU®6), in each SSB pattern, there is one single
choice for the phase transition where hybrid inflation cansyye) (1 2
take place. In SQ0), nonthermal leptogenesis always takes - 3c20 11 N Gswm
place at the end of inflation. On the other hand, for GUTs 33 1 ¢
based on gauge groups which have a rank greater than 5, Gsum
there may be more than one choice for the phase transition L -
which leads to inflation. In these GUTs where inflation can
take place at different stages in the SSB patteBnsl. is not
necessarily broken at the end of inflation. Models satisfying )
all constraints must lead to efficient leptogeneBis;L must 3c2. 11 e
be broken at the end of inflation. sM
Since in standard hybrid inflation SSB takes place at the 1
end of inflation, in the schemes which are consistent with 5 G
cosmology from a defect point of view, inflation can only sM
take place during a given phase transition, with no mono-
poles or domain walls at this or at a subsequent phase Gsm-
transition. 4.12
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TABLE I. Maximal regular subgroups of grand unification strings and two with embedded ones. However(&does
gauge groups with rank not greater than 8.

Rank Group

Maximal subalgebras

4 SU(5)

SU(31XSU(2) X U(1)y
SU(4)x U(1)

5 SO(10)

SU(SXU(1)y
SU(5)xU(1)y

SU(4)eX SU(2), X SU(2)r=Gps

SU(6)

SU(5)x U(1)s
SU(4)ex SU(2) X U(1)
SU(3)ex SU(3) X U(1)

SO(10)X U(1)y
SU(6)X SU(2)k
SU(6)X SU(2),

SU(3)cX SU(3). X SU(3)r

SU(7)

SU(B)ux U(1)
SU(5)cX SU(2). xU(1)
SU(5)suX SU(2)x U(1)
SU(4)cX SU(3) X U(1)

7 SO(14)

SU(7x U(1)
SO(10)x SU(2)x SU(2)

su(8)

SU(7XU(1)
SU(6)X SU(2)x U(1)
SU(5)x SU(3)x U(1)
SU(4)x SU(4)x U(1)

8 SU(9)

SU(8)<U(1)
SU(7)x SU(2)x U(1)
SU(6)x SU(3)x U(1)
SU(5)x SU(4)x U(1)

Following the same approach as in the case of180D

not contain U(1}_, , data on neutrino oscillations cannot be
accommodated without extension of the minimal version and
R parity is not there. Thus, minimal $6) is not an accept-
able group for particle physics.

E. Eg

Eg is a group of rank 6 and it has three regular maximal
subgroups which can accommodate the standard model

SO(10) X U(1)!,,

SU(3)cX SU(3) X SU(3) Ry,

SU(6) X SU(2).

We study the SSB patterns & via each of them in the
following sections(We follow the notation of Ref[63].)

1. Breaking Eg via SO(10XU(1)

Let wus start with EgDSO(10)xU(1l)y, and
SO(10PDSU(5)XU(1)y. There are three possible assign-
ments for the hypercharg€ which reproduce the SM de-
pending on whether U(1,)C SU(5), or U(1),C SO(10), or
U(1)yCEg. They are, respectively, given Hg3]

Y_
5=Z (4.13
Yy 1
5= 5(Z+V), (4.149
Y 1 ,
5=~ 5g(4Z=V-5V). (4.15

So the U(1) with hypercharge given in Ed4.13 is only
contained in S(b) and is valid for the breakings through the
Georgi-Glashow model. The hypercharge in E4.14 is
contained in SQLO) and is the one appearing in the break-
ings through flipped S(5). Finally the last assignment of

in Eq. (4.15 correspond to U(1)CEg. This is the subgroup
which appears in the breaking & through the E-twisted

one finds that there are six cosmologically allowed SSBSU(5) model, for example. We distinguish the SU(5) of
schemegfrom a defect point of view They all lead to the each of these three cases by writing it as %, Br 5,
formation of topological strings or embedded ones, at th@espectively. The SSB patterns for §14,, and 51,1y are,
end of inflation. There are four schemes with topologicalrespectively, given by
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5 1, 1y

