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FIRST-ORDER PHASE TRANSITIONS IN THE EARLY UNIVERSE
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TALK PLAN

02

2. First-order phase transitions in beyond the Standard Model

3. Dynamics of bubbles

4. Gravitational wave production & observational prospects

5. Recent progress

~20min

~25min
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FIRST-ORDER PHASE TRANSITIONS

     - 典型的な例：    (秩序パラメータ)と    (温度)に対する自由エネルギーの振る舞い

完全な熱力学関数がその自然な変数に関して

T

V

T = Tc

T > Tc

T < Tc (過冷却)

T = Tc

Φ T

1階微分不可能なとき、一次相転移と言う

一次相転移

03



Ryusuke Jinno (Kobe Univ.) 「初期宇宙起源の重力波を用いた高エネルギー物理探査」/ 75

THERMAL HISTORY OF THE UNIVERSE

[ Karsch, Neuhaus, Patkós, Rank '97 ]
[ Kajantie, Laine, Rummukainen, Shaposhnikov '96 ]
see also

[ Fukushima, Hatsuda '11 ][ Aoki '97 ]

04

Electroweak "phase transition" & QCD "phase transition"

→ Unfortunately, both are crossover, meaning they are not even phase transitions

➤ Two candidates for FOPTs in the Standard Model (SM)
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Electroweak "phase transition" & QCD "phase transition"

→ Unfortunately, both are crossover, meaning they are not even phase transitions

➤ Two candidates for FOPTs in the Standard Model (SM)

<125

discovered
Higgs mass

[ Fukushima, Hatsuda '11 ]

the early Universe
evolution of

=

[ Pisarski, Wilczek '84 ]
[ Brown et al., '90 ]
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MOTIVATIONS FOR FIRST-ORDER PHASE TRANSITIONS

    from inflation (               ) down to the present (             )

05

➤ Spontaneous symmetry breaking that might have happened

    - Breaking of B-L symmetry               (→ neutrino masses)

    - Breaking of the GUT group (→ GUT)

    - Breaking of dark groups

    - Breaking of Peccei-Quinn symmetry             (→ strong CP)

U(1)B−L

U(1)PQ

≲ 1015GeV ∼ 10−4eV

➤ The vast energy scale the Universe might have experienced

➤ Testability of the process in the coming 10-20 yrs with GWs
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TRADITIONAL MOTIVATION FOR FIRST-ORDER PHASE TRANSITIONS

06

➤ Baryon asymmetry of the Universe (BAU)

     1) B violation      2) C&CP violation     3) Interactions out of thermal equilibrium

➤ 3 conditions to generate baryon asymmetry (Sakharov's conditions)
[ Sakharov '67 ]

Galaxy Antigalaxy

[ Wikipedia ]

    = Why more baryons than antibaryons?
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07

➤ Part of Sakharov's conditions are satisfied if an FOPT occurs

➤ However, electric dipole moments put stringent constraints

/ 75

    (called electroweak baryogenesis) [ Kuzmin, Rubakov, Shaposhnikov '85 ]

Ryusuke Jinno (Kobe Univ.) 「初期宇宙起源の重力波を用いた高エネルギー物理探査」

TRADITIONAL MOTIVATION FOR FIRST-ORDER PHASE TRANSITIONS
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BUBBLE EXPANSION
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➤ "Pressure vs. Friction" determines the behavior:
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Hindmarsh et al. '15,

Giese et al. '20 ]

∼ ρvac

false true

Determined by α ≡ ρvac/ρplasma

(1) Pressure: wall is pushed by the released energy

(2) Friction: wall is pushed back by plasma particles
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BUBBLE EXPANSION

Determined by α ≡ ρvac/ρplasma
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BUBBLE EXPANSION

see e.g. [ Espinosa et al. '10,
Hindmarsh et al. '15,

Giese et al. '20 ]

cosmological scale

wall
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pressure

friction

false

scalar+plasma 
dynamics

➤ "Pressure vs. Friction" determines the behavior:

09

α
∼1 ≫1deflagration detonation relativistic detonation runaway

➤ Different types of bubble expansion

Determined by α ≡ ρvac/ρplasma

(1) Pressure: wall is pushed by the released energy

(2) Friction: wall is pushed back by plasma particles
walls continue to accelerate until they collide with others

Plasma particles cannot stop the acceleration of the walls:

[ Bodeker & Moore '09, '17 ]

∼ ρvac

false true
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Youtube "Explosions: 100 ton test detonation"
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BUBBLE COLLISION & FLUID DYNAMICS

11

[ RJ, Konstandin, Rubira '21 ]

➤ Bubbles collide, and fluid dynamics sets in (example for            )

 see also [ RJ, Konstandin, Rubira, Stomberg '22 ]
[ Caprini, RJ, Konstandin, Roper Pol, Rubira, Stomberg '22 ]

②
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TRANSITION (≒ THERMODYNAMIC) PARAMETERS

12

➤ Remind the spirit of thermodynamics

- Only a few parameters determine macroscopic properties
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TRANSITION (≒ THERMODYNAMIC) PARAMETERS

12

➤ Remind the spirit of thermodynamics

➤ What are parameters that describe the present macroscopic system?

