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ABSTRACT

The superheavy magnetic monopoles predicted by grand unified
theories would not be produced in significant numbers if electro-
magnetic gauge invariance is spontaneously broken when the temperature
T is greater than T, > 1 TeV.

Grand unified theories predict the existence of superheavy mag-
netic monopoles.!~7 These monopoles are of the type discovered by
't Hooft and Polyakov.® They exist if a semi-simple group is broken
down to a subgroup which contains Uj factor. The monopole mass My is
of order Myx/a, where a==g2/4ﬂ, g is a gauge coupling and My is a
typical mass of a gauge boson associated with a broken generator.

For example, in Georgi-Glashow model My = 1014 Gev and My = 1016 Gev.

The problem of monopole production and their subsequent annihi-
lation, in the context of a second order or weale first order phase
transition, was analyzed by Zeldovich and Khlopov"™ and by Preskill.?
In preskill's analysis, it was found that relic monopoles would exceed
present bounds by roughly 14 orders of magnitude. Since it seems
difficult to modify the estimated annihilation rate, one must find a
way which suppresses the production of these monopoles.

One interesting solution to this problem, suggested by Preskill,2
Einhorn et al.,’ and Guth and Tye“ is that the phase transition at
which the Uj factor occurs is strongly first order. The problem of
monopole production in a strongly first order phase transition was
treated in detail by Guth and Tye.

In this talk I will describe an alternative scenario for the
suppression of monopoles, developed in collaboration with F. Langacker]
in which the universe undergoes two or more phase transitions (which
can be second order)
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where U?M is not a subgroup of H,. The critical temperature at which
U%M appears is T, > 1 TeV. For example, in SUg model,

c c EM
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Since Tc<<<Mm = 1016 GeV no monopoles will be produced.
We consider a model which at T=0 is the standard SUg model with
symmetry breaking

c c EM -
SU; —> SU, x SU, x Uy —> SU5 x U} (3)
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by an adjoint Higgs representation and three five Higgs representa-
tions. (It turns out that this is the minimum number of five Higgs
representations required for our purpose.) The Higgs potential at
T=0 is
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where ¢ is an adjoint Higgs representation and ¢; are five Higgs
representations. We have imposed discrete symmetries ¢ +-9¢ and
¢4 >-¢4 for simplicity.

For 0<T <<My we needconly to consider the SU, xU; part of the
model. (We assume that SU3 is never broken.) Therefore let us first
consider SUjy xU; part of the model with Higgs potential Vs, Eq. (4d),
in which ¢4 are SUjp doublets.

At T=0 we choose the parameters in the potential such that the
vacuum expectatlon values (VEV) of the Higgs fields are <¢1(0)>
(0 vy) T/v/2 and {$5(0)> = <¢3(0)> . SUp xU; symmetry is broken
down to Uy*™. We also require the parameters satisfy the sufficient
conditions for V4 to be bounded below.’ We also take Pys > 2|T't1 | so
that when two f1elds ¢4 and qS develo% VEV they want to ge orthogonal
i.e., ¢4 = (0 vy) T/v/3 and 93 (v /Y2. We want U7" to be unbroken
at T=0 but broken for T >T .

At high temperatures, we have to calculate the finite temperature
effective potential to study the symmetry behavior of the system. 8-10
For sufficiently high T, the ensemble averages <¢$i(T)> can be obtained
by minimizing the effectlve potent1a1 s

31,2 %
V¢(T) = v¢(o) + ) = T7F,; 65 6, . (5)
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The functions Fy are given by’

(3g +g )/8 + )\ + Z[—B—l+—€l]+Yukawa terms . (6)
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For small fermion masses Yukawa terms ar negl:L%lble The effective
mass terms at high temper%ture will be MY (T) = It fﬁF T . Therefore,
if F; >0 then for T2 /Fl SU, ><U1 w111 be restored However, if
Fy< O the symmetry w111 stay broken!!s12 or may be further broken
down to a lower symmetry at high temperature. We choose parameters
so that F) 2 <0. This turns out to require F3> 0 so that for suffi-
ciently hlgh T, we may have a phase transition to a phase where

Sus x Uy is completely broken.