2 (2)
—

1,21,2

| -

PHYSICAL REVIEW B8, 103514 (2003

e

2 5(2) 1 Geu (22
5 1 (Zy) | i Gsm v (Z2) i Gsw (Z2)
2 Gsu (Z2)
\
(2 Gl %P Gy (2 4.16
Fam v v Zf) Gsw 1v (Z2) i Gsm (Z2)
.
5 1, -
Gsm (Z2),

where the hypercharge is given by E¢.13, and

5 1, 1/
FAvvi e
—

5 1,

Gsm (Z2),

2'(2)

Gsm (Z2)

SO(10) in EgDSO(10)xU(1)y, can also break via
SU(4)xX SU(2)X SU(2) which can be the Pati-Salam group

(417 Gpg or SU(4) X SU(2), X SU(2) [67]. In the first case,

U(1)y- is orthogonal toGgy, and the hypercharge assign-
ment is exactly the same as in the SO(10) d&sg (4.7)]. In

where the hypercharge is given by E@.14. In the the second case, the hypercharge is given by

E-twisted case the hypercharge is given by Ejl5 and

5g1,1y can only breakdown t&gy (Z,). 1
The SSB patterns WitPEGDSO(lo)X U(1)y:-DSU(5) Y=V'——C/, (4.19

XU(1)yXU(1)y are therefore given by

2
N

1
s

1 1,2
Es—10 1y/\ —

10

5 1, 1y

5c 1y Ly

5. 1, 1y

5 1y (Zy)
5 1,

5 (Zy)

5. 1,

Gsm 1v

Gsm 1y (Z2)

Gsm (Z2).

whereC'’ is the fifteenth generator of SU(4).
The SSB patterns withEgD SO(10)< U(1)y,DSU(4)
X SU(2)X SU(2)xU(1), with associated defects are

Eq. (4.16
Eq. (4.17)
GSM (ZZ) (1’2 4(; 2|_ 2R lV’ — Eq (421)
_O, 4 20 26 1y —  Eq. 4.22
! 1
Gsu (Z2) Ee—10 1\ . 4c 2L 2r — Eqg. (4.9
G Z
su (22) T T TV
Gsm (Z2)
1
Gsm (Z2) \*} Sc 211r 1g-1 v —
(4.20
(4.18  where
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( dc 21 2 — Eq. (4.9)
(> 2 (2)
o, 3¢ 2e g lg o Gsm (Z,)
2.(2) 2
_1> 302, 1g 1.0 1ve { — Gsu Iy (£3) _, Gsu (Zy)
2 (2)
. Gsw (Zy)
\
(
1
N 3C 2L lR IB*L lvr —
2
N 3¢ 20 2% 11 -
1
_ 3c 21 2g 1g 1 1y <2_(>2) Geu 1y (Zy) i Gor (Z5)
12 2 (2
3¢ 20 I 1t Y Gou (2)
\
( 4.2
4e 20 2 1yi< i 4e 20 1z e (4.21
1
N 3C 2L lR IB*L lvr —
2" (2) 2
_1> 4e 20 1x 1y {0 Gsuly (Zy) _, Gsu (£y)
12 2 (2)
3¢ 20 Ix 1p-o Y Gaw (2)
2 (2)
. Gsu (Z9)
\
1 (12) 2
Geoyly: (Z
SM*V ( 2) N GSM (Zz)
Y3020 28 1y ~
1 2 (2)
- de 2 de dot - Gsm (Z,)
12 (12)
| 7 Gsw (Zy)
and
r > 4o 2010 Y G
., fc 4 v L Gsu
4o 20 16 1yd o
~, Gsm
4o 20 26 1y/f (4.22
0 2!
— 4(:/ 2|_ 1\// — GSM
2’
- Gsm
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There are also more direct schemes with these embeddings:

L5 1y 1y —  Eq. (4.16)
_l, 5p 1y 1y — Eq. 4.17)
M P ¥ 9 s (2
L5ty =
L5y =
s 1 Gem
—l> r ly 2’_(,2) Gsu (Z2)
_l, 4c 2 2% 1y —  Eq. 4.21)
_l, 4o 2y 26 1y —  Eq. 4.22)
1 (4.23
E¢ < o, 4o 2L 2R — Eq. (49)
L4021y —
L4021k 1y -
_l, 4 21 1y 2_; Gsm
L322 1 1y o
Lo 32 lg o Iy o
Loscu iz 1P Gey (2)
—l> Gsw lv 2_(,2) Gsu (Z,)
li’Z) Gsm v (Z2) i Gsu (Z3)
PO G (Z).

E(6) is a group of rank 6, and therefore there angriori the end of inflation. Our results are the following: we find
two possible choices for the onset of inflation in each SSBhat there are in total 382 SSB patterns which are consistent
pattern. We consider first the SSB schemes which are confrom a defect point of view, 184 leading to topological
patible with observations from a defect point of view andstrings and conserved R parity, 146 with topological strings
then we add the constraint coming from leptogenesis. Wand broken R parity, and 51 with embedded strings. There is
recall that for nonthermal leptogeness;-L must break at one SSB scheme with no defect formation after the inflation-
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ary era; however R parity is broken. Once nonthermal lepto- B—L=—35(8Z+3V-5V)=3Y, +5Yc. (4.26
genesis constraint is included, there remain 146 schemes

with topological strings and conserved R parity, 101 with It was shown in Ref[63] that among these83=9 pos-
topological strings and broken R parity, and 51 with embedsible assignments for the hypercharg@nd B—L only six
ded strings. The total number of SSB patterns which satisfyare consistent with the standard model because §J(1and
all constraints is 146. All of them lead to the formation of U(1)y cannot be orthogonal to the same SUg2 subgroup
topologically stable cosmic strings whose mass per unibf SU(3)g. The possible relations betwe&nandB—L can
length can be computed and is proportional to the inflationbe expressed in terms D?R)' We have the following 6 pos-
ary scale. sibilities:

Y 1 , 1
2. Breaking E, via SUBEXSU(3) XSUR) 5= ~lrt5(B-L)=—Ix +5(B-L), (427

We proceed with EgDSU(3)cXSU(3) XSU(3)g
DSU(3)ex SU(2). xU(1)y, X SU(3)r. There exist three \yhereB—L is given by Eqs(4.24), (4.25),
different SU(2) subgroups of SU(B) namely,
SU(3)rDSU(2)rxU(1)y,,  SU(3RDSU(2)gx U(l)Yk,
and SU(3)2 SU(2)ex U(1)y.. Following Ref[63], we use A 3, IB-L)= EN IB-L), 28
the notation SU(2k, which can stand for any of the three 2 2 2
groups SU(2y, SU(2);, or SU(2). Identically, U(l){(R) o
can stand for U(1y,, or U(l)Yé or U(1)y,. whereB—L is given by Egs(4.24), (4.26), and

There are again three possible assignments for the hyper-
charge which are given in Eq$4.13, (4.14) and (4.15. Y 1 1
They can also be expressed in termd ?Qg the third com- 7= -3+ E(B_ L)=13+ E(B_ L), (4.29
ponent of SU(2)g,, andY_ andY gy, the quantum numbers
of U(1)y, and U(1){(R). (We refer the reader to Rg63] for

details) o _whereB—L is given by Eqs(4.25), (4.26).
If U(1)s- L CEs is imposed, there are also three possible | the SSB patterns d&; via SU(3Y there will therefore
assignments oB—L [63]: often appear the intermediate symmetry group SUW(3)
X SU(2). X SU(2)Rry X U(1)YL>< U(1)Y(R). This intermedi-

B—L=—1(V-4Z)=2Y +2VYg, (4.24) ate group can breakdown to SU@SU(Z)LX_SU(Z)(R)
XU(1)g_, and the SSB patterns which follow just a gener-
or alization of those written previously for SU(8% SU(2),
L L ) XSU(2)rXU(1)g_ -
B—L=2(16Z+V+5V')=3Y +35Yg, The SSB of SU(33xSU(2).XSU(2)r)x U(1)y,
(4.29 ><U(1)Y(R) down to Ggy with associated defects formation
or are given hy
f (1 3.2 1w 1. 2@ G
. c 2L 1r) 1g-1 sm (Z2)
1
3¢ 2L 2r) 151 4
- 2P Gey (Zy)
\
(2 2 (2
2 8c2 g e P Gew (Z2)
1
3¢ 2L 2(r) 1y, 1y - 3¢ 2L Lmy Ly Iv, 4, 2 (4.30
Gsu (Z2)
\
12 2.(2)
3c 2. L1k 1g-
N C 4L +(R) -B-L N GSM (Zz)
2" (2)
\ _? Geu (22
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We must count six times each SSB when we evaluate the number of allowed schemes.

We also have

1 Bc 2 2 Ly 1y,
i 3c 2L Lmy Ly 1y,
3¢ 3L 2 Lyrg| & 30 2 2w Lot
_l) 3c 2. lr) gL
?® e (2)
and
1o Bc2m 2 Ly Ly,
¥ 3¢ 2 2 o
3¢ 2 3 Iy| & 3o 2 lw v Ly
8¢ 2 1 le
?? Gey (2o,
also
D% 2 1y L Ly,

2/
3¢ 3 g v - 8c 2 lm la

2@ Gy (Zy).

The SSB patterns dig via SU(3):X SU(3),. X SU(3)g with associated defects formation are given by

1
( S 8c 2 2y Ly 1y,
1
. 3C 3|_ 2(R) 1(YR)
Yo 3c 2 31y
_ L
1
. 33 1 Ly,
Es—3c 3L 3r
1
= 8¢ 2 Lpy Ly 1y,
Y32 2 1
- c 2L 2R lg-L
1
. 3¢ 2 1R 1g-1
1 (12
7 Gsu (Z9).
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There are more direct breakings which are given by

(i 3¢ 2L 2r) 1y, 1y, — Eq. (430
i 3¢ 3L 2 1y — Eq. (431
< i 3c 2L 3r 1y, — Eq. (4.32
E
6 D32 1m Ly Ly, -
o302 2 1at -
Li 3c 20 1r) Lo -0 Gsu (Z2).
(.
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cal strings and broken R parity, 162 models with embedded
strings and broken R parity, and 18 schemes with embedded
strings and conserved R parity. When the constraint of lep-
togenesis is added, we find 444 schemes leading to the for-
mation of topological strings at the end of inflation with
conserved R parity, 312 with topological strings and broken
R parity, and 138 models with embedded strings and broken
R parity. There is not any model with embedded strings and
R parity. In conclusion, there are 444 models satisfying all
constraints, and they all lead to the formation of topological
cosmic strings at the end of inflation.

3. Breaking E; via SU(6)XSU(2)

We end withEgD SU(6)X SU(2). There are two possi-
bilities, namely, SU(6XSU(2). or SU(6)XSU(2)g. A
third possibility would be SU(6% SU(2),, where SU(2)is
called inert [68] because it is orthogonal Gy which is

There is now the possibility of having inflation and em- embedded completely inside $%&). However, since in
bedded strings forming at the end of inflation together with RSUSY models this embedding is not compatible with the
parity conservation. The total number of schemes satisfyingproton lifetime, we do not study it.
cosmological constraints for defects is 1086, with 522 We first studyEgD SU(6)X SU(2), . We consider the fol-
schemes leading to the formation of topological strings at théowing SSB patterns oEg via SU(6)X SU(2). which we
end of inflation with conserved R parity, 384 with topologi- write together with the more direct breakings:

Lo e I» |»

|-

EG — 6 2|_
or Eg

Le e e

|~

1
—

1(1,2
—

3¢ 3r 2. 1y, ~. Eq. (432
4e 2, 2 1y . Eq. (4.2
4o 2, 25 1y . Eq. (4.22
4c 2. 2% -

4e 2, 1p 1y =

4- 2, 1y - (4.36
3c 2L 2r) 1y, 1Y(R) —  Eq. (422
3c 2L 2r) 1g-L -

3 2 1 Ly, Ly, —

3c 2 1m 1o 7 Geu (Zo)
Gsm (Z2).

The SU(2) of Ggy can also be contained in $&), so thatEg breaks down to SU(6% SU(2)g. We consider the following
SSB schemes dEg via SU(6)X SU(2)g which we write together with the more direct breakings:
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1
( N 4C 2|_ 2R 1\// — Eq (421)
Yo4c 2 151
N C 4L R 4V’ -
0
o, 4c 2 2R -
0 1
E6 _ 6 2R N 4C 2L 1R -
or Eg 1 (4.37
N 3C 2L 2R 1B_L 1V7 — R
Yo3c2 271
N C 4L 4R +B-L -
1 2 (2)
3c 2. 1 15
N C 4L +R +B-L N GSM (22)
1 (1,2
k 27 Geu (Z2).
|
The total number of schemes satisfying cosmological con- r - 1 0
straints for defects is 1270, with 664 schemes leading to the N Ssm 2 — Ggy 2 — Ggy
formation of topological strings at the end of inflation with 1
conserved R parity, 422 with topological strings and brokensy(7)—5¢y 2 1¢ ! Gguy 21 2 0
. . . SM — GSM 2 — GSM
R parity, 170 models with embedded strings and broken R
parity, and 12 schemes with embedded strings and conserved L2 5 o 0
R parity. When the constraint of leptogenesis is added, we \ — sM — Ggp.
find 534 models satisfying all constraints, and they all lead to (4.38
the formation of topological cosmic strings at the end of
inflation. However, these models are inconsistent with proton lifetime
measurements and minimal ) does not predict neutrino
F. SU(7) masses. These models are therefore incompatible with high

hysi h logy.
SU(7) is the second group of rank 6. The embeddingsenergy Prysics phenomenology

which one can choose are
G. Higher rank groups

SU(7)DSU(6)suxU(1) with  SU(6)syD Gswm, There are two groups of rank 7, namely, 3@ and
_ SU(8). These groups are particularly interesting since they
SU7)2SU(6)xU(1)  with  SU(6)XU(1)DGgp, both contain U(1)_, . In what follows, we discuss the em-

beddings of theGgy, in these groups and we then comment
on the SSB patterns, without writing down explicitely all of
them. We just aim to extract those scenarios which can lead
to inflation without cosmic string formation at the end of
inflation or afterwards.

SU(7)DSU(4) X SU(3), X U(1),

SU(7)DSU(5)cxSU(2) xU(1) with

SU5)cx SU2) X U(1)2Gsw, SQO(14) has only two maximal subalgebras,
SU(7)DSU5)guX SU(2) XU(1) with SU(7)XU(1),
SU(5)sm2 Gsw-

SO(10) X SU(2) X SU(2).

In the first and later caseSg,, is completely embedded in The only possibility for getting inflation without strings in
the SU6) (SU(5)) factor. the first case is to embed the standard model in

The only possibility for getting inflation without defect SU(5)syCSU(7) and in SU(53yX SU(2)X U(1)CSU(7)
formation at the end or after, is if we have the later schemeso that the S(2) and the two Wl)s in SU(5)kuX SU(2)
where the S(P) factor is orthogonal t@g,,. The SSB pat- XU(1)XU(1)CSO(14) are orthogonal tdGgy. These
terns which could accommodate an epoch of inflation withmodels are also inconsistent with observations from both
no defect(of any kind formation at a later stage are particle physics and cosmological point of view.
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If we consider the maximal sub-algebra SO(X@U(2) which emerges naturally in SUSY GUTSs, the inflaton field
X SU(2), then the only way would be to embe@s), in being a linear combination of a singlet field and one compo-
SO(10) so that the two S(2) factors are inert, and break nent of the complex GUT Higgs fields which are used to
SU(2) down to identity after the breaking of $TD). These lower the rank of the group by one unit. We then examine
models are also inconsistent with observations. whether monopoles or domain walls are formed after the end

SU(8) maximal subgroups are SU(X)J(1) and SUM)  of inflation. We disregard such SSB patterns. We also disre-
xXSU(n)xU(1), where m+n=8. One may have gard SSB schemes with brokdt parity. To be consistent
SU(m) D SU(3)c and SUQ) D SU(2). or for m(n)=5 em-  yjith leptogenesis, we require that the gau@edL symme-
bedGgy in SU(m) so that SUG) X U(1) is orthogonal to it. 4y which is contained in GUTs which predict neutrino
_The only way to get_ |nfla_t|on without strings in the f|r§t Case masses via the see-saw mechanism and unbriakganity, is
is to embedSsy entirely in SU7), break U(1) before infla-  yopen at the end inflation. This, for example, implies that
tion and we are IeftIW|th the SW@) cases mentioned abovg. we throw away S(B) or SU7). We then compare the SSB
These mOdeIS are |ncon'5|stent from both the CosmOIOg'Cjﬂatterns where topological cosmic strings or embedded
and particle physics requirements that we have. One can e gt'rings are formed after inflation with respect to the SSB

!ﬁ;hsol\_ljv(wﬂr]r%tjmsﬂ(ez)Se;ﬁnSdSCBai)it\sgﬁ;eW?ttr{Oi)n?lzfti%(ng{:n d patterns where there are no defects at all after the end of the
- L . . : inflationary era.
leptogenesis lead to the formation of cosmic strings at thé Among the SSB schemes which are compatible with high

end of inflation(topological or embedded oneand if un- ) . . .
broken R-parity is required, the strings are topological andN€rgy physics and cosmology, we did not find any without

topologically stable down to low energies. The only possib”_strings after inﬂ_ation.. One should _thus only con;ider mixed
ity for having inflation without strings might be the last case Models, where inflation coexists with cosmic strings. On the

wherem or n>5 and to embe@gy, in SU(M,n). But here  Other hand, various cosmological issues, and, in particular,
again, it seems impossible to fit leptogenesis after inflationthe CMB temperature anisotropies, set bounds to the cosmic
Therefore all SB) models with standard hybrid inflation string contribution. This can help constraining or ruling out
and baryogenesis lead to the formation of cosmic strings dealistic GUT models where the string contribution can al-
the end of inflation. ways be computed. One may also have to reconsider the
Finally, there is one group of rank 8, 82). Following the  validity of the whole theoretical framework.
same procedure as for the @Ycase, we conclude that none  We also find the existence of SSB patterns, for GUTs
of the SSB schemes lead to inflation without strings after thdbased on gauge groups which have a rank greater than 6,

end of the inflationary era. which predict the formation of secondary string networks at
lower energies. Finally, in all models with strings and infla-
V. CONCLUSION AND DISCUSSION tion, the strings forming at the end of inflation are the so-

called B—L cosmic stringg48]. Their contribution to the
Current data from the realm of cosmology strongly sup-paryon assymmetry of the Universe is nonnegligible and

port an early inflationary era. In addition, current CMB tem- may compete with the non-thermal process of leptogenesis
perature anisotropies data minimize a possible contributiofom reheating.

from cosmic strings. On the other hand, many GUTs natu-
rally lead to cosmic string formation. We are thus faced with

a crucial quest, namely, how often GUTs lead to cosmic
string formation? Or, in other words, which is a natural in-

flationary scenario? Answering these questions is the moti- )
vation of our study. We would like to thank U. Ellwanger, |. Gogqlgdzg, A.

In the context of SUSY GUTSs, we have studied the cos-Peéréz-Lorenzana, P. Peter, M. Postma, G. Senjanavid
mological implications of SSB patterns from grand unified C.-M. Viallet for useful discussions. The work of R.J. and
gauge group§ gt down to the standard model gauge groupJ-R- was partially supported by the EC network_ Cont_ract No.
Ggw. The aim is to select all the schemes which can satisfy1PRN-CT-2000-00152. M.S. acknowledges financial sup-
both cosmological and particle physics constraints, amon§ort from ELKE (Special Account for ReseaictUniversity
them lead to inflation and solve the GUT monopole problem©f Athens, Hellas.
explain the baryon asymmetry of the Universe, predict neu-
trino masses, and lead to automaiparity conservation. To
perform this analysis, we limit ourselves to simple gauge APPENDIX: MAXIMAL SUBGROUPS
groups which contailGgy, have a complex representation,
are anomaly free, and have a rank not greater than 8. Such We list the maximal subgroups of each GUT which is
gauge groups are 3b), SQ(10), SU(6), Eg, SU(7), SA(14),  studied in this paper. They are necessary for finding the SSB
SU(8), and SU9). We take a large number of possible em- patterns. Most of the information given here is taken from
beddings ofGgy in Ggyr and we list in detail all possible Ref.[52]. We only consider maximal regular subgroups be-
SSB patterns of5gyr down to Ggy. We also investigate cause it is very difficult and unnatural to g8ty via maxi-
whether defects are formed during the SSB schemes and afal special subgroups. As discussed in Sec. IV A some dis-
which kind they are. We assume standard hybrid inflatiorcrete symmetries may also appear during the SSB patterns,
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they do not appear here. Sometimes, there is more than or8J(3). as a subgroup and subscripmeans that this groups
possibilities to embed a maximal regular subgroup in thecontains SU(2) as a subgroup. Definitions of indices for
GUT, and we add indices to make this explicit to the readereach maximal subgroup will be obvious to the reader in each

In general, a subscript C means that this groups containsection dedicated to a given GUT.
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