α

β

T*

vw

Particle physics Prediction on

ΩGWGW spectrum: transition strength

: nucleation increase rate

: wall velocity

: transition temperature

ℒLagrangian

macroscopic outcome

     - Only a few parameters determine macroscopic properties

Transition parameters

Baryon asymmetry

PBHs
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TRANSITION (≒ THERMODYNAMIC) PARAMETERS

     - How much energy (= latent heat) is released, compared to the plasma energy

13

➤ Transition strength α ≡ ρvac/ρplasma

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

ρvac,true = Veff(ϕtrue, T ) − T ( ∂Veff(ϕtrue, T )
∂T )

ρvac,false = Veff(ϕfalse, T ) − T ( ∂Veff(ϕfalse, T )
∂T )

ρvac = ρvac,false − ρvac,true     - The numerator                                     is calculated from the Helmholtz

       free energy, through the relation                                             asU = F + TS = F − T ( ∂F
∂T )

V

     - One might use trace anomaly instead as parametrization
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TRANSITION (≒ THERMODYNAMIC) PARAMETERS

➤ Nucleation rate increase    :

14

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

β Γ(t) ∝ eβ(t−t*)+⋯

H−1 = (
·a
a )

−1

Hubble radius
The first bubble

in the Hubble patch

     - Translate          into        using (cosmological temperature) ⇔ (cosmological time)

     - Calculate           as a function of temperature, using thermal field theory

Γ(t)

     - Taylor-expand the exponent around the typical transition time

Γ(T )

Γ(T )

t = t*
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TRANSITION (≒ THERMODYNAMIC) PARAMETERS

➤ Nucleation rate increase    :

14

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

β Γ(t) ∝ eβ(t−t*)+⋯

     - Translate          into        using (cosmological temperature) ⇔ (cosmological time)

     - Calculate           as a function of temperature, using thermal field theory

Γ(t)

     - Taylor-expand the exponent around the typical transition time

Γ(T )

Γ(T )

t = t*

Γ(T ) ∼ T4e−S3/T H4 ∼ (T2/MP)4=

CosmologyThermal field theory
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TRANSITION (≒ THERMODYNAMIC) PARAMETERS

14

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

rapid nucleation of

other bubbles

Δt

𝒪(1/β)
nucleation of

first bubbles

     - Interesting property:           gives the typical bubble size at the time of collision

t = t*

➤ Nucleation rate increase    :β Γ(t) ∝ eβ(t−t*)+⋯

     - Translate          into        using (cosmological temperature) ⇔ (cosmological time)

     - Calculate           as a function of temperature, using thermal field theory

Γ(t)

     - Taylor-expand the exponent around the typical transition time

Γ(T )

Γ(T )

t = t*

vw /β
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TRANSITION (≒ THERMODYNAMIC) PARAMETERS

15

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

➤ Wall velocity vw

     - Determined from "pressure vs. friction"

     - In principle one should solve Boltzmann eq.,

wall

true

pressure

friction

false

scalar+plasma 
dynamics

ϕ
massless

ϕ
massive

particle scale

T*

     - Determined from your microphysical theory

       (regarded as trade-off btwn. coupling ⇔ velocity)

       but people often put by hand

➤ Transition temperature
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TRANSITION (≒ THERMODYNAMIC) PARAMETERS

12

➤ Remind the spirit of thermodynamics

➤ What are parameters that describe the present macroscopic system?

α

β

T*

vw

Particle physics Prediction on

ΩGWGW spectrum: transition strength

: nucleation increase rate

: wall velocity

: transition temperature

ℒLagrangian

macroscopic outcome

     - Only a few parameters determine macroscopic properties

Transition parameters

Baryon asymmetry

PBHs
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GRAVITATIONAL WAVES: A NEW PROBE TO THE UNIVERSE

➤ LIGO/Virgo detected GWs from binary black holes for the first time in 2015

16 / 75

36M⊙ + 29M⊙ → 62M⊙ + 3M⊙ (GWs)

➤ Einstein equation:

➤ After expanding the Einstein equation, GWs obey a wave equation 

➤ Gravitational waves: transverse-traceless part of the metric

∂ihij = hii = 0

[ R. Hurt/Caltech-JPL ]

"Spacetime tells matter how to move. Matter tells spacetime how to curve."

sourced by the energy-momentum tensor of the system

Rμν −
1
2

Rgμν = 8πGTμν

Tkl

ds2 = − dt2 + a2(δij+hij)dxidxj

□ hij = 16πGΛij,kl
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GWS AS A PROBE OF THE EARLY UNIVERSE

p e

p e

GWs

freely propagates
γ (photon)

gets scattered
γ (photon)