We have found a range of parameters such that at high temperature
1(T)> = (0 vi(T))T/VZ, <o5(T)> = (vo(T) 0)T/VZ, <¢3(T)> = 0 is (at

least) a local minimum of V¢(T)'7 These parameters satify
>\1==A2=A>> g4,|pij|
013 ™ "Op3 > 0 > I 4+ 0, + X
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where X = (Bgzﬁ-g'z)IS =~ 0.16. The condition )\<<»g4 allows us to
neglect radiative corrections to V,. For a typical set of numbers,
choose A==—012 = gz ~ 0.4, 0 2 1.3, A3 > 4.1. We see that there is

a range of parameters which satisfy the above conditions, but a rather
large value for A3 is required. The second order phase transition
occurs at T, such that vy(T.) = 0. T, is given by

To = Auy/YA] = (246 GeV)A _ (8)

where A is a function of the parameters in the potential and is typi-
cally of order unity, but can be made much larger or smaller by ad-
justing parameters. We will assume T, > 1 TeV. We have therefore
demonstrated the existence of a phase transition in which SUp xUj is
broken to U%M at T=0 and SUp xU; is completely broken for T > T..

Now I would like to describe how to embed our scheme to SUsg.
We study the complete SUg potential, Eqs. (4a)-(4d). The conditions
that V is bounded below and have symmetry breaking Eq. (3) at T=0 are

b >0, 15a+7b >0, B, <0, 5a,+4B; >0
A, >0, YA A, +0..>0. 9
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For T>Myg we have to consider the heavy particle contributions to
V(T). The effective potential at high temperature, T >My, are given
by 3
_ 1 .2, .2 1,27
V(T) = Vo (0) + V,(0) + V,, (0) + 5 GT°Tre” + éé% SFIT 6.0,

where (10
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G is always positive for the parameters satisfying Eg. (9). Therefore,
at sufficiently high T, the effective mass of &, -lm +5GT2 > 0 so
that VEV <¢(T)> will vanish. The parameters Aj, 0ij and Py have been
already chosen as Eq. (7) for the phase transition at To 21 TeV. For
those Aj, 014 and Pij and any oy and By in Eq. (9) F3 will be always
positive. F; and Fyp may be positive or negative depending upon the
values of oy and By. It is very likely that SUg symmetry have bgen
restored in the very early universe. In this case @i and B84 should
be chosen such that F; and F are also positive.



It is a difficult problem to study the effective potentlal near
T < My. There may be intermediate phases between SUg and SU3 phases
(for example, SU3 x 8Ug xUy):
¢ 4 sy« UEM

3 77 SUsxUp . (D)
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There should be essentially no magnetic monopoles in our model.
Any monopoles produced during intermediate phases at T < My will
become unstable once the SUg phase is entered. They would presumably
either decay or be confined in pairs which could subsequently annihi-
late. Stable monopoles of mass Mp * 1016 GeV could, in principle,
exist for T < T., but the number r =~ exp(—Mm/TC) expected from thermal
fluctuations when T =~ T, is extremely small.

For Tp>T>T, the U%M is spontaneously broken. During this period
the photon has a mass and electric charge is violated. Charge viola-
ting reactions are in equilibrium for T > Tc-7 If there is a net
charge density in the present universe left over from fluctuations
from egulllbrlum as T > T, it is far smaller’ than the observational
limit13s1% from galaxies and cosmology.

REFERENCES

1. Ya. B. Zel'dovich and M. Y. Khlopov, Phys. Lett. 79B, 239 (1979).

2. J. P. Preskill, Phys. Rev. Lett. 43, 1365 (1979).

3. M. B, Einhorn, D. L. Stein and D. Toussaint, Phys. Rev. D21, 3295
(1980).

4. A. H. Guth and S.-H. H. Tye, Phys. Rev. Lett. 44, 631, 963 (1980).

5. H. Georgi and S. L. Glashow, Phys. Rev. Lett. 32, 438 (1974).

6. G. 't Hooft, Nucl. Phys. B79, 276 (1974); A. M. . Polyakov, Pis'ma
Eksp. Teor. Fiz. 20, 430 (1974) [JETP Lett. 20, 194 (1974)1.
For an introduction, see S. Coleman in New Phenomena in Sub-
nuclear Physics, Part A, ed. A. Zichichi (Plenum, N.Y., 1977),
p. 297.

7. P. Langacker and S.-Y. Pi, Phys. Rev. Lett. 45, 1 (1980).

8. D. A. Kirzhnits and A. D. Linde, Phys. Lett. 42B, 471 (1972) and
Ann. Phys. 101, 195 (1976).

9. S. Weinberg, Phys. Rev. D9, 3357 (1974).

10. L. Dolan and R. Jackiw, Phys. Rev. D9, 3320 (1974).

11. R. N. Mohapatra and G. Senjanovic, Phys Rev. Lett. 42, 1651
(1979), Phys. Rev. D20, 3390 (1979), and CCNY preprint HEP-7916
(1979).

12. A. Zee, Phys. Rev. Lett. 44, 703 (1980).

13. R. A. Lyttleton and H. Bondi, Proc. R. Soc. Lond. A252, 313
(1959).

l14. A. Barmes, Astron. J. 227, 1 (1979).




