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ABSTRACT

CP is spontaneously broken through a Higgs field conformally coupled to the open
Friedmann spacetime. The effect grows as we go toward the origin of the universe,

resisting to its equilibrium temperature.

We dedicate Ithis paper to our friend Jayme Tiomno and wish to continte -iearujng

physics from him for still & long time.

L INTRODUGTION

It was first pointed out by T.D. Lee(l) that CP symmetry could be violated
spontaneously. This has many virtues and one problem: the broken symmetry is usually -
restored at a high -enough t.emperature(z). Two difficulties arise in connection. with
cosmology: 1) The presence of CP non inv_a.ria.nc‘é in the early, bot universe;' is .needed to
explain the present baryonic asynunetry(3); 2} As pointed out by Zel'dovich et a.l.(4), the -
symmetry restoration favors the formation of domain walls separating regions where a

mesonic scalar {or pseudoscalar) field has vacuum expectation values (VEV) of dlfferent

_va,lues In a previous att.empt( ) 10 solve, these d]fﬁcultses we proposed a mode[ for

spontaneous CP violation which used the curvature of the cosmolovlca.l spa,cetlme as,
grossly speaking, a "wrong signed mass term" which generated a doubly degenerate
vacuurn which performed the job. The most welcome result was that no transition between
syrmetric and asymmetric phases could occur caused by the equilibrium temperature T
of the universe (assumed to be of the open Friedmann type), as the ratio T/T, turn‘e& out
to be a constant, T, being the critical temperature for the would—be transition. So, if the
CP violation is due to this mechanism, the fact that it is present tuday(G) guarantees its
existence in the past, when it was badly needed.

A problem with the model of Ref(1) was that CP was violated through a
spontaneous viclation of P, so that both P and T were broken. This allows for an

8)

electric dipole moment for the neutron( , which is severely restricted by experiments. To

avoid that we, in this paper, choose C, instead of P, to be spontaneously broken.




2. A SIMPLE CASE

The essence of the model is the following: a zero mass scalar meson ¢ is coupled to

a fermion by a Yukawa interaction, to itself by a Ag* term and, conformally, to the

spacetime by a term %-fq‘.-z - To start with the simplest case, take ¢ to be real

Negiecting the other fields the Lagrangian is

€= 380,006+ R~y ot M

the conventions being those of Ref.(9). The metric is written
ds? = di? —a¥(t) [drz/u—w) + r2(d53+sin28d¢2] @)
where k equals 1,0 or —1 for the closed, flat or open universes, respectively. The
function a(t) is the scale factor of the universe, also called its “radius". The scalar
cixhrature is given by

R = —64/a—6(d/a)?  6k/a? @)

where the dot stands for differentiation with respect to t. The action béing given by
S=fd4xJ—_g£_, o ' (4)

the Euler—Lagrange equation for ¢ are

u¢—%R¢+%,\¢3 =0 . : | (5)

Putting

<Usio> = 5 @
€q.(5) gives, in the tree a.pproximation(m’.ll) .
op —% kp + %-,\p3 =0 (7)
and p can, in principle, depend on the time. Equ'af:io'n {7) then reads
P+ 3a/a)p + (B/a + a5 k) + Lo = o L8

Changing variables to 7 and f , defined by

d d . .

a7 = & s T R )]

p = 3/ (i/a) B )
Eq.(8) simplifies to

FP+kf+B =09 _ .(11)_
where f = dffdn . -

To find out which of the solutions of (11) correspond to the lowest energy, consider

the quantity
<9|T°0|0> = gl = ,\—:‘,’:[%f@_’_%kfz.{_i_ﬁ} (12}
a

where Taﬁ is the energy—momentum tensor associated to (1), viz.




b]
From {11) one readily-gets
Pektele =-C (14)
50 thas | SRR _
= _.3C ) 15
) = ot (19)

For k=00t 1 the lowest possible value of ‘C -is.zere, so that the-energy density of
the vacuuﬁi is zero, Also, f=0, thatistosay, p=0. " The interesting'case is k=-1

(open universe). The general solution of (14} is, then,

g = 1-2Ba’ ;{_[%:(1_4_-3)]1’_2_.;;.,-[23/(1153)]"’} o (16)
B = (1+20)'2

(a7
C> _%.

where sn stands for the jacobian elliptic function called sine amplitude. The lowest

- energy solution corresponds to-C = — % and reads

f=21- ' (18)
3

<atewios = o= +[3]"L (19)

£ = ‘H_*aa T - {20)

o

S0, we have the typical double—well structure -associated to -the -spontanecus

breakdown of a discrete, two—valued symmetry.

Let us take temperature now into account. Assume that the universe was in'the

radiation—dominated era, 5o that

P =3 (21}

where gy Stands for the density of the dominating matter (the one which causes the

curvature). The entropy constancy leads to

= constant (22)

4
| By &
and, because of (21),
ey « T | @)
s0 that ' o

B being a constant.

The energy difference between the symmetric "vaccum" and the asymmetrié one is
AE x a elt) . {25)

At the critical temperature T, for symmetry restoration the thermal energy just balances

this difference, so that

r= (371 e

—




' (For & more conventional estimate see Ref.(12)). Therefore

Lo L constant - (27)
™% 5= ’
VA .

and no phase transition ever happens: either the symmetry prevails or, if broken, never

restores..

"3. CP VIOLATION

The ideas exposed above in a.simple situation will now be used to eithibit a model of
CP violation vié gpontaneous breakdown of C. To avoid the well-known problems
connected with the in_va.riance of the Lagrangian under a phase translation 6f all ﬁelds(l3),
we introduce a non—hermitian zerc—spin field which is electrically neutral but has a
"cha.rgé" of some other type {like, for instance, that which distinguishes K° from K°).