CMB last scattering

time

information
loss

=

➤ Comparison between CMB and GWs

Inflation

Big Bang
Nucleosynthesis

Early Universe = High energy Universe

p
e

🌏

p
e

[ Planck ]

(~1MeV)

(~eV)

(≦10  GeV)15

17
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天文学的重力波 VS. 宇宙論的重力波

➤ 天文学的重力波 = 点源からの重力波

- ランダムな方向

- 幅広い周波数帯

➤ 宇宙論的重力波 = stochastic

- 決まった方向

- 狭い周波数帯

- 検出器がそれぞれのソースを

  特定できないときに限り、stochasitcに見える see e.g. [ Romano, Cornish '17 ] for further discussion

- パワースペクトルにより特徴付けられる

18
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PRESENT & FUTURE OBSERVATIONS

19

[ Moore, Cole, Berry '14 ]

Space-borne
interferometers

∼ mHz − Hz ∼ 100 Hz

Ground-based
interferometers

∼ 10−8 Hz

Pulsar timing
arrays
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[ Auclair et al. '22 ]

Present frequency of cosmological GWs

Energy scale (temperature) at the time of production∝

TeV scale physics
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LISA MISSION

20
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LISA MISSION

21
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LISA MISSION: OUTLINE

に決定2.5 × 106 km
∼ 30 mHz
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LISA MISSION: TIMELINE

LISA pathfinder

23
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LISA MISSION: TIMELINE

Red Book

Final "GO" sign

23



Ryusuke Jinno (Kobe Univ.) 「初期宇宙起源の重力波を用いた高エネルギー物理探査」/ 75

LISA MISSION: TARGETS

supermassive BHsEMRI

white dwarfsstellar-mass BHs

extreme mass-ratio inspiral

24
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LISA MISSION: PRIMARY SOURCES

Galactic binaries

massive BH binaries

stellar-mass BH binaries

EMRI
(extreme mass-ratio inspiral)

unresolved foreground (WDs)

105 − 107M⊙
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➤ 基本的な構成

test mass
(free-fall)

test mass
(free-fall)

spacecraft (S/C)

test mass
(free-fall)

test mass
(free-fall)v

spacecraft (S/C)

laser

2.5 × 106 km

LISA MISSION: STRUCTURE OF THE SATELLITES
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LISA MISSION: LISA PATHFINDER

28
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BUBBLE COLLISION & FLUID DYNAMICS

29

➤ Bubbles collide, and fluid dynamics sets in (example for            )

[ RJ, Konstandin, Rubira '21 ]
 see also [ RJ, Konstandin, Rubira, Stomberg '22 ]

[ Caprini, RJ, Konstandin, Roper Pol, Rubira, Stomberg '22 ]

②
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GRAVITATIONAL WAVE SOURCES

- Kinetic & gradient energy of the scalar field
   (= order parameter field)

- Dominant when the transition is extremely strong

- Compression mode of the fluid motion

- Dominant unless the transition is extremely strong 

- Turbulent motion caused by fluid nonlinearity

- Expected to develop at a later stage important at later stage

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

   and the walls runaway

➤ Bubble collision

➤ Sound waves

➤ Turbulence

[ Kosowsky, Turner, Watkins '92 ]
[ Kosowsky, Turner '92 ]

[ Kamionkowski, Kosowsky, Turner '93 ]
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GRAVITATIONAL WAVE SPECTRUM

[ Caprini et al. '16 ]
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RECENT PROGRESS
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ARE WE READY?

[ from M. Hindmarsh's slides ]

Particle physics Prediction on
macroscopic outcome

Transition parameters
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FIRST-ORDER PHASE TRANSITIONS IN THE EARLY UNIVERSE

⃗x
false

true

true

true true

□ hij ∼ GTij

GWs
true

true

microphysics macrophysics

true

true

true

time or scale

Physics of the Higgs sector GW observations
false true

[ ESA ]

(1) nucleation (2) expansion (3) collision & fluid dynamics

DM prod.?

baryon
asymmetry
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MICROSCOPIC SCALES

➤ Nucleation is important

[ Gould, Tenkanen '21 ]
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MICROSCOPIC-1: LANGER VS. LINDE

➤ Nucleation rate: Langer vs. Linde

- Nucleation in vacuum: Coleman's method

- Natural extension to finite tenperature: Linde's nucleation rate

[ Linde '81 ]
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MICROSCOPIC-1: LANGER VS. LINDE

➤ Linde's nucleation rate

- Linde's nucleation rate is based on quantities in equilibrium

- Known in statistical mechanics from 60's

➤ Langer's nucleation rate

   → where's the information on "the system is initially on the metastable side"?

- Difference: dynