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- First-order phase transition
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|. Phase transition
in the early universe
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Particle physics which may accompany phase transition
- Electroweak
- Physics related to the naturalness of EWV scale
(e.g. SUSY, classical conformality, ...)
- Peccei-Quinn PT

- GUT ...ahd so on
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How (first order) phase transition occurs

- High temperature - Low temperature
false vacuum  true vacuum
* |
\' V
s
o CD

Trapped at symmetry Another extreme Another extreme
enhanced point appears becomes stable

Time
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How first order phase transition occurs

- Field space

false vacuum  true vacuum

e

rel

Quantum tunneling
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- Position space

false

t@ (“nucleation™)

Bubble formation
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PHASE TRANSITION
N EHE EARLY UNIVERSE

How first order phase transition occurs

- Field space - Position space

released energy
false vacuum  true vacuum is localized around walls

! false /
relpased |:{> expand
V N energy
@ %3
I—» ® 1—»

Quantum tunneling Bubble formation
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How first order phase transition occurs

- Field space

false vacuum  true vacuum

Quantum tunneling

- Position space

Bubble formation
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When first order phase transition occurs
H™' (Hubble horizon)

o 4
- [Transition occurs at [ ~ H < &
. . . S e 5 C
nucleation rate per unit vol. & time ,o° v /
: (determined by underlying theory) o 2 %

because % finds one bubble at %

[ X vol Xt~ |

E ¥

-3 -l
H H vol ~ H-3

-
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How long first order phase transition lasts

- | Duration of PT|is determined by the changing rate of [ (= B )

=T, eB(t 2 Taylor exp. around transition time t,

because

|. T significantly changes

with time interval ot ~ |/

2. So, the first bubble typically collides

with others Ot after nucleation

ey
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How long first order phase transition lasts

- | Duration of PT|is determined by the changing rate of [ (= B )

=T, eB(t 2 Taylor exp. around transition time t,

To summarize, duration of PT is

large B ( fast-changing [ ) : short duration

small B ( slowly-changing I ) : long duration

ot~ |/P

ey
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Duration of phase transition

ot~ /P

Estimation of the transition rate

- Then we can calculate 3

- [Transition occurs at [ ~ H4

(= how fast transition rate changes, [ ~ T, o B(t-ty) T O(T4) ST

since it is just Taylor expansion coefficient

T

bounce action

P d(Ss/T) _ 1, d(53/T) =i

Note again: small beta— Large gravitational waves

Ginaat dlnT ﬁ/H > 1




2. GWs produced in
phase transition
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What do we need to calculate GVWV production ?

false

N

/

true

\

N

N\

T

- Transition rate (considered before)

- Energy momentum tensor of the system

20
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Single bubble profile
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true

false true
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Single bubble profile

[ 11
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Not this simple

22
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Single bubble profile
- Main players : scalar field & plasma

- Wall (where the scalar field value changes)

wants to expand (“‘pressure”’)

AN PHAGSE T RANDEE KON

wall
ressure

false

scalar+plasma dynamics

true

frictiogI

false

true

- These dynamics are generally complicated & hard to solve,

so, let’s try some gualitative classification

23
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Single bubble profile : Qualitative classification

- Roughly speaking,
X = 6,‘/ Pradiation

determines the late-time behavior

of the bubble wall

potential

wall false
ressure ~ g,

scalar+plasma dynamics

~ €y frictio
........... true ﬁ

(R) Runaway case : Pressure dominates friction
a > O(1) — Wall velocity approaches speed of light
i Energy is dominated by scalar motion (wall itself)
(T) Terminal velocity case : Pressure & friction are in balance

a < 0(1)

— Bubble walls reach a terminal velocity (<c)
Energy is dominated by plasma around walls

24
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AN PHAGSE T RANDEE KON

Gravitational-wave sources

- Usually categorized into 3 classes

GW ) J

(1) Bubble wall collision : Scalar field dynamics L o
(& also plasma) i)

(2) Sound wave : Plasma dynamics after collision

(3) Turbulence : Plasma dynamics after collision

- Which is important in (R)Runaway & (T)Terminal vel. cases!?

(R) = (1) Bubble wall collision
(T) = (2,3) Sound wave (& Turbulence)

25
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Gravitational-wave sources

- Usually categorized into 3 classes

(1) Bubble wall collision : Scalar field dynamics

(2) Sound wave : Plasma dynamics after collision

GW ) J

(3) Turbulence : Plasma dynamics after collision

- Which is important in (R)Runaway & (T)Terminal vel. cases!?

(R) = (1) Bubble wall collision

(T) — (2,3) Sound wave (& Turbulence)
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Why do we focus on bubble wall collision?

- For any GV sources, following factor exists

84

QGW0<<

1 + «

potential

)2 (@ = €./Pradiation ) | MY

- Taking future observations into account,

it would be reasonable to focus on large a case

( = (R)Runaway case for the bubble wall behavior)
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AN PHAGSE T RANDEE KON

Why do we focus on bubble wall collision?

- For any GWV sources, following fa

- Taking
it wot 5n large o case

( = (R)Runaway case for the bubble wall behavior)

28
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2 s PRODLIC
o

Y Rough estimation of GW amplitude

Qcw

Present GW amplitude & frequency |

Detector sensitivitie

are obtained just by redshifting 0

~quadrupole factor ~radiation fraction today 107!

B e
hQQGW,peakNO(l()Q)O(lOE))( ) ( ) 10 *

H* i + o /)
v duration time 7 10 0.001 001 0.1 1 10 100 Hzl
f i 6 T* [HZ] QGW = pr/ptot T — eLISA
2 H, 108GeV T, : temp. just after transition - :LISA
H, :H just after transition : DECIGO
To have large GW, BRO

small B/H, and large & are preferred!!
cf. SM with my ~ 10 GeV = 3/H ~ 0(10°), a ~ 0(0.001) 29



3. GWs from bubble collisions

- What is usually done -What we did -What we will do

30
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What is usually done
- Following system is solved

Def. of GWVs d82 — —dtQ e (523 = Qhw)d$zd$“7 Hij (t7 k)

Evolution eq. of GWs  h;;(t, k) + k2h@'j k= SWGKij,kl(/%)Tkl (t, k) source

K :projection to tensor mode  /':energy-momentum tensor

. _ Ahiiheg)
Energy density of GWs DN =
S1lG

1 dpaw )

() =
(or GW spectrum {lgw o T

<- . > : oscillation & ensemble average

31
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What is usually done

- With thin-wall & envelope approximations for bubble walls, ...

Thin-wall Envelope
false — \W
-
N
/N
| B S -~ \

Collided walls are neglected,
assuming that their energy is
instantaneously dissipated

All energy is condensed
at a thin surface of the wall

=
T,i(t,z) = 4%7“3 (t)34777~/;z;)213 X & [Kosowsky, Turner, Watkins, PRD45 ('92)]
%Note :
*Note : Valid for (R)Runaway case
Valid for (R)Runaway case with some assumptions
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What is usually done

- ...and assuming flat background during PT, ...

Phase Present
transition
& GW propagation %
GW emission
€
< > >
Minkowski FRW

(w/o cosmic expansion)  (w/ cosmic expansion)
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What is usually done

- ... they do numerical simulation

(X QGW E | ] llll”l | | lllllll ] T 0
10" 3
10° F
10”
i lllI | | lllllll | 1Ll
0.1 1 10 100
o f /B

[Huber, Konstandin, JCAP0809 ('08)]
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What is usually done

- ... they do numerical simulation Peak amplitude ?

S — A—

10" E

10°F \A

107§ x {712 f727
i llllI I L i
0.1 100

1 10
o f/p
[Huber, Konstandin, JCAP0809 ('08)]
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(Can’t we solve it analytically?)
38
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What we did - why analytically calculable ?

Step | : GWV spectrum is essentially “expectation value” of EM tensor

Green function| |Source

TR /dt /dt cos( t ) (¢z, by, k)

with Il Go Bl o — Ord (- gl n 5 & 1T — Ko 1),

(T'(z)T'(y)) =z,y :spacetime points
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Assumption [ =T, Pt

- With thin-wall & envelope approximations for bubble walls, ...

Thin-wall Envelope
false - \W
-
N
/N
| lp S -~ \

Collided walls are neglected,
assuming that their energy is
instantaneously dissipated

All energy is condensed
at a thin surface of the wall

=
T,i(t,z) = 4%7“3 (t)34777~/;z;)213 X & [Kosowsky, Turner, Watkins, PRD45 ('92)]
%Note :
*Note : Valid for (R)Runaway case
Valid for (R)Runaway case with some assumptions
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What we did - why analytically calculable ?

Step 2 : When does T'(z)T'(y) has nonzero value ?

time
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What we did - why analytically calculable ?

Step 2 : When does T'(z)T'(y) has nonzero value ?

- First, x & y must be in false vac. before ¢, t,, respectively
Probability for x & y to be in false vacuum

P(z,y) = | [(1 -TaV}) = ¢ (A0

42
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What we did - why analytically calculable ?

Step 2 : When does T'(z)T'(y) has nonzero value ?

- First, x & y must be in false vac. before t;, t,, respectively

Probability for x & y to be in false vacuum

AV}

P(e,y) = [ -Tavj) = e /¢ T®

calculable

43
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What we did - why analytically calculable ?

Step 2 : When does T'(z)T'(y) has nonzero value ?

- Second, one single bubble must be nucleated in region,

or two different bubbles must be nucleated in

44
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What we did - why analytically calculable ?

Step 2 : When does T'(z)T'(y) has nonzero value ?

- Second, one single bubble must be nucleated in . region,

or two different bubbles must be nucleated in region

* ceﬁtel:s of bubbles

45
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What we did - why analytically calculable ?

Step 2 : When does T'(z)T'(y) has nonzero value ?

- Second, one single bubble must be nucleated in . region,

or two different bubbles must be nucleated in region

calculable

4 time

46
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What we did - why analytically calculable ?

- Explicit expression (single-bubble case .)

(Tikal>(s)(t$’ty"F) - P(tmaty’r)/

-k

%

4 time

space

tey
dt Tl (bt ty, 7)

o

Expectation val.
of energy-momentum
tensor

False vac. probability
for spacetime points
X &Y

Value of T(x)T(y)
if single bubble is nucleated
and passed through x & y

47
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What we did - why analytically calculable ?

- The rest is trivial
(T'(x)T'(y))
l Fourier transform

@t b k) oo e b
l substitution

QGWo(dpGW /dt /dt cos(k(ty — t,) (s, ty, k)

48
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What we did - why analytically calculable ?

- Final expression Qaw x A
Single o—T/2 cos(kty) Fo = 2(r% = t3)%(r? + 6r + 12),

A(s) = / dtq d’l‘ F, =2(r? - t2) [—1‘2(1‘3 + 4r? + 12r + 24)
3 d
12 ta rI(te,r) +t3(r® + 12r% + 60r + 120)],

X [J'o(kr)Fo + Jlikr) Fi + ]ng? Fp FR= % [F4(r* + 4r® + 20r2 + 721 + 144)
' — 2t5r°(r" + 12r® + 84r% + 360r + 720)
+t3(r* + 20r° + 1807% + 840r + 1680)]
double A _ % p cos(ktd) G(ta,r)
967 / ¢ ‘[d " ‘r4I(td, = (r* — t3) [(1'3 + 2r2) + ta(r? + 6r + 12)]
Jz(kT) ‘

k272 G(tdar)G( —td, 7‘)

49
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What we did Peak amplitude 2
o Qgw prm
- Numerical plot 10"
) 10°
A Peak amplitude 4
1y ~L .
déte\f: ined 0.1 | lIlllIll | “““iO | lIl“iIOO
_ m‘:\ 2rf /8
0.01
P
107 X J<. confifmed
1076 / - Single
g — Double h
107, ' | ' KB

0.01 0.1 1 10 100 1000
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What we did

- Wall velocity dependence

Wall velocity dependence

determined

(|
n -
0
9 ot
Qa D
—

Double

51
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What we will do (we can extend our method to more general
setups)

- How is envelope approximation good !

- Effect of cosmic expansion

- Validity of “long-lasting” %some people say that
sound-wave can be

a long-lasting source
by a factor of 5/H

52
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What we will do

- How is envelope approximas#

- Effect o

-Va

sound-wave can be

a long-lasting source
by a factor of 5/H

53