We write the action as

S = fd“x(——_gt (28)
with

L=Cotby+lu R

Ly = §E(0,9° 0,8+ 8,6" 0, )+ (" N -F (" &) (30)

Ly = a(iql‘np_—m).w : (31)

Le = « DY+ 6%) . _ (32)

« and A being real and dimensionless, A > 0. Wewill break C and T. spontaneouly,
so that £ must be invariant under these traﬁ'sfon'nationé. This will happen if ¢

transforms as

Cg(xt) CT = ¢*(xt) @
PoGo) Pl = g(xt) e
T 6 (o8) T4 =6 (xmt) - (35)

The equations of 'mo_tion for the scalar ﬂel'd'{vl.zié'h “é.r:érréle.vé..r.m f61: the 'ébmbut:a.ti.(')ﬁ of its

06 (x)—F ¢ (x) +3 6°(x) 8(x) 4(x) = 0 . ST @)
Among the solutions of this equat'io'n'- we look for ‘those which' are of lowest energy and

complex,

The energy—momentum tensor associated to £ ) reads -
™, = # o, 040,07 F -8, L4} [R'”V—V” v+ & n](é:b*"cb)' (37)

and the energy density €
= <O|T%[0> = <0]& ¢* 8, ¢+ 2 (¢* ¢)° + & [Roy — B + 0— &[(4* $)103
e = <O0|T%[0> = <0{&P ¢* 8, ¢+ 5 (¢* ¢)* + 3 |Roy — 57 + 0— G| (¢* 9) 0>
' | S (38),.
Putting now

0 = e -

p = <0ld0> (40)




9
one has
e = 1ot +§ [Ra—Fro-] [0+ 3] + 2F o 4G 1ol +am - @)
where we have used
<0]pj0> = 0
42)
T2

<0|¢* ¢l0> = 5
<0j@?{0> = <0jg* ¢*|0> = <O|y* P?|0> = <Olp* *|0> =0

which are- discussed in Ref.(2}. £(T) depends only on the temperature and has no
relevance for the dynamics of . As p can only depend on time,

= o+ [BF 248 ao] lol? + 25 1ol2 + § lol* + &T) . (43)

Changing variables as in the precedent section we arrive at
1 ATZa2
) = g 101+ K 117+ 101+ 2552 1174 5] (44)

“with

AT} = Aat <¢* o> + A AZa? <(¢* 92> +X;[‘_£a;2 [k 4 [ ] ] +-§\-a.'a,T2 ,

7 (45)
which contains no f.

On the other hand, the equation of motion {36) leads to

10

[+ [k+ [,}l]"'}u ]2 = 0 ‘ (@)

C

where we have written
(47)

El
=

anticipating its physical meaning. From (46) one easily gets

55[“"2* [k+%?é] lf|2+%|f|‘*] =0 L 4s)
or yet .

o124+ [+ (1] o2+ 5101¢ = © | (49)
so that, using (44),

&(nT) = %—% , - T (s0)

neglecting 7. As the space is homogeneous, the minimum & will give the minimum
energy. So, we have to look for the solution of (46) which ggives, in (49), the smallest value
for C. .

For k=0 or 1 itis clear from (4%) that the lowest possible value for C is zero,
and this corresponds t¢ f=0, The VEV of ¢(x) vanishes and no breakdown of
symmetry occurs. For k = -1, however, interesting things occur. As (43) shows that the
enefgy density does not depend on the phase of p {or f}, it is enough to search among the
real solutions of (49). The analysis of the previous section is therefore still valid and the

lowest possible value for C is

C = —%[l—%] | (51)
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 corresponding to

. 2
162 = 1—%%_ . - (52)

Notice that we must have T < T, For. T=T,, both f and C vanish and the

breaking disappears, justifying the use of T, to denote %X—%

Another iﬁlportant, feature is that T/T, is independent of a, that is, is not
affected by the evolution of the universe. This is, perhaps, the most attractive feature of
this model.

Th_e'VEV of ¢ is, therefore, given by

-, . .
p = R J_alg_c_e“’ . ' (53)

for any-value of the phase #. The best choice to enhance the T—viclating terms is to take

p a8 an imaginary number. Introducing, at the same time, the eigenstates of C

n = IE(‘P."*‘P*)
(54)
=,
Xg = 2‘/2.(‘? )

which have C - T=+1 and C =T =—1 respectively, the Lagrangian can be put in the

following form: '

£ = EXI + L'x2 -+ £X3 + £X17X2 + £¢ + Line (55)

12
where :
L= 388 x 0 x—sd -ty (56)
1 7 pAM T T ITR AT o L ]
L =570 00 -t g2 x*"ﬁézlﬁlxz-
X2 2 pA? Ty AT I AT T A2 .

|ﬂ|X§+\f2-i.b|ao Xz (57}

_A
3z
- A 2.a A L ,
EXsz = "{gXiX: 33 falxe xi (58).
Ly = B@FD,~myp

Eint = “ﬁi’wxl

,§2=§Iplz*%
#o= g
Bd=Rurre
.2
L -
P='J§! ac

This L{grangia,u explicitely violates C and T, as there are vertices with even and
odd powers of x,. It is clear that these effects cannot be made to vanish by an overall

redefinition of phases.
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4. CONCLUSIONS

The model for spontaneous breakdown of CP presented here has the interesting
aspect of resisting, in the broken—symmetric phase, to the high temperatures of the
universe. Actually, the breaking increases with the temperature, as aft) then decreases.

It is therefore to be expected that large CP violation can be obtained in the early

universe notwithstanding the diminute violation observed nowadays.
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