EWPT, EWBG AND STOCHASTIC
GRAVITATIONAL WAVES




Outline&preview

* Brief overview of first order PT
* Stochastic gravitational waves from PT

* EWBG from spontaneous CPV

Preview

Give a quick look at the physics relevant to the electroweak phase
transition.
Show you stochastic gravitational wave as an indirect detection of the

new gauge symmetry breaking.
Showing you how to generate the BAU with a spontaneous CP phase
and a two-step EWPT.
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Baryon asymmetry

* No anti-galaxy was observed

* The abundance of the primordial elements and the height of the CMB power
spectrum depend on the ratio of of baryon to photons
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Why First order EWPT
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Electroweak Baryogenesis

* Generate BAU during the electroweak phase transition
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The effective action

Generating functional (vacuum-to- 7[4] = (0,,(0i,) = / do exp{i(S[p] + ¢7)}
vacuum amplitude):

Connected generating functional: £ [j] = eXp{iW[j]}

dW1j] .
33w

—

P[] = S[4] + ~TrIn[G5(9)

The effective action(The Legendre T = W[j] - / d'z
transformation of WV):

2
The standard 1pl effective action G,(¢): The green function in term of
the background field'!
['[¢] is gauge dependent! The reason is that the generate functional is

gauge dependent!
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The effective potential in the SM

e[t o B gl g P )

* Vi The tree-level potential * Vi Finite temperature contribution
Véff = VO o VCW = VT + VDaisy

* V., Coleman-Weinberg term * Vi..,+ The ring contribution

Vow = 64 2 h 5L [logy Ci] V;ng - % n {( (h 8))3/2 o (Miz(h,s,T))?’m}

| 4 Source of the BAU

1 4 Strength of PT

{ 4 Bubble nucleation rate
i 4 Bubble velocity i
{ 4 Bubble wall width f

i S

Sphaleron rate
i o <
EoM for Higgs




Bubble dynamics

1. Patterns of PT.

SM Higgs is too heavy to saturate

first order EWPT S
S One-Step PT . Two-step PT
A
Broken phase
» &fcond-step
First-step
h
@ » h S = .
Syinitotic phaso Symmetric phase Broken phase
The bar r ier between the The barrier exists at the tree-
symmetric and the broken level
phase usually comes from
radiative corrections Merits:
1.No mixing with the SM Higgs
Vert (6, T) = A(T) " CiEjg & 2.Correlated with the dark

matter
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Bubble dynamics

Critical temperature Tc:

Bubble nucleation Temperature Th:

PT completed Temperature Tq:

Y Relationships

Tc>Tn >Td

‘/eff(¢symmetri07 T) |Tc = eﬂ(¢broken7 T) |TC

tn = e e
/ FVH(t)dtz/ 4 ( S Pl) ¢ T Ol
. .0 T

r Bubble nucleation rate

One-horizon volume

Hubble constant

Bubble wall velocity

Friction of the universe covered

by the broken phase
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Bubble dynamics

3. Bubble nucleation

Euclidean equation of motion

Euclidean action for the solution of EoM

Bubble nucleation rate per unit time per
unit volume

e
5'3:47r/r2dr [% (%) + V(¢)

. S3(T)
L= F (27TT> exp[— T ]

Bounce solution to the EoM

V(z) = %U(T) {1 + tanh (3%)}

w

0.8
0.6
04

021

o

Vacuum expectation value

(4)£0  (8)=0

)— Vw Cg

sound ~—
shell

bubble
wall

V,~0 V,>0 V,=0
Fluid velocity
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Bubble dynamics

4. Physical parameters relating to PT

Bubble wall velocity

calculated numerically

Bubble wall width

calculated numerically

Released energy to radiation

— ra
energy - [ Prad
3
The efficiency factor T w(&)v?y2E2de

Latent heat

A:A<V—QT>
dt

Vw

Iw

rReIevant to the calculation of
baryon number density generated
h_fl‘uring the EWPT

2

=

Relevant to the calculation of stochastic
gravitational wave spectrum emitted
during the EWPT
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Bubble dynamics

5. Types of bubble
)
AN A
< < —>
v \
v
Supersonic Subsonic Hybrid
Fluid at rest in front of the Fluid at rest behind the wall v
wall e

6.Friction | EoM of the Higgs field:

av de% d®p 1

|:| S
2 e | e

[fn(p7x)+5fn(p7x)] =10 7 1: _______ - ///0.6% 2;
Friction term : 7/ 5

Comments: hard to calculate, but it is
important for both EWBG and GW studies.

