Thermal

History

o R F B 3
phase
transitions _“"J,_(m ﬁfﬂ% & ﬁjj ‘IBZEE’&

Ryusuke Jinno (RESCEU, UTokyo)
A A OB e Z DInH @KEK, 2023/8/28-30

From micro

to macro Av A

Gravitational A

waves Recent topics



macrophysics

microphysics

K IRF[E] / A7 — v —N

(1) B4 (nucleation)  (2) $5K (expansion)  (3) 22 (collision)

e
B false 1
\_T_f (@

C mEBowE )

false true

=%

s EEWAR ahil )

) \_

MR 2L X — WG IS B 1 2 — AR & B 7R

\_

01 /48 Ryusuke Jinno (RESCEU, UTokyo)




microphysics A F S R

Kifel / A7 —IL —

(3) f#%2 (collision)

(1) B4 KX (nucleation) (2) #5°K (expansion)

—RXAHEERE DY) B
false true —XMHERTZ
O
S EEWaR

Ryusuke Jinno (RESCEU, UTokyo) & X)L ¥ — @I IS B 1 2 —AHEEE & E AR

01/ 48




icrophysics
IR i) / A=)
(1) B4 (nucleation)  (2) 5K (expansion)  (3) 22 (collision] )
false
%
false true il >
&

1. FH DE (Thermal history of the Universe)

~10min
2. —RHMHE® (First-order phase transitions)
~35min | 3. S 70PN S <7 DY (From microphysics to macrophysics)

4. AP & Bl (GW production & observations)
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"Space(-time) tells matter how to move. Matter tells space(-time) how to curve."

John Wheeler
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> FH WG 23R E 2 5 = 74 V2| 626.67x107 mikgls2

Einstein tensor

determined from the metricA

77 F G,MI/ —

.

: Newton constant

\

[~
8 ]Z' G \ Energy-momentum tensor of matter

€t/

c4

122%

—

c ~ 3% 10°m/s : speed of light

"Space(-time) tells matter how to move. Matter tells space(-time) how to curve."

John Wheeler
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LSS, Large Scale Structure
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> ZOHTie 2 D 57 HFERRTRME D

- KiE—#E D4 (in relation to GUT)

- Peccei-QuinnXy it U(1)pg DAL (in relation to strong CP)

- B-LNFRE U()g_; DAL (in relation to neutrino mass)

- dark#F D41 (in relation to dark matter?)
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FIELD SPACE & POSITION SPACE C D 824 Bk

Field space Position space
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> "Pressure vs. Friction" 23N 7L DR 5 B 28 5

(1) Pressure: BEDNGEMGILIC X D AMHTICHI I 1 5

a Epvac/pplasma T\/Q:i){ ]\ '742\331%

e.g. [ Espinosa et al. '10, Hindmarsh et al. '15, Giese et al. 20 ]

scalar+plasma
dynamics

(2) Friction: BE23 79 X< L DM AEHTHENZH I 1L 5
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> "Pressure vs. Friction" 23N 7L DR 5 B 28 5

(1) Pressure: BEDNGEMGILIC X D AMHTICHI I 1 5

a Epvac/pplasma T2V 7 X b 541§M%

e.g. [ Espinosa et al. '10, Hindmarsh et al. '15, Giese et al. 20 ]

scalar+plasma
dynamics

(2) Friction: BE23 79 X< L DM AEHTHENZH I 1L 5
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l \‘ 7‘} l/ d) ﬂr\k [« particle scale —» A

....................................... AQ

massive massless

» "Pressure vs. Friction" 72

(1) Pressure: B D3 MR -

a Epvac/pplasma TNT7 X 74 Xg N5

e.g. [ Espinosa et al. '10, Hindmarsh et al. '15, Giese et al. 20 ]
scalar+plasma

dynamics

(2) Friction: BE23 79 X< L DM AEHTHENZH I 1L 5
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INT LD =

> "Pressure vs. Friction" 23N 7L DR 5 B 28 5

(1) Pressure: BEDNEEMRIIC X D AMIlIcH I 11 5

a Epvac/pplasma TNT7 X 74 Xg N5

e.g. [ Espinosa et al. '10, Hindmarsh et al. '15, Giese et al. 20 ]

scalar+plasma
dynamics

(2) Friction: BE23 79 X< L DM AEHTHENZH I 1L 5

NI NWHERDGL DD IS —

deflagration (f#/R) detonation (J##) ~ ] relativistic detonation > ] runaway
| |
»
| |
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> "Pr/ Nl scale

>

| false
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77 AR DEED R % 11D 6 4173\ N
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> NN

[ Bodeker & Moore '09, '17 ]

deflagration (J&A) detonation (J##) ~ ] relativistic detonation > ] runaway
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Youtube "Explosions: 100 ton test detonation"
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[ RJ,/Konstandin, Rubira 21 ]
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BBINTGX—=F (BNFR/INFA—=F)

> AT DREM

FOBEMNZEE Z50R T 5121k, WL DD/ TF X =5 T1I7

> GEZTVDERTEDL ) RN T7 X =13l ?

-
Particle physics —— (Transition parametersJ — Prediction on GWs

N

Lagrangian & @ : transition strength GW spectrum 5w

[ : nucleation increase rate

Vv,, : wall velocity

T. : transition temperature
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BBINTGX—=F (BNFR/INFA—=F)

see e.g. [ Caprini et al. '16 ]
[ Caprini et al. 20 ]

\/

R DIE & = Pyl Potasma

- JA

S

DT FTARDIRNFE =R, EDL SO 2 X =PRI i

oF
- /\?O) Pyac = Pvac false — Pvac,true i U=F +7S=F-T <ﬁ> %)EHLBT
|74

OV oit(Dryer T)
Pvac true — eﬁ(¢true’ T) o T< - a} - >

=V 1) —T
P vac,false eff (¢false ) < oT

aVeff (¢false’ T) >

DEIHIIT (NVLFILYD) HHIZFLXF—06KD 5L S
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BBINTGX—=F (BNFR/INFA—=F)

see e.g. [ Caprini et al. '16 ]
[ Caprini et al. 20 ]

> BERE DRI f © T() o M+
- F IR EE D35 O Bl A T(T) Z i EEORE L L CEHA
- ORE T(T) 2 (FHmVInE) < (FHmVEA) ORItk Z T T'(r) 12251

- fRBGH 2 WAL R B2 £ =6 D T — 7 — &b
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Ny TIVEENTC
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BBINTGX—=F (BNFR/INFA—=F)

see e.g. [ Caprini et al. '16 ]
[ Caprini et al. 20 ]

> BERE DRI f © T() o M+
- F IR EE D35 O Bl A T(T) Z i EEORE L L CEHA
- RO T(T) 2 (FHmivinE) < (FHEmivRE) ORfRZ T () IC&H

- REGH o7 2 MBI 22 BB I ¢ = 6 D C©7 — 7 — &

=

5 PR B2 O 355 D $H T i

[F(T) ~ T4e_S3/Tj = [H“ ~ (TZ/MP)“j
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BBINTGX—=F (BNFR/INFA—=F)

see e.g. [ Caprini et al. '16 ]
[ Caprini et al. 20 ]

> BERE DRI f © T() o M+
- F IR EE D35 O Bl A T(T) Z i EEORE L L CEHA
- ORE T(T) 2 (FHmVInE) < (FHmVEA) ORItk Z T T'(r) 12251

- fRBGH 2 WAL R B2 £ =6 D T — 7 — &b

- HEWEE v,/ DEERFO MBI N TNV A X2 5.2 5

I = 1.
(" ) )
nucleation of O At rapid nucleation of
first bubbl her bubbl
irst bubbles other bubbles
o O(1/p)
. _J -
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v C— particle scale —D
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false
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scalar+plasma
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> 74 vy ad A TR

R/w 2 ERg/w =
"Space(-time) tells how to move. tells space(-time) how to curve."

5K ¢ il E Dtransverse-tracelessil oy

ds* = — dt* + a*(5; Hlg)dx'dx’ Oihy; = hy; =0

Y
Ul

> 7A Vv a4 vAEBRRAEEHT S E, BIGEMD A —4—T
2D ICE>TY —AINBFEENTENIHE ) 2 DD 5
ﬁlj\ — | 67[GAij,kl

> LIGO/Virgo2320154E12 77 v 7 A — Vi %0 & OB %= Pk

|2d Selected for a Viewpoint in Physics edkecending
PHYSICAL REVIEW LETTERS 12 FEBRUARY 2016

wr

s 36M,, +29M, — 62M + 3M (GWs)

PRL 116, 061102 (2016)

Observation of Gravitational Waves from a Binary Black Hole Merger

B.P. Abbott ef al."

(LIGO Scientific Collaboration and Virgo Collaboration)
(Received 21 January 2016; published 11 February 2016)
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BICEP2 Collaboration/CERN/NASA
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> FHE RS (CMB = Cosmic Microwave Background)
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H T =i (CMB = Cosmic Microwave Background)
- RS HELIAT 2> © i S 7o+
- RN BRI IF RIS ~eV £ T (2N EDRE TIIHELINTL £ ) 72 )

- y-distortion % p-distortion Z > % & ~keV X THHIRILS

- XA v 7Vv—vavzins Et5bnsD, ZiAd LHsT
TEEZHOTWE720)

(curvature perturbationDfRfFE V) B ko & P v F —74E

1 /1% (Gravitational Waves)

Y
hmd

- LIRS AR L2 L 2w
- 2D, —HAKI NS EARYROEREZ K> 72 FHAEE TEIRT 5
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KNXZEREDREVS. FHEHNENDIR

> ROICAME I = KR 5 DE I

SR FE o 2S5
ARy i R i

-BHESRBZNENDY —A %

EF{F/_/—\EL' T JE? 73: V) k JE? 1z BE D N StOChaSitC e % Z)_ % see e.g. [ Romano, Cornish '17 ] for further discussion

> FH am B J1 = stochastic x\\\
AV AN s ‘-:‘w:‘\‘\‘ ﬁ

- WG o JR e #eti

g =
N =R M K DB 5B Jfﬁf;ﬂ ‘\\-\\-_\}k‘
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24 /48

Pulsar timing Space-borne Ground-based
interferometers interferometers

arrays

s

~ 1078 Hz ~ mHz — Hz ~ 100 Hz

) J 10°
|2
7 {‘E 100} EPTA e
N l LIGO
H ”A’AY_ IPTA Resolvable galactic ’H :{ﬁggo
@ ’A binaries alLlGO
~ 10—3 =10° solar mass binaries E#GF\‘&
:E,g )}e- SKA Extreme mass ratio inspirals
R H |
\EH @ ":; 1078 eLISA /
@ .I..E ':‘:5 1 1;'.::'1"3: i}ln r
/% {H_’ 10—9 | Stochastic plnares Compact binary
:é @ backgroung LISA ' 'F'- inspirals
b< 4& Unresolvable s Supernovae
:ﬂ&\ Eg% 10—12 L galactic binaries DECIGO
rr— ' Pulsars
E BBO
o0 10—15 ] . . . ! . ; . s
o 10710 1078 1076 1074 1072 10° 102 10* 108
Frequency / Hz [ Moore, Cole, Berry '14 ]

Ryusuke Jinno (RESCEU, UTokyo)

MR 2L X — WG IS B 1 2 — AR & B 7R




ENIRDBIE & FFKER A

24 /48
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{:TH pew ~ G 1<hljhlj>
1

" | ] B ZNENDloghi (= loghIER) = & 1o/
~ | &
’: Alr 1 dpcw
S& 2 10- dInk
SN % ) L. S cBEDTHO D L ¥ — AL
e |
S|\ | <
= i 10
5 |8

&
e m 1073} 4
:E,g Pulsars
iy
%D 10_1510'-“’ 10°8 10-6 1074 1072 10° 102 10° 108
. Frequency / Hz [ Moore, Cole, Berry '14 ]
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Pulsar timing
arrays

Space-borne
interferometers

53

~ 1078 Hz

YN
L

~ mHz — Hz

Ground-based
interferometers

~ 100 Hz

[ NANOGrav Collab. 20 ]

Frequency / Hz

i J 10°
TR
~ SE
S TAMA
N J 10°; =PTA GEO
LIGO
K e VIRGO
IPTA Resolvable galactic
g i‘ binaries / :\L’Ilggo
"EK ~ 10_3 - =10°% solar mass binaries E#‘GH“
e, l}e- SKA Extreme mass ratio inspirals
S 2 B
H'HH S "‘; 107%} eLISA //
@ 'I"E C"‘J 10? solar
mass
/Q binaries
t) {H_’ 10—9 ES;olt(:h NANOGI'aV Compact binary
=9 / spirals
?—'7;“ =Ty Unresolvable S Supernovae
?E{b&g 1D-1:Ii§ 10_12 - %:;;_ jalactic binaries ’ ..
A~ h ‘:5 / Pulsars
- BBO
E Frequency [Hz]
50 10- 150 . . ! . . . . .
o 1077° 107° 10°° 107* 1072 10° 10° 10° 10°

[ Moore, Cole, Berry '14 ]
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W T CEBNIZ (=Y PR A4 X0) AR L 72 E 7D
WHIED W E L., KREPICESEEO = 2L X —2 47— )L & HA

mHz-Hz < TeV A7 —)L DY

10° 10° 10* 103 102 101 100 101

Temperature of the Universe (GeV)

102 101 109 1071 1072 1073 1074 107°
10°
H -
J(Hz) (,3/ H ) [ Auclair et al. '22 ]
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logfilie % db 72 1 OD/Zjﬁ
Qawhioo®

binaries
1 0—9 | Stochastic
background
- LISA
\ Unresolvable
- N

galactic binaries

H
iy
S
&
=

\ BBO
/
1074 1

10—15 ) ) ) ] » ! ) A
10710 1078 1078 02 10° 102 104 106
Frequency / Hz [ Moore, Cole, Berry '14 ]
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LISA (LASER INTERFEROMETER SPACE ANTENNA)

[ LISA Mission L3 Proposal, https://www.elisascience.org/files/publications/LISA_L3 20170120.pdf ] [ Auclair et al. '22 ]

» ESA (European Space Agency) % NASA & H[[CiEd 5 7v2 = 7

> 20174FICL3 S v ¥ a VIGEE SN, fTH EFDSEHE S 10T\ % D 1320344F
> 3DDHEDIE=ABEICHOE X 11, HEROHE % [0
> HAROHEE = 2.5x10°km

> I v a VIF6ERT, duty cyclel:75%

relative orbit
_® of spacecraft

[ https://sci.esa.int/web/lisa/-/31704-schematic-of-lisa-orbit ] [ https:/ /www.britannica.com/science/physics-science/The-study-of-gravitation |
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LISA (LASER INTERFEROM NNA)

= (Q - THE EUROPEAN SPACE AGENCY @ eSa b 20170120.pdf ] [ Auclair et al. '22 ]

® &6 &6 0 0 0 0 o o ® © 06 06 06 06 0 0 06 0 0 0 06 0 0 0 0 0 0 0 O 0 0 0 o o

> ESA LISA factsheet 2 7 b

> 201 2689 VIEWS 6 LIKES %O)Cj:Mﬁz
. 3o 2037

ESA / Science & Exploration / Space Science

P i ol
> 1[4

- Overview of the LISA mission.
> I

spacecraft 2

Name: The Laser Interferometer Space Antenna (LISA)

laser beams
* (1 incoming,
.1 outgoing)

Planned launch: 2037

‘erometers

Mission theme: The gravitational Universe

Status: On 20 June 2017, LISA was selected as the third large-class mission, L3, under ESA's

