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SRS FOOR
COSHIOL OGICAL (VWS

Inflationary quantum fluctuations (“‘primordial GWs”)
Preheating (particle production just after inflation)

Cosmic strings, Domain walls

First-order phase transition can occur when a symmetry breaks:

- Electroweak sym. breaking - PQ sym. breaking
(w/ extension) - Breaking of GUT group
- B-L breaking - Strong dynamics
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How thermal first-order phase transition produces GWs

(Field space )

( Position space )

false vacuum

Quantum tunneling

true vacuum
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Bubble formation & GVWV production
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TALK PLAN

@ Introduction
|. First-order phase transition and GWV production

2. GWs from phase transitions: an analytic approach
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BEHAVIOR OF BUBBLES

Two main players : scalar field & plasma

pressure

dynamics

true

scalar+plasma

false

friction

- Walls (where the scalar field value changes)

want to expand (“‘pressure”)

__ Preleased \/\ * I

Controlled b)’ Q= Preleased
Pplasma \U

- Walls are pushed back by plasma (“friction”)

Controlled by coupling 7]

between scalar field and plasma

Let’s see how bubbles behave for different a (with fixed 1)

Ryusuke Jinno 1605.01403 / 1707.03111 / 1708.01253 06 /27



BEEAVOR R BUIBBLES - oo

Pplasma

[ Espinosa, Konstandin, No, Servant ’10 ]

Small a (< 0O(0.1)) Temperature
iRy E TR
“deflagration” 12
1.0 \
0.8
0.6 o
| wall position

000 Zer (di WO 6#7 2 0. 852150
Fluid outward velocity

O.V5ﬂuid

0.4
0.3
0.2
0.1

wall p¢

0000 OR06 - 08t a0

Ryusuke Jinno 1605.01403 / 1707.03111 / 1708.01253 07 /27



BEEAVOR R BUIBBLES - oo

Pplasma

[ Espinosa, Konstandin, No, Servant ’10 ]

Small a (< 0O(0.1)) Temperature
iRy E TR
“deflagration” 12
1.0 \
0.8
0.6 o
| wall position

000 Zer (di WO 6#7 2 0. 852150
Fluid outward velocity

O.V5ﬂuid

0.4
0.3
0.2
0.1

wall p¢

0000 OR06 - 08t a0

Ryusuke Jinno 1605.01403 / 1707.03111 / 1708.01253 07 /27



BEHAVIOR OF BUBBLES =~ o=l

[ Espinosa, Konstandin, No, Servant ’10 ]
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B AR GOEBLIBBLES - s

Pplasma

[ Espinosa, Konstandin, No, Servant ’10 ]
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L NAPHCS AR TER COLEISIONN

[ Bubbles nucleate & expand ]

- Nucleation rate (per unit time & vol)
I'(t) x e’ with B :some const.

- We assume that released energy is mainly

carried by plasma bulk motion [ Bodeker & Moore ’17]

- Typically collide after At ~ 1/3 expansion
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L NAPHCS AR TER COLEISIONN

G

b e e
. . [ Bubbles collide )

RR
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Ryusuke |inno 1605.01403 / 1707.03111 / 1708.01253 / 1812.22222

- Scalar field damps soon after collision

|~ - For small a (< O(0.1)) case,

propagation of plasma bulk motion is

well described by linear approximation:

((9752 — c§v2) v~0  “sound waves”

08 /27



LHNAPHC S AR TER COLEISIONN

G

hij ~ 13

RR

[ Turbulence develops j

- Nonlinear effects appear at late times

“turbulence”
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S ATIOINS ARE DRIVENG
OUR UNDESTANDING

(0.1))

Example of numerical simulations (a S O

[ Hindmarsh, Huber, Rummukainen, Weir ‘15 ]

09 /27
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S ATIOINS ARE DRIVENG
OUR UNDESTANDING, BU L.,

Resulting GW spectrum (a < 0(0.1))

10-8

< 1000/T,
[0) = 2000/T.,
S O[EY] awm M\
e |c . 4000/T,
o | T2l —— 5000/
gg §§ — 6000/T,

= g1 —— T000/T;
< |5 z
e I

10—16

100 10! 102
kR, [ Hindmarsh et al.’ |7 ]

GW wavenumber
|) Everything is summed up: difficult to understand relevant physics each by each
2) Number of bubbles is limited & Full time evolution is difficult to follow
3) Simulation for large @ (>> 1) is challenging due to shock waves & hierarchies

Ryusuke Jinno 1605.01403 / 1707.03111 / 1708.01253 [0%/:27.