001 0.1 1 10
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Outline

* Brief overview of EWPT
* Stochastic gravitational wave from the PT

* EWBG from the spontaneous CPV
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Why carry out this investigation?




GW from the PT

Basics of gravitational wave from EWPT

Gravitational waves are described by

a transverse-traceless gauge -
invariant perturbation, h;in a FRW ds? = a*(7)[—d7r? + (65 + hy;)dx"dx’]
metric,

Einstein eq for transverse-traceless " - 5 o
part hij — Ahy; = 167G|(e + p)y viv; + 0:90;¢]

Gravitational wave energy density Paw(t) = (hij (8, Z)hi; (¢, %))

IrG

Energy spectrum
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GW from the PT

<4 Collisions of bubble wall and shocks in the plasma

Sources of GW from 4 Sound wave after the collision but before the expansion has

EWPT: dissipated the kinetic energy.
4Magnetohydrodynamic turbulence : percolation can also induce
MHD turbulence since the plasma is fully ionized.

Fitted results of GW spectrum

Bubble W2Qeon(f) = 1.67 x 1075 (
collision

&k

B e e
o 000 N 7 -
><1+a> (g> - (f_w) [4+3(f/fsw)2]
MHD

2 T _q ( Hn Riu® - (100)% (f/ftu)3
turbulence e ( B ) (1 + a) 0 ) "0 F ] fo) (L 8 h)

ek

2 i g
Sound wave EEVTEIEPALRS (

Total energy spectrum:
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Stochastic gravitational wave from NP

Vi = 12010 + x(079)?,
—p2®T® + £(BTD)2 — A ATA + £ (ATA)? + £y (BTD)(ATA) + {AA2DT + hc.),

e
Vo =
scenario Abelian symmetries @, ¢, Ugr Dr FEr Nr H & A
(a) B-L 1/3 1 1/3 1/3 -1 -1 0 2
(b) B-L 1/3 -1 1/3 1/3 -1 -1 0 2 1
scenario (a) sceinario (b)
fields masses fields masses
¢ —ig + 3K ¢ — i3 + 3K¢% + 5H0”
X —pig + K X —pg + KQ® + 3K20°
N INUS N YX P’
A 495 10" A gp_1,(40° +6?)
1) —,UzA + 3:‘11(52 + %52¢2
Xl _,LL2A + I€152 -+ %H2¢2




Contours of the potential at finite T
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Further detail of vacuum evolution
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Signals
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SNR

.fmax

SNR =4/ T df[

hQQGW(f)} ;
fmin

h?Qexp (f)
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Outline

* Brief overview of EWPT
* Stochastic gravitational waves from PT

* EWBG from the spontaneous CPV
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BAU during the EWPT

Basic description

* B
Sakharov: *x C&CP
* First order EWPT

@ Yukawa interactions Inelastic scattering
- > by > 1,

sphaleron ‘

PB

~ Transport equation:
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Fate of the EWBG
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Properties of the EWPT (1)
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Properties of the EWPT (2)

CP phase and strength of the EWPT

EoM for three background
fields:
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Transport equations

EWBG

: on
Transport equation B

—4+v-j=) = —/d3z /_wo d2"Tr[Y” (z, 2)S<(z,2) — S~ (z, 2)X<(z, )
g s ©E e 95 )

2 . *
Source term: SEY = ~2¢%2g [ T {(eneh - ) ner) =n(ER) | (o ey nlEn) +n(eR)}

T WLWR

CEStR o (Mt)EtR . h.c.

(eL —€})?

v
> j\ Q,HStp

(&?L —|—€R)2

9rQ, =
orT, —

All equations - oM, =
oM, =

- 0HS,
OFH, =

4T, Ry + Ly, 6, + Dy b + 2T0,

T, Ry — Ty, 0y — T'365 — T¢d¢
TR + T Ry + SEEY

top

+Tm Ry — TR — TRy + T
~Tm Ry — Tydy

—T'¢6,

—T'y,6, — Ty by

CPV
- Stop

(13)
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Diffusions

Top Yukawa
np
Relaxation
weak sphaleron
Strong sphaleron
Yukawa
Q3 Q12
t R< |
I U2

strong sphaleron
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Damping of the domain wall




Numerical results
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Numerical results
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Summary

4 Physics relevant to electroweak phase transition are briefly reviewed.
We need to calculate many physical quantities, but many are very
hard to do. Further study is needed! (Hard work is really hard.)

<4 Show you stochastic gravitational wave as an indirect detection of
the new gauge symmetry breaking.

<4 The baryon asymmetry of the universe generated during the first

order EWPT is discussed, especially | showed how to generate
sufficient BAU with the spontaneous CP phase and a two-step EWPT.

Thank you
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