Cosmic Vision 2015-2025. LISAis currently in a more detailed phase of study and will be proposed

thrusters

gravity waves

for 'adoption' around 2024, after which construction can begin P

=3

[ https://www.esa.int/Science Exploration/Space_Science/LISA_factsheet | §

[ https://sci.esa.int/web/lisa/-/31704-schematic-of-lisa-orbit ] [ https://www.britannica.com/science/physics-science/The-study-of-gravitation |
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LISA (LASER INTERFEROMETER SPACE ANTENNA)

[ LISA Mission L3 Proposal, https://www.elisascience.org/files/publications/LISA_L3 20170120.pdf ] [ Auclair et al. '22 ]

» ESA (European Space Agency) % NASA & H[[CiEd 5 7v2 = 7

> 20174EICL3 3 v ¥ a VIGEES N, B EF25HE S 11T 2 D13 28344E
> 3DDHEDIE=ABEICHOE X 11, HEROHE % [0 2037
> HIRFEOHHEE = 2.5x10° km

> I v a VIF6ERT, duty cyclel:75%

relative orbit
_® of spacecraft

[ https://sci.esa.int/web/lisa/-/31704-schematic-of-lisa-orbit ] [ https:/ /www.britannica.com/science/physics-science/The-study-of-gravitation |
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LIGO - A GIGANTIC INTERFEROMETER

GRAVITATIONAL WAVE BLACK HOLE SPACETIME

MIRROR j : 'f The light MIRROR

waves bounce

B ——: g
and return: 3

A "beam splitter” splits the
light and sends out two
identical beams along the

4 km long arms.

A gravitational wave affects the

: interferometer's arms differently;
Laser light is sent into L 7 when one extends the other contracts
the instrument to | : as they are passed by the peaks and
measure changes in T . N 4 troughs of the gravitational waves.
the length of the two d

arms. ' Normally, the light returns unchang-
ed to the beam splitter from both
arms and the light waves cancel
each other out.

- %)

BEAM SPLITTER LIGHT DETECTOR

CANCEL EACH

| LIGHT WAVES
OTHER OUT

6 If the arms are disturbed by a

SR : » LIGHT WAVES HIT
gravitational wave, the Light waves w2 M’Q() \9 I THE LIGHT DETECTOR
will have travelled different distan- _

ces. Light then escapes throughthe  ggaAM SPLITTER LIGHT DETECTOR

splitter and hits the detector. [ LIGO ]
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[ Kosowsky, Turner, Watkins '92 ]

\h - — \ ﬁ N N [ Kosowsky, Turner '92 ]
— / A *E EE *z “_ & Lj- % E ;& ;}E [ Kamionkowski, Kosowsky, Turner '93 ]
and e.g. [ Caprini et al. '16 ] [ Caprini et al. '20 ]

» /N 7)L1E 22 (bubble collision)

- AN T =% (RPN F7 XA =51 D
kinetic & gradient T /)L ¥ —

- BRFE D3 12 il <
BESrunaway§ 55 I EHE E R D

> H i (sound waves)
- VAR D A
- RS DM ISR < 22 VIR D 13X 2 B

> Gl (turbulence)
- AR DIEFIEEIC X D Bl 5
- EHRED BB 72— A TCHETAEEZSNT NS important at later stage

\4
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ENRART ML

1078 KQ g | y.

hQew ()

10712 £

05 104 0001 o0l ol

f[Hz]

[ Caprini et al. '16 ]
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ENRART ML
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1078 . coa
[ RJ, Konstandin, Rubira '21 ] ;
[ +Stomberg 22 ] |
107 i
, . : 00 =y
1078
10'9§
10710+
(7
B 10-1 N L - ) |
O 05 1 5 10
SO R g
-~ E
1014 :
10—16 g T T " PV Ve | . e oo g |
10—5 10—4 0.001 0.01 0.1
flHz] [ Caprini et al. '16 ]

AR PNVOFEMD, X2z IG5 2L X —OYHOIERZF->TWw A
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> KT EOLSWERRTADLEZCHALD
N ? — horizon {4 X DYMEDNFIZICHEEE ~c TEHAT WV B0

77 v 7R =)Vl P Y (2 i R EE D — RAHHR S

@
‘;c

B9 2 EH] BRDYA X ~ NWNTNDHA R ~ Ny TR
Z DY A X ~ Schwartzschild % RIS BB ~ RO BRI 2L F —DO(10%)
PRL116,061I((:|2J(2016)ﬁ fGPH;::LwRE(;»IfEW LI::TER; — 13 PERROARY 2016
— - YRR IRFIZ 13
36Mg +29M, — 62M, + 3M, (GWs) RDIZNFE—D 0(1%) DEIPLICTE STV BI1FT
(B2 5 H > T 5)
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» BIG & RELATIVISTIC 72N 7OLIZ EE I 24 L9 »

i1 O ET) A Y — A Dcoherence time Af (~Y — A Ddactive Zz RF[E]) T4

1
[Tl

integration over

coherence time At

oscillator \)
i ///

kicked oscillator

-BENWDLFNF—EE pow ~ G hi; o T;Ar?  Notebus

GWs from sound waves behave differently

1. relativisticZZ N 7WVIEERE S T x a ZFFD

2. bigZE NI E, M DIED TS 2 TRV At f7!
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microphysics A F S R

Kifel / A7 —IL —

(3) f#%2 (collision)

(1) B4 KX (nucleation) (2) #5°K (expansion)

—RXAHEERE DY) B
false true —XMHERTZ
O
S EEWaR
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> — RV FHOB D E TR E T izHa,

INTND AR — IEK — 9, & LTEBT 2

> ZHUF—RIC, Ah 7 =B LM OBEMLR YA S I 7 ARSI T

> ZD7at A DERINT-ENEDS, FEREMN TR Z 52028 Lt
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A SOLVABLE SYSTEM

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

> A bit of history: GW production from first-order phase transitions

has been modeled by so-called thin-wall and envelope approximations

[ Kosowsky, Turner, Watkins '92 ]

thin-wall
T;; grows as T; o (radius) X 71,7
envelope /\ ‘
why? because
(released energy) .
 (radius)
(surface area) |

Thin-wall : the energy-momentum tensor is localized along the thin surface

Envelope : the surface damps as soon as it collides
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THIN-WALL & ENVELOPE MODEL

» Thin-wall & envelope model is "Ising model for statistical physics":

The simplest modeling, but still captures many physical features

» Numerical simulations have been performed to obtain the GW spectrum
[ e.g. Huber, Konstandin, '08 ]

» We showed that the GW spectrum is calculable analytically [y, Taimoto, 161

[QGWUc) = Q8 (k) + szgfe,vm)]

00 —pri2

Fs e . Ji(kr) Jo(kr)

Q) o<k3[ J dr S x |jokr)Sy(t, ) + 2 —8,(t,7) + ——=8,(t, )| cos(k1)
o I eP2 4 P2 4 - o—Prl2 k2r
o0 o —prl2

e
QD k3| dt| dr ]2( )D(t, r)D(—t,7)| cos(k?)
GW B2 = (B2 + 4Pr) o
K —oo Y1 [e/)’f/2 + e—PH2 4 " e—ﬂr/2] J
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HOW TO SOLVE IT: ALL YOU NEED IS CAUSALITY ¢ raimoc. e

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

» Setup

- Linearized gravity [h; = 16aGA, T,

- Bubbles nucleate with the rate I'(r) x /"

per unit time & vol., with f = const.

- Cosmic expansion neglected, walls moving with ¢

- Energy-momentum tensor grows as T; & (radius) X nn;,

and localizes at the bubble surface (thin-wall)

- Energy-momentum tensor damps upon collision (envelope)
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HOW TO SOLVE IT: ALL YOU NEED IS CAUSALITY ¢ raimoc. e

» Rough sketch of the derivation

(D GW equation of motion = wave equation [ ]A;; ~ T}

t
— formally solved with the Green function h,j(t) ~ [ dt’ Green(t, t') Tij(t’)

é )
T,(t) (1)
S - i

GW sourcing perio
\ gP lond )

(2) GW spectrum = 2-point ensemble average of h;; = 2-point ensemble average of T

4 t - )
(My(Tengs k) Lo ds k))enS ~[ dtx[ dr, (T} k))enS cos(k(t, —1,))
- Y
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HOW TO SOLVE IT: ALL YOU NEED IS CAUSALITY ¢ raimoc. e

» Rough sketch of the derivation

(D GW equation of motion = wave equation [ ]A;; ~ T}

t
— formally solved with the Green function h,j(t) ~ [ dt’ Green(t, t') Tij(t’)

é )
T,(t) (1)
—'4_d> O > [

GW sourcing perio
\ gP lond )

(2) GW spectrum = 2-point ensemble average of h;; = 2-point ensemble average of T

(" t t )
end end
<hz]( end> k) fend> k )>ens ~ [ dtx[ dty < k )>ens COS(k(fx - ty))
\_ J
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HOW TO SOLVE IT: ALL YOU NEED IS CAUSALITY ¢ raimoc. e

» Rough sketch of the derivation

3 (le(tx, 7)Tkl(ty, V))ens (Fourier tramsform of (le(tx, k )T]j‘l(fy, K))ens)

is calculable from the consideration on the causal cones:

2 possibilities for (Tt X )Tyt ¥ ))ens to have nonzero contributions

(t, X)

(t, V) @One bubble nucleates

at the intersection of the past cones

@Two bubbles nucleates

bubble nucleation
on each past cone

Space
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HOW TO SOLVE IT: ALL YOU NEED IS CAUSALITY ¢ raimoc. e

» Rough sketch of the derivation

3 (Tl-j(tx, 7)Tkl(ty, V))ens (Fourier tramsform of <le(tx’ k )T]j}(fy, K))ens)

is calculable from the consideration on the causal cones:

2 possibilities for (Tt X )Tyt ¥ ))ens to have nonzero contributions

B @One bubble nucleates

y at the intersection of the past cones

2. Two bubbles nucleates

on each past cone
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HOW TO SOLVE IT: ALL YOU NEED IS CAUSALITY ¢ raimoc. e

» Rough sketch of the derivation

3 (Tl-j(tx, 7)Tkl(ty, V))ens (Fourier tramsform of <le(tx’ k )T]j}(fy, K))ens)

is calculable from the consideration on the causal cones:

2 possibilities for (Tt X )Tyt ¥ ))ens to have nonzero contributions

1. One bubble nucleates

at the intersection of the past cones

@Two bubbles nucleates

on each past cone
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HOW TO SOLVE IT: ALL YOU NEED IS CAUSALITY ¢ raimoc. e

» Result (just for completeness)

(QGch) = Q) (k) + szgfgv(m]

( spherical Bessel of order O of order 1 of order 2 \

R e P Jilkr) JoCkr)
Q) ock3J dt[ dr X i (kr)So(t, ¥) + 2=, (8, ) + Z2—=8,(¢, r)| cos(kt
oW —o0  J1] ePtl2 + e=Pt2 4 ﬂztz_(ﬂ2r2+4ﬂr)e—ﬁr/2 D2 r 8 k*r* A0 0
4pr
0 0 e~ P2 »(kr
QY k3| dr| dar X I )D(t, r)D(—t,r)| cos(k?)
GW B2 = (B2 + 4Pr) Lk
—oo ] [eﬂt/Z 4+ e—P2 4 e—ﬂr/2]
4pr
2.2 p2.2\2 2 3242 _ B2
So(t, 1) zg(ﬁ ! ﬁ3f r) (B2 +6fr +12)  Si(t,r) =§ﬂ ! ﬁ%f : |=B22(BPr® + 12871 + 60pr + 120) + S2rP(f°r + 4B%r* + 12pr + 24)]
r
Sy(t, 1) =%# |44 (B4t + 206°r + 1808%r2 + 8408r + 1680) — 282 r2(B*r + 125°F + 845%r? + 360pr + 720)
r
+BH B+ 457 + 20617 + 12fr + 24)]
2 ﬂ2r2

2
Q(r, r) = \/g P tﬁzrz [Bt(B*r* + 6pr + 12) + (B°r + 25%r)] J
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HOW TO SOLVE IT: ALL YOU NEED IS CAUSALITY ¢ raimoc. e

» Result (just for completeness)

[QGch) = Q) (k) + gggv(@]

0.01|

107}

7, : N
/ (typicalibubble size) = =

— Total

10_6 /// — Single \\\\
== Double oS
10—8 o o el e N R
0.01 0.1 1 10 100 1000

k/p
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BEYOND THE TRADITIONAL MODELING

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

» We proposed a modeling that takes the collided shells into account

[ Jinno, Takimoto '19 ]

Before collision

(released energy) .
T grows as « (radius)
(surface area)

After collision

. \=2
T.. decreases as o (radius)
Y (surface area)

» ...and solved (QGw(k) Q) (k) + Q) (k)

%

/ dt, / dt / dr / dt,, / dt / dt,; AW = /_ dt, /_ dt,
[tz.y tn x te ty te ty 1 1 2m
_1(1 i) F(t ) - /0 dr /_oo dtn /_OC dtyn \/t\m dty; /l‘y" dty,;/_ldcmﬂ /;1 dc‘,,,,_‘/O dPznyn

T‘( )T(‘f)
k3 zn !l yn (kr) J (kT‘) esn(l'iyyn)eﬂl (I y) gl y)r( )F(ty")
q | X .7 kT)’C Nanx, N x) + K Nanx, x) + 2 K Nanx, nx)] kS 1(RT B
3 [ 0( 0( yn 1( Myn (k ) 2( " 3 x r? []O(kT)’Co( Myn )+J }(Ck )K:l(nrnanyn) + J(]:f) ))Cl(n » Tyn ):|
| X Qi [1B(tais tn)* Dt tei)] aly [75(tyi, tn)*D(ty, t,;)] cos(kt,,) l X Bz 15ty ton) Dt tr)] Buyi [ (tyis tym)° Dty £43)] cos(ktny)
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BEYOND THE TRADITIONAL MODELING
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» One interesting feature found: IR enhancement of the spectrum

A (GW spectrum at the time of production)

10-2_ o ...I..lllllll.....
104 T
10-5:-@

¢ -
10-84--% : 1

: (typical bubble size)
! 1 ! 5 k/
1073 1072 107" 10° .
Beyond Envelope wavenumber (~ frequency) Envelope
® =1 A =3 =10 e =30 o 1=100
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BEYOND THE TRADITIONAL MODELING

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

» One interesting feature found: IR enhancement of the spectrum

Beyond Envelope
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A (GW spectrum at the time of production)
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BEYOND THE TRADITIONAL MODELING

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

» One interesting feature found: IR enhancement of the spectrum

Beyond Envelope
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A (GW spectrum at the time of production)
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o =1

A 1=3 =10 e =30 o =100
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BEYOND THE TRADITIONAL MODELING
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» One interesting feature found: IR enhancement of the spectrum

Beyond Envelope

» Nowadays the model is called "the bulk flow model"
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A (GW spectrum at the time of production)
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[ Kosowsky, Turner, Watkins '92 ]

GRAVITATIONAL WAVE SOURCES amionkowsk L ok Tuner 92

and e.g. [ Caprini et al. '16 ] [ Caprini et al. 20 ]

» Sound waves

- Compression mode of the fluid motion

- Dominant unless the transition is extremely strong

| important at later stage
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GRAVITATIONAL WAVES FROM SOUND WAVES

» Sound shells continue to propagate inside other bubbles

)

Hello] R [Hello
b T
<+ <+—>

Lshell Lshell

» Shell overlap creates random velocity fields everywhere, sourcing GW's

[ Hindmarsh, Huber, Rummukainen, Weir '14, '15, '17 ] [ Hindmarsh '15, +Hijazi '19 ]
Hello | Hello

Hello

Hello Hello

Hello

Hello total velocity field
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SO U N D WAVE SI M U LATI 0 NS [ RJ, Konstandin, Rubira '21] [ R], Konstandin, Rubira, Stomberg 22 ]

> FlUid 3d SimUIation may nOt SO easy (though much easier than lattice QCD...)

- Shock waves must be cared
- Numerical viscosity must be cared

- You need cluster computers

energy-injecting boundary for fluid

» We are proposing "Higgsless scheme" (non-dynamical)

- We do not solve both the scalar field and fluid
- But rather "integrate out" the scalar field

(= treating the scalar field as non-dynamical)
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HOW TO INTEGRATE THE HIGGS OUT

» The fluid evolution is determined in principle from

(D Energy-momentum conservation of the fluid 9,7%* =0
(2 Change in the equation of state across symmetric/broken phases

» But how can we implement these in simulations?
(D Assume relativistic perfect fluid & bag EOS for simplicity

0K+ 0.K' =0

2 Define K#=T"° | then 0,T"* = 0 reduces to | } |
0K’ + 0, TY(K",K') = 0

(3 Where does the energy injection enter? The answer is in T%(K°, K?) :

3
TU(KO, Kl) — E Cvac =
(KO—e,,.) + \/ (K0=€,0)? — 2KK

K'K’ { € (false vac.)

€, (true vac.)
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RECIPE FOR THE HIGGSLESS SIMULATION

» We numerically generate nucleation points,

and pre-determine the true-false evloution without fluid

evac _

€r
\\ /
® 2
.
@ .

» We then evolve the fluid in this box according to {

0,K" + 0,K' = 0
0oK' + 0,THK",K") = 0

— Fluid automatically develops profiles
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RECIPE FOR THE HIGGSLESS SIMULATION
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FRICTION TO RELATIVISTIC WALLS

» Transition point from relativistic detonation to runaway is not yet clear

- UnderStanding befOre 2017: a ~ @( 1) [ Bodeker & Moore '09 ]

- Understanding after 2017: a > O(1) [Bodeker & Moore 171

(J7:#%)

deflagration detonation ~ | relativistic detonation >> ] runaway
| |
| | >

» To answer this, we need to understand friction to relativistic walls
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FRICTION TO RELATIVISTIC WALLS

» Splitting radiation is found to be dominant source of friction 1 sodeker & Moore 171

y=1/\/1=-v>>1
4—

N W?.H b @

L.

z

see e.g. [ Jackson "Classical Electrodynamics ]

O a >

accumulation of gauge bosons

Symmetric phase Higgs phase

oo a6 O

reflection C f'fr:
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FRICTION TO RELATIVISTIC WALLS

» Results reported from several groups

(1) [ Bodeker & Moore '17 ]

a — bc process gives friction propto the wall 7 factor: & ~ ;/mCT3

(2) [ Hoeche, Kozaczuk, Long, Turner, Wang '20 ]

multiple splitting a — bccc--- gives even stronger friction: & ~ y2T4

(3) [ Azatov & Vanvlasselaer '20 ]

— ~
Pa=FEy 2

O «

Symmetric phase

>

—

Pc

» @

Higgs phase

'Wall ¢

points out (2) does not vanish in the transition-less limit: masses («x ¢) — 0

(4) [ Gouttenoire, Jinno, Sala '21 ]

multiple splitting @ — bcce:+ rather gives 9P ~ ?’ch3
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SCALE INVARIANT MODELS

[ Randall, Servant '07 |

[ Espinosa, Konstandin, No, Quiros '08 ]

» If the microphysics model has nearly scale invariance,

/ 48

the resulting GW production can be huge

Typical models

(

\_

O

\

J

O

&)

\_/

)

Nearly scale-invariant models
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the system looks almost the same at different temperatures — gradual nucleation of bubbles
T = Tvinitial €& I = O’lTvinitial

time

temperature




SCALE INVARIANT MODELS

[ R], Takimoto '16 |

» One example: Classically conformal B-L model

SU(3)c|SU(2)|U(1)y |U(1)B-rL
|l 3 2 |+1/6] +1/3
ub|| 3 1 | +2/3| +1/3

el 8 1 -1/3 | +1/3
2 1 2 |[+1/6 % |
erll 1 1 -1 -1
75 | | 1 0 -1
H| 1 2 -1/2 0
) 1 1 0 +2

TABLE I. Matter contents of the classically conformal B —
L model. In addition to the standard model matters, three
generations of right-handed neutrinos v% and a B — L charged
complex scalar field ® are introduced.
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SCALE INVARIANT MODELS

[ R], Takimoto '16 |

» Assumption: absence of mass scales
Vo= 1yl HI' + 2@ = 2| ®|*| H|"
- Only quartic terms in the potential, no parameters with mass dim.
- Scale dependence enters only through running of couplings
» Transition in ® direction can be strong

! Vico = Vo + AVew

AVr

_/
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SCALE INVARIANT MODELS

[ R], Takimoto '16 ]

» Transition parameters

a
0.02} 0.02}
& 0.01 3 0.01
Doo5I N, ., gy 0005k . . .
103 10* 105 10® 107 108 10° 103 10* 105 10% 107 108 10°
M[GeV] M[GeV]

» Synergy between collider and GW experiments

0.02" 0.02}
DM/ Aap-ylag-|
1.0000 1.0000
- -
Q 0.1000 1] - | 0.1000
Ne] L e} iy |
0.01 S 00100 0.01 | 0.0100
== 0.0010 0.0010
R 0.0001 0.0001
0,005 exclusion from Z' search 0,005 exclusion from Z' search
108 104 105 108 107 108 10° 10 104 105 108 107 108 10°
M[GeV] M[GeV]
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HOW TO CALCULATE THE TUNNELING RATE ~ (counn it coenn

see also [ Andreassen, Farhi, Frost, Schwartz '16 ]

> First let's consider tunneling in vacuum (= no plasma) for simplicity

- Tunneling rate appears as the imaginary part of the ground-state energy E,

—iEyl ., p—iRe[Eglt ,ImlEy)t

~ €

~ €

tunneling
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HOW TO CALCULATE THE TUNNELING RATE ~ (counn it coenn

see also [ Andreassen, Farhi, Frost, Schwartz '16 ]

First let's consider tunneling in vacuum (= no plasma) for simplicity
- Tunneling rate appears as the imaginary part of the ground-state energy E,

qb(l}‘)zd)false
- To extract it, consider e ~ (e | €™ | Prypee) = [ D e 5P

¢(ti)=¢false

. . 1 O(4) tri 1 [ op\’
- The action is Euclidean S, = Jd4x [—(0E¢)2 + V() Sy=mrr.le o 2ﬂ2[dr 3 [_ <_¢> n V(d))]
2 assumption 2 \ or
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HOW TO CALCULATE THE TUNNELING RATE ~ (counn it coenn

see also [ Andreassen, Farhi, Frost, Schwartz '16 ]

> First let's consider tunneling in vacuum (= no plasma) for simplicity

- Tunneling rate appears as the imaginary part of the ground-state energy E,

qb(tf)zd)false
- To extract it, consider e ™! ~ (... |e ™| Pryee) = [ D e 5P
¢(ti)=¢false
. . . 1 O(4) symmetric 1 /0 2
- The action is Euclidean S, = Jd4x [—(0E¢)2 + V(¢) - , 2ﬂ2[dr 3 [— <—¢> + V(gb)]
2 assumption 2 \ or

- The imaginary part arises from a saddle-point configuration called "bounce"

¢(6‘):¢false O
[ opesin - — i O+ —OQ- QO+ = e

d)(ti):d)false . .
contribution from contribution from

one bounce two bounces
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HOW TO CALCULATE THE TUNNELING RATE  cocnnn s e coman 7

see also [ Andreassen, Farhi, Frost, Schwartz '16 ]

> First let's consider tunneling in vacuum (= no plasma) for simplicity

- Tunneling rate appears as the imaginary part of the ground-state energy E,

¢(tf):¢false
- To extract it, consider e ™! ~ (... |e ™| Pryee) = J D e 5P
¢(ti):¢false
. . . 1 O(4) symmetric 1 /0 2
- The action is Euclidean S, = Jd4x [—(5E¢)2 + V() - , 2n2[dr = [— <—¢> + V(q/))]
2 assumption 2 \ or

- The imaginary part arises from a saddle-point configuration called "bounce"

[x*

solution of d%¢p + %a,,(p —V($)=0

bounce ¢ -V =

with
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HOW TO CALCULATE THE TUNNELING RATE ~ (counn it coenn

see also [ Andreassen, Farhi, Frost, Schwartz '16 ]

> First let's consider tunneling in vacuum (= no plasma) for simplicity

- Tunneling rate appears as the imaginary part of the ground-state energy E,

qb(tf)zd)false
- To extract it, consider e ™! ~ (... |e ™| Pryee) = [ D e 5P
¢(ti)=¢false
. . . 1 O(4) symmetric 1 /0 2
- The action is Euclidean S, = Jd4x [—(0E¢)2 + V(¢) - , 2ﬂ2[dr 3 [— <—¢> + V(gb)]
2 assumption 2 \ or

- The imaginary part arises from a saddle-point configuration called "bounce"

D) =pe A4 VT . o—Sid)
[apesin - — O+ —O-Q—+--e
D(t)=Pra1se o L
contribution from contribution from
one bounce two bounces
— F = — ZImEO ~ A4e_SE[§[;]
%
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HOW TO CALCULATE THE TUNNELING RATE

[ Linde '83 ]
» In finite-temperature environment, the expression is similar
S3[$, T1
[(T) ~ Ae—T—
; 1 5 O(3) symmetric 5 1 [ 0¢ 2
Sy, T =de —(0)* + V(, T) = 4ﬂ[dr P2l= (=) +v@g. 1)
2 assumption 2 \ or
» Typical behavior  §,/T %
: A8
~ 140 --------------- Cmmmmmn s E--- <+ F ~ A4e_S3/T ~ H4 ~N —
: E M3
: — T
T. T,

» To translate it to the transition parameter g, we use cosmology

d <s3> T d <S3> [ d <s3)]
pf=—\|— = ~ H(t,) | T— [ —
dr \'T dt dT \'T dT \ T

=t«

/48  Ryusuke Jinno (RESCEU, UTokyo) '&X V¥ —HIIFH IC 81T 2 —KMHER & B PR
I



