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Goal

The goal of this work is to consider arbitrary initial phase of Nambu-Goldstone boson
and calculate corresponding baryon asymmetry.

Model is described via Lagrangian:
L= 0,0 00— V(O)+iQv"9,Q+i[1'0,L.—meQQ—m LL+g(®QL+P*LQ), (1)

where
V(®) = A[d*d — £2/2]2 (2)
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Symmetry breaking

After symmetry breaking which happens at energy scale f field aquire its vacuum

expectation value

() = \%ew, 3)

after symmetry breaking the Lagrangian is as follows (0 = ¢/f):

£2 _ a _ _
L= 50,09"0 +Qv"9,Q + ily*9,L - moQQ — m LL+

f ., _ .
+ f@(QLe") +IQe ) — v(0), (4)
it has following symmetries:
Q—eQ, L—L 0—0+a. (5)
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Baryon current

Let us transform Lagrangian by setting o = —6, then we obtain:

£2 _ _ _ _
L= 50,00"0 + iQv"9,Q + 119, L — moQQ — mLL+

gf _ _
+ \ﬁ(QL +LQ) + 9,0Q@7"Q — N*(1 — cosh). (6)
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Why arbitrary initial phase?

1 (0 — 0u)?
- -1y — —
f(0;,t =60H, ") = 5 exp ( 572 ) , (7)

H. ) ) .
where ¢/ = ﬁ\/60. Here, we have assumed that the duration of inflation is 60H*_1.
T
The probability for |#; — 6,| to be more than 7 by the end of inflation is given by:
P(|6; — 6, > 7) =1 —erf(m) ~ 107° , (8)

if we assume that f ~ H,. By the end of inflation we are given with €89 initially
casually independent regions, thus, the number of regions, where |0; — 6,| > 7 could be
estimated in the following way:

Mregions = € °P(|0; — 0, > ) > 1, (9)
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Equation of motion in flat space

Semiclassical equation of motion in Minkowski metric is as follows:

A* g% 0 | sinfwt
0+ —sinf = = ||m/ dt

f T w—oo | o t! x
[G(t—l—t)cosAO 0%(t +t')sinAG| =Z. (10)
In order to solve it we truncate the limit
wf
— > landw < oo. (11)

/\2
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Let us integrate Z(t) by parts:

() = i2 Ot ) cos[AG]0
. / -2 /
-&f Ooé(t+t')~cos (e + )~ ()] (“’5'"5,2 ) ”>. (12

Recall known representations of Dirac delta function:

wsin (2wt’)  sin? (wt')

" - mwd(t'). (13)
We obtain 2, .

.. A

0+ g 9+f5|n9—0 (14)
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Let us consider dimensionless derivative with respect to A%t/f (represented by prime):

20f
6" + %&’ +sing = 0. (15)

2
. . gw .
Let us introduce the notation [ = A2 and treat it as a free parameter.

T
Given with the solution of eq. (15), one can calculate number density of baryons and

antibaryons:
g2f2 m +o00 . . 2
ngg = / W2dw ‘/ e2/wt:|:16(t)dt
’ 0 —o0

= (16)
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Numerical solution in Minkowski metric
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Figure 1. Numerical solution of equation (15) with initial conditions 6;, = 3.1 and 0;, = 0. We
see nearly aperiodic behavior for I' = 1, thus considered values of I' are suffucient to study its
impact on baryon asymmetry.
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Baryon asymmetry in flat space
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Figure 2: Baryon asymmetry Ang = ng — ng as a function of initial phase for different values
of T.
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Validation of approach
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Figure 3: Baryon asymmetry in Minkowski metric for small initial phase for different values of
decay rate ' with cubic fit functions. Made for validation of our approach. Values of ¢; are as
follows: ¢; =~ 0.31, c» =~ 0.25, c3 ~ 0.2, ¢4 =~ 0.155, ¢5 ~ 0.125.
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Dynamics in conformal FLRW

In conformal FLRW (g, = a®n,,) the Lagrangian might be rewritten as follows
(fermions are redefined ¢ — 1/a%/?):

1 _ _ _
L= EanQauaaw + Q0" Q + iLd YL+ 0,0 Qv Q+
+ gfa(QL — LQ) — a*U(0) — am@QQ — am/LL. (17)

Semiclassical equation is as follows:

A4 4p2 00 0
0(a°0"0) + 34—25in 0= —g23(7)/ w2dw/ a(t 4+ 7")x
f T 0 -

x sin (2wr’)sin[0(7 + 7') — O(7)]d’. (18)
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Integrating by parts and utilizing similar procedure as in Minkowski space we obtain

. a g2 : A*

i+ <2+ E¥2)0+a"" sin0 =0, (19)
a T f

Consider dimensionless variable (7 — A?7/f = n): (recall that for RD stage a o 7.)

2
0"+ | =+Tn? |6 +n*sind =0, 20
7

where I = g2fw/mA2.
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Solution of EOM in conformal FLRW (1)
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Figure 4: Numerical solution of eq. (20) with initial phase close to 7 for different values of I
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Solution of EOM in conformal FLRW (2)
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Figure 5: Numerical solution of eq. (20) with small initial phase for different values of T.
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Baryon number density in conformal FLRW

Baryon number density is given by:

2
_ f _ .
n(Q, 1) dpda [(Q(p.5q). (4. 57)li = [ d*xa(n)Q)L(x)e D0}
V2
SR 1)
21
which implies
2,2 N2/f T 2
g f iwt’ £i0(T’
nb,E(T) = 27_(_233(7_)/0 w?dw /7_ dr’ 8(7'/)62w +i0(r’) (22)
We will illustrate
g2f2 N2/f oo N
a*(00)ny5(00) = S5 /0 w?dw / dr’ a(7') e () (23)
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Baryon asymmetry in conformal FLRW
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Figure 6: Baryon asymmetry a®Ang = a(ng — nz) as a function of initial phase for different

values of T'.
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Minkowski metric:

m Particle production slow down as initial phase grows.

m Decay rate I' does not affect asymmetry significantly.
FLRW metric:

m For small initial phase asymmetry is proportional to 6;,.

m Decay rate I' could affect asymmetry significantly.
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Thank you for your attention!
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