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We show that the monopole problem in grand unified theories as well as the domain wall problem
may be easily solved if the lepton number asymmetry in the Universe is large enough. [S0031-
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Introduction—Monopole and domain wall problems the renormalizable level [13,14], and the simple counter
are some of the central issues in the modern astroparticexamples at the nonrenormalizable level [15] have been
physics. The problem of monopoles is especially serioushown not to work [16].
since it is generic to the idea of grand unification [1]. A manifestation of nonrestoration is an old idea [17]
The popular solution based on the idea of inflation cannoof U(1).,, breaking at temperatures abo¥gy. Unfor-
be implemented in the minimal grand unified theoriestunately, this suffers from the same next-to-leading-order
(GUTSs), and even if it does work it would imply a sad effects mentioned above [7]. There is a simple variation
prediction of essentially no monopoles in the Universe, anaf this scenario where ()., is broken only in a very nar-
thus eliminate a prospect of observing this exciting aspeatow range of temperatures around the electroweak scale
of charge quantization. Of course, it is hard to imaging[18,19]. In this case the monopoles get produced with the
a universe without ever having passed through an era dfope of being annihilated fast enough through the strings
inflation; we simply take here the point of view that this attached to monopole-antimonopole pairs. However, there
may have happened before the time of grand unificatiotis a serious question whether the annihilation does the job
in the thermal history of the Universe. Similarly, the [20,21].
problem of domain walls [2] in theories with a spontaneous The situation becomes much more promising if one ac-
breaking of discrete symmetries requires inflation to takecepts the possibility of having a large background charge
place after the phase transitions that cause the production the Universe, large in the sense of being comparable
of these defects, which is difficult to achieve in general.to the entropy [22]. The presence of some sizable charge
Recently, a possible solution of the monopole problem waasymmetry may postpone symmetry restoration in non-
suggested [3], based on the possibility that unstable domasupersymmetric theories [23] or, even more remarkably,
walls sweep away the monopoles. it can lead to symmetry breaking of internal symmetries

There is another possible way out of these problemsat high temperature [24]. Furthermore, the phenomenon
and it is based on an unusual picture of nonrestorationf symmetry nonrestoration at higfi in the presence
of symmetries at high temperatures. It has been knownof large charge asymmetries has been recently shown to
for a long time that in theories with more than onework in supersymmetry, too [25]. The principal candidate
Higgs multiplet, which seems to be a necessary featuréor a large charge is the lepton number which today could
of all theories beyond the standard model (SM), brokerreside in the form of neutrinos. This has inspired Linde
symmetries may remain broken at high temperatfire in his original work to point out that a large enough lepton
in some regions of the parameter space, and even thumber of the Universe would imply the nonrestoration of
unbroken ones may get broken as the system in questi@ymmetry even in the SM [26]. While one could naively
is heated up [4,5]. think that the large lepton number would be washed out

The idea of symmetry nonrestoration provides a simpldy the sphaleron effects at the temperature above the weak
way out of the domain wall problem [6,7], but unfortu- scale, it turns out that the nonrestoration of symmetry pre-
nately in the case of the monopole problem the situatiorvents this from happening [27], and remarkably enough
is far from clear [8], since next-to-leading-order effectsup to this day this still remains a consistent possibility. In-
tend to invalidate this picture for local symmetries [9]. deed, the successful predictions of primordial nucleosyn-
While in the case of discrete symmetries the original latthesis are not jeopardized as long as the lepton number is
tice calculations spoke against nonrestoration at High smaller than~773 at temperatures of the order of 1 MeV
[10], the latest results give full support of this idea [11], [28]. It is therefore natural to ask ourselves whether a
as do the other nonperturbative results [12]. However, itarge lepton asymmetry in the Universe may play any sig-
can be shown that this scenario does not work in supemificant role in solving the monopole problem. The main
symmetry. More precisely, there is a rigorous proof atpoint we make in this Letter is that the answer may be
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positive if these two basic requirements are satisfied: thligh 7', similarly to theW bosons and the charged Higgs
large lepton asymmetry leads to the symmetry nonrestorascalar.

tion of the SM gauge symmetry and some charge field Using the techniques of [23,24], the effective potential
condensation takes place. While it is not clear whetheat highT (T > u > My) and largen; for the Higgs
this happens in SM, it is certainly true for its minimal ex- doubletH in the direction of its neutral vacuum expecta-
tensions (such as an additional charged scalar). Thus, fion valueH = (0,v/+/2)" reads

the lepton number of the Universe were to turn out large, ! 2
there would be no monopole problem whatsoever. Ver = A— + & [(AGAL) (ASAL) — (ABAS) (ALAD)]

Now, if Nature has chosen the option that the lepton 4 , 2

number is large enough so that SM symmetry is not re- g dads b oD dabsia b

stored at higlT", but without any charge field condensation, * 4 [(A7A7) (4] 4)) — (A7A7) (A747)]

even in this case the cosmological consequence would be 2 / V2

remarkable, for this would suffice to nonrestore the sym- — —[&%(A8A%) + g"”(BoBy)] + g8 BoA3—

metry in the minimal model of spontaneod® violation 82 , 2 2

with two Higgs doublets [29]. Namely, without the exter- 8 1.1 N

nal charge, in this particular modélP is necessarily re- Ly (A;4; + A"A")f AL

stored at high temperature [7] leading to the domain wall 2 2 T2

problem. - T2(ﬂ + @> + — (g'Bo) (,uL - @>
As we mentioned before, it was shown recently that the 4 9 3 32
henomenon of nonrestoration at highin the presence 13, 5.0 T 5 uiamn 12 U

gf a large charge works in supersym%etry, tog. We have 36 ('Bo)T" = 12 & AvA T + AT,

exemplified our findings on simple U(1) models [25]. It (1)

can be shown that this is true in general, and all that

we say above works also in the minimal supersymmetri¢vhere Ay and B, are the SU2). and Ul)y gauge
standard model (MSSM). In this Letter we avoid anypotentials. In the above we have usgd; = gA; which
model building but rather concentrate on SM showing thafollows from the equation of motion faB; and

its cosmology may be something entirely different from 3

what one normally imagines. N =— [6)\ + 92 +3y2 +3y2 + = (g” + 3g2):|,
Large L and high T symmetry nonrestoratienlLet 12 4

us now discuss in some detail what happens at high (2)

temperature if the lepton number is large. Notice first thatyyhere ys are the fermionic Yukawa couplings. For
since we can assume that the lepton nundbisrconserved  simplicity, we take only the third generation of fermions
(the sphaleron effects are suppressed [27]), the ratio of th@nce its couplings are dominant. The inclusion of the first
lepton densityr, to entropy densitys is constant, t00. two generations is straightforward and does not change
Now we are interested in the temperatures above the wegr conclusions.
scale when the number of light degrees of freedom grows Notice the point we made before. Although we take
by another order of magnitude W't? respecfte= 1 MeV. g = (, the associated chemical potential plays an impor-
Thus, the above cited limib, /77 <7 at the time of tant role in the above expression. The equations of motion
n_ucleosynth$5|s becomes for us an order of magnitudgy the gauge fields?, show that the solution discussed in
bigger:n, /T < 70. . [26]—all gauge potentials zero except 6§ andA} —is
In order to study symmetry breaking, we need to COM-ynsistent with the above constraints

pute the effective potential at high and high chemical Using the constraintsV.:/dx = 0 for X=pL, 4

€ ’ ]

potential. We employ the approximatign, < T (where 'By, and gAS we can rewrite the effective potential as a

ur is the chemical potential associated with the Ieptor’function ofv andC = (A1) only:
number), since in this case one can obtain the solutions ! y:

. s . 2
in a closed form. With increased, the physical effect of _ Ay N oo g_2 2,2 , L
symmetry breaking gets only stronger [26]. Ver = vt 5 Tvn # g viCit o

The baryon number of the Universe is negligible, 4n2(Gu? + 12C2 + 1472)

ng/s = 10~!; thus we work in the approximatioR = )]

0. Since the gauge potentials act essentially as the 54v2C2 + (87v? + 96C)T? + 1127

chemical potentials at higif, we include them in our The effective potential is manifestly bounded from below
Vet (T, w). A word of caution is in order. Although and itis a simple exercise to minimize it. We work with a
B = 0, since the quarks carry a nontrivial baryon numbersmall (H* H)? coupling—only for the sake of presenting
one must include the associated chemical potentigl simple analytic expressions. We find the results presented
and we will see below that it does not vanish. We will below. In discussing them, it will turn out useful to have
see that quarks carry a nonvanishing electric charge dhe individual distribution of the various charges. Namely,
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here lies an important point that was overlooked beforaism, we have also th& condensation [26]:C # 0.
[26] and that plays a significant role for our considerationsNotice that(n, ), depends very mildly on the Higgs mass
about the monopole problem, i.e., the fact that quarksin the physically interesting range between 80 GeV and
the charged Higgs, anW carry electromagnetic charge 500 GeV:(n;), =~ (2.0-2.5)T3. This is clearly much be-

in spite of having lepton number zero. Since the low the upper limit7073. Strictly speaking, fom; >
dependent part of the effective potential can be writter(n;); we have u;, > T so that our analytic formulas

[23,24] are not exact. Thus, we have also performed numeri-
() T2 , T? 5 S cal computations for the case of large chemical potentials
Vet = =75 ZM,- - = Z,ui - Z,u,-lqﬁil and finite A, which prevents exact analytic results. This
12 6 4 i’ . . ; . :
f amounts to including the terms in the effective potential
+ prng, (4)  of the order ofu*. Our findings from this standard pro-

cedure are shown in Table | below, where we give the

one can find for the distribution of fermionic and bosonic . . L .
corrections to the critical densities calculated analytically.

charges ) Clearly, the numerical study confirms our analytical
(Q%4); = ¢% i T~ (5) findings of symmetry breaking for large densities. Al-
F e )’ though the precise value of the second critical density

72 (the first critical density is almost unchanged) is increased
(9%); = q?ﬂi(— + 2|¢i|2), (6)  about 30% for a reasonable value of the Higgs mass, this
3 does not affect the possibility of symmetry nonrestoration.
where ¢¢ denote the transformation property; — Namely, the critical density remains still an order of mag-
e i : i 3
4T’ o, @; stands for any fielda goes over all the nitude below the allowed value GDT-.

relevant charged( B, Y /2, Tsw), andu: = 3, ¢° jta The consequences: monopole and domain wall prob-
9 9 b H a 1 - .

Let us first briefly discuss the case of small lep-l€mS—We have seen that a large enough lepton density
ton asymmetry or, more preciselyn; < (n.); = implies symmetry breaking at high temperature, which

(4/3)VA'T3. In such a case only the trivial solution is 2P€NS the door for the solution of the monopole problem.
possiblew = € = 0. This is the usual scenario of small The simplest possibility is to follow the scenario [17] for
charge densities. the highT breaking of Ul).,. The essential point here

It is an easy exercise to compute the distribution ofiS that if the Ul)., symmetry is broken due to a large
charges. One finds(v,) = L(e,) = 31 andL(eg) = AL external charge, it would be broken for the whole parame-
: 8 8

for the L number distribution [notice thdt(v,) = L(er) f[r sﬁf‘fhe 3: thte iﬂeogyu_?nd flor a_:_lhtem&ergturels araove
since SW2) is not broken]. For the electromagnetic charge”™ W all the way 1o the scale. us, Monopoles may
. i never be created and there would obviously be no problem
(we list only the nonvanishing ones) ) :
3 5 at all. Even if they did get produced they would surely
Q(er) = —3L, Qler) = —35L @) have time to annihilate. In this sense it is only our sce-
2 1 2 i i -
0(ug) = 2L, O(dp) = 1L, omt) = 2L, nario that guarantees the solution to the mor)opole prob
) _ lem. Of course one must make sure thdt ), is really
so that Qi = 0 as it should be, but the charge is proken. If we restrict ourselves to the SM and work in
distributed among b(lth fermions and charged Higgshe regime ofW condensation, it is not clear to us what
bosons (we find lateW = participating, too). the precise situation is. First of all, the fact that the
Let us now focus on the f0||0\%|3l’192 mt/ermed_late rangehas condensed implies the breakdown of the rotational in-
(nh < np < (np)2 = (n)i(1 + f538°/X). Itis easy variance, and the description of the formation, if any, of

to show that now # 0, butC still vanishes, the monopoles at the GUT scale might be completely dif-

21 ) ferent from the usual one. Second, if monopoles do get

Vetr(v # 0) = Verr(v = 0) — 5872 (e = (h ] formed, they might not annihilate rapidly enough or might
Q_QHL—(HLMTQ C=0 (8) _ . .

vt = 7 7(“)1 ) =U. TABLE I. The ratios between the exact numerical solutions

(numerators) and the approximate analytic solutions (denomi-
Clearly, SU2); X U(1)y is spontaneously broken down nators) described in the text as functions of the Higgs mass.
to U(1)em, but there isno condensation ofW bosons. ™™ is the Higgs vacuum expectation value (VEV) for
This means that for such values of the lepton number i, = (n,)"™™.
is energetically preferable for the system to cancel thé o o o

9 y P y u (GeV) (n )1 /(np )y ()" /(np), vy vy

electric charge by means of the asymmetries in the quark’g

and charged Higgs boson, but no spontaneous breaking of %88 1-8? i-gj é-g%
electromagnetism takes place. : : ‘
9 P 400 1.13 1.52 0.96

Finally, let us consider the case of large lepton asym-

metry, ny, > (n.)>. Now, on top of the Higgs mecha- 600 121 1.66 1.06
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