PIECESSIE Y PO
ALTERNATIVE UNDERSTANDING

What we do when we predict GWVs from particle physics models:

E’article physics ( Parameters J Prediction onj
ST A —
n

model relevant to phase transitio GWs

N

- Released energy (i.e. (v)

E - Nucleation rate (i.e. 5 ) pGW

- Transition temperature ...and so on

- To prepare for future observations, we have to understand D well

- Currently, understanding on D is mainly driven by numerical simulations

- However, numerical approach alone does not give good understanding of the system

— We would like to develop an alternative approach e.g. CMB, Lattice QCD, ...

Ryusuke Jinno 1605.01403 / 1707.03111 / 1708.01253 |1 /27



TALK PLAN

@ Introduction
W First-order phase transition and GW production

2. GWs from phase transitions: an analytic approach
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FE oY 31
WE WANT TO UNDERSTAND

We propose the following modeling as a first step
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FE oY 31
WE WANT TO UNDERSTAND

We propose the following modeling as a first step

- Cosmic expansion neglected

- Bubbles nucleate with rate I'

(Typically I' ¢ ePtin thermal transitions)

- Bubbles are approximated to be thin

Ryusuke Jinno 1605.01403 / 1707.03111 / 1708.01253
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FE oY 31
WE WANT TO UNDERSTAND

We propose the following modeling as a first step

- Shells become more and more energetic

T;; o< (bubble radius)

- They lose energy & momentum after first collision

(bubble radius @ coIIision)2
(bubble radius)?

T;; = T;; @ collision x

X (arbitrary damping func. D)

Ryusuke Jinno 1605.01403 / 1707.03111 / 1708.01253 12 /27
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GV o EL RUB R
CONSIDERAT N CHNCALIDALEEY

This system, if solved, will serve as a good benchmark for real systems

We wrote down GW spectrum in this system analytically, essentially from causality

[ Jinno & Takimoto ‘16,'17 ]

Full derivation takes too long, so we illustrate the derivation in a simplified setup:

Envelope approximation >

proposed long time ago to model scalar-only system [ Kosowsky &Turner '93 ]

Ryusuke Jinno 1605.01403 / 1707.03111 / 1708.01253 13 /27



Gy P EC ERUM A
DL ERSCOIR CLIRRELAE R

MaSter fO mu Ia: [ e.g. Caprini et al., PRD77 (2008) ]
[pew(k) ~ [ dte | dt, coslh(ts ~ t,)VET: (T tar D Tis 1 y*)>j
GW energy density Green function EM tensor

per each log wavenumber k

Why! GWEOM: [Oh ~T — solution: h ~ /dt Green X T

T Green

h
EM tensor } PGW

T Green

» time

Ryusuke Jinno 1605.01403 / 1707.03111 / 1708.01253 14 /27



Gy P EC ERUM A
DL ERSCOIR CLIRRELAE R

MaSter fO mu Ia: [ e.g. Caprini et al., PRD77 (2008) ]

PGW (k) ~ | Qb Sl G

G GW spectrum is essentially
per e two-point ensemble average
Why?
L o———
EM tensor } PGW
L Green

» time

Ryusuke Jinno 1605.01403 / 1707.03111 / 1708.01253 [ 95/27.



CALCULATION OF (T'T)

[ Jinno & Takimoto '16 & ’17 ]

Calculating (T(tz, ©)T(ty,9))ens Means ...
- Fix spacetime points = = (t;,%) and y = (ty,%)

- Find bubble configurations s.t. EM tensor 1’ is nonzeroat z & y

—

T3 Y i 5
L Y
at time t, *, K at time ¢, h

|
s ¢ '
) 3 Y |}
)} Y 4 1

A ¢
nucleation point *

@

L]

robabilit
- Calculate { ¥ 4

} for such configurations and sum up
value of T(t,,Z)T(ty,¥)

Ryusuke Jinno 1605.01403 / 1707.03111 / 1708.01253 |5 /27



CALCULATION OF (I'T

Only two types of configurations exist :

- Single-bubble

A N

at tlme CE \ I at tlme t

\ 04
s ¢
A ¢
nucleation point *

- Double-bubble

o

[ Jinno

& Takimoto ’16 & 17 ]

X

Time ' /

y

Space

16 /27



CALCULATION OF (I'T

Only two types of configurations exist :

inno & Takimoto ’16 & ’17 ]

- Single-bubble
/" s
at time t, \ I at time t

nucleation point *
- Double-bubble /

Time

Space
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L UIS FRA TGN,
SINGLE-BUBBLE SPECTRUM

Necessary and sufficient conditions

- No bubbles nucleate inside past cones e

- One bubble nucleates inside the red diamond

within infinitesimal time interval ¢, ~ t,, + dt,
\

Resulting expression
(T(@)T(y))ern

prob. for one bubble | ¢ My
— P(m,y)/dtn (to nucleate ) (va deel ) ) )

i : realized in
in the red diamond ealized in each case

Ryusuke Jinno 1605.01403 / 1707.03111 / 1708.01253 |7 [ 27



NNVEECO P
FULEL P XPRESSICOINS

The spectrum becomes sum of two contributions

(PGW(k) oA A“@

Each term is just an integration of polynomials, exponentials and spherical Bessels

(s) — e’? [, Ji(vkry) o J2(vkry)
A / dta,:,,/u:c yldrv l'( ) [jo(vkrv)So—}- oo S; + (vkr)? S | cos(kt, )
A = dt T "~ ha(vkr) 5 D(—t kt
Y ity v my,rv) (vkry)? (tzys Tu)D(~tay, ) cos(kts,y)

Ryusuke Jinno 1605.01403 / 1707.03111 / 1708.01253 18 /27



ENIVELC P

|: Maggiore "Gravitational Waves: Astrophysics and Cosmology" (book)

shape of the spectrum near the peak. Jinno and
Takimoto (2017) show how to obtain analytic re-
sults in the envelope approximation by computing
the two-point correlator of the energv-momentum
tensor. using the formalism that we have discussed
in Section 22.2. Different regimes of bubble evo-

Mazumdar & White 1811.01948

"Cosmic phase transitions: their applications and experimental signatures” (recent review)

B trr & 6 T G« 1/6
f = 1.65x10""Hz ( ﬁ) (H*) (IOOGeV) (100)
0.35

X )
1+ 0.069v,, + 0.69v3

_ 9 —1/3 2 /3 « ’
1. 107° ,.
07> 10 (100) " (H* 1+a

9 0.48v3, A
145302 +5.008

Qcw h?

Ryusuke Jinno 1605.01403 / 1707.03111 / 1708.01253 18 /27



e O LR FINVELCOPE

collided

shells
> upficollide

shells
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e O TRV P
FULEL P XPRESSICOINS

Full expression reduces to only ~10-dim. integration [Jinno &Takimoto*17]

ﬁGW(k) X @single-bubble spectrum AG)  + 2. double-bubble spectrum AL

tma.x tm ty
A® — / it / t, / dr / dt, / dt. / dt,,
|t —0o0 tn tn

e~ 1@w) (t,)

RORG

k3 ' '
k- . Jl(k'r) J?(kr)
3 X [jo(k'f’)no(nznx 3 nynx) + k’f‘ (k.r)2

X Orai [1B(tais tn)° Dte, tai)] Ouyi [TB(tyiy tn)* D(ty, tyi)] cos(ktzy)

’Cl (na:nx ’ nynx) = K2 (n:z:nXa nynx)

Ryusuke Jinno 1605.01403 / 1707.03111 / 1708.01253 205127,



BEOIND T HE BNV (e
FULEL P XPRESSICOINS

Full expression reduces to only ~10-dim. integration [Jinno &Takimoto*17]

ﬁGW(k) X @single-bubble spectrum AG)  + 2. double-bubble spectrum AL

(3) — / dt / dt dr / dt / dta:z / dtyz
z y|

I(xz y?. F(tn)

i : jo(kr
3 X [jo(k’f’ O(na:nxa ynx)+ k’l‘ ’Cl(nananynx)+ (2’§T)2)’C2(nxn><7nynx)

General General General damping function after collision
nucleation rate shell velocity Tz-j X (bubble radius)'2 X

Ryusuke Jinno 1605.01403 / 1707.03111 / 1708.01253 205127,



BEOIND T HE BNV (e
FULEL P XPRESSICOINS

Full expression reduces to only ~10-dim. integration [Jinno &Takimoto*17]

paw (k) o< 1. single-bubble spectrum AL+ @double-bubble spectrum A(d)

AW = / dt, / dt,
27
/ dr/ dtm/ dtyn/ dtm/ dtyz/ dcm/ dcyn/ AdPznyn

@sp (xza yn)@sp(xna yz)e—l(m o )F( zn)F(tyn)

T | 2 [jo(kr)Ko(nmn,nyn) + ]ll(:.r) ](2157,?)7:?) ICg(nm,nyn)]

_X at:z:'i, [TB (ta:i; tmn)BD(ta:a t:z:z)] 6tyi [TB(tyia tyn)sD(ty’ t'yz)] COS(ktl‘,y)

’Cl (n:z:na nyn) +

Ryusuke Jinno 1605.01403 / 1707.03111 / 1708.01253 20 /27



PNUMEBRICAL FLO T

Single-bubble spectrum A(*) (Damping function D = ¢~ (¢=%)/7 T :shell lifetime)

GW spectrum
AG)
17 -
= Long lifetime
1072 _
10—4_ ——————— /@’ &
yog @’/‘,
, &
108+ @ & e
* \within fz
10-8+
., : @ =1  a =3 =10 & 1=30 O =100
| . . —
10-3 102 101 100 B

Short lifetime = Envelope

(consistelnt with [ Huber & Konstandin ‘08 ]

ictor 2 )

GW wavenumber

Ryusuke Jinno 1605.01403 / 1707.03111 / 1708.01253
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~1/p \
. . § /
@ ( : |
Single-bubl P .\
N\ o ® \
| B &
GW spectr Y
A
L AR : :
o Growing struct \
T
05 7 g :
&« Short lifetime = Envelope
107°+ e & (consistemt With[Huber&Konstandin‘OS])
4 \within factor 2
10-8}
: fffff o =1 A 1=3 ¢ 1=30 O 1=100
L 1_3 |_2 IO k/ﬁ
10 10 10 GW wavenumber
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IMPLICATIONS

sound shell scalar field

Our modeling ... ‘\ \_L

- will represent the scalar field contribution well,

and may represent the bubble-like structure of sound shells \—\

10°

Our results ...

10°

- imply that GW spectrum has

10°®

Qh?

a growing structure to IR o

10°° 10° 10° 10 102 10° 102 10¢ 10°
Frequency /Hz

Applicability & limitations of our modeling are being studied

Ryusuke Jinno 1605.01403 / 1707.03111 / 1708.01253 225127,
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W First-order phase transition and GW production

2. GWs from phase transitions: an analytic approach
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ANCTHER IMPEICATICN:
PICIEIEE SELECCHCIIN PROPMEGIVY SPEG TR

Imagine CMB

- Many inflationary models realize observed scalar amplitude P¢ (~ V/e) = "Leading"

- What contributes to model selection is spectral index ns (D €,1) = "Next-leading”

Can we do the same in GWs from first-order phase transitions!?
- Current precision of numerical simulations is far from answering this question

- Analytic approach can provide a quantitative estimate

Ryusuke Jinno 1605.01403 / 1707.03111 / 1708.01253 235/:27.



PACLIEE SELECHCIIN
ERCIY GV SREC TR

[ RJ, Hyeonseok Seong, Sangjun Lee, Masahiro Takimoto 'l7 ]

Let's take previous "envelope"” modeling as a working example

Jics

Each particle physics model predicts different nucleation rate

Does not appear in GW spectral shape

"Leading” :
/ (as long as cosmic expansion is neglected)

(o B )

N
\ Generically nonzero but often neglected
"Next-leading" :

Gives slight difference in GW spectrum

Ryusuke Jinno 1605.01403 / 1707.03111 / 1708.01253 245127,



PACIEIEL (SELFC FICIN]
ERCIY GV SREC TR

[ RJ, Hyeonseok Seong, Sangjun Lee, Masahiro Takimoto 'l7 ]

We can again calculate the spectrum analytically

(Pew(k) DEEAL A(dD

AB) = 325k3 T, / dt (1) / dt,., /|
t

1) L j1(vkr,)
[]O(? )50 + vkr,

z,y|

ja(vkry)

S1f (vkr,)?

82] cos(kt, )

Ryusuke Jinno 1605.01403 / 1707.03111 / 1708.01253 255127,



PACIEIEL (SELFC FICIN]
ERCIY GV SREC TR

[ RJ, Hyeonseok Seong, Sangjun Lee, Masahiro Takimoto 'l7 ]

We can agal@: CExp oEXp | — | (t(x y) T_L)Q + C(ls-zErfo (1 + Ert t(:c y) — al )

2

I Iy 2] (s) - Mo
@: CExp 1 Exp | — (t@ay) - ?) TG (1 bt _t<:1;,y> N 5)

- T’,U 2‘ (s) - T’U-
@: CExp o Exp | — (t@ny) - 5) T Ot (1 + bt -t<x’y> a 5)

A = 20k T, / dt (1) / dt,., /| |
tz,y

) J1(vkr,) Jo(vkr,)
o 1(xy) [ ‘UML@—F 1”” n (i)kT'v)Q@] cos(kt, )

Ryusuke Jinno 1605.01403 / 1707.03111 / 1708.01253 255127,



PACIEIEL (SELFC FICIN]
ERCIY GV SREC TR

[ RJ, Hyeonseok Seong, Sangjun Lee, Masahiro Takimoto 'l7 ]
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How GWV spectrum changes as the next-leading term 7 increases

(rescaled) GW amplitude

Ratio with v = 0 spectrum
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This is the first quantitative study on the information
imprinted in GW spectrum through bubble nucleation rate
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SUMEIARY

| st-order phase transitions may be explored with GVVs in (near) future

Currently numerical simulations are driving our understanding.

We have to develop alternative ways to understand the system.

We proposed one possible solution: analytic approach.

We modeled the system with thin & free-propagating bubbles, and analytically solved it.

Implication is a structure in GW spectrum which grows to IR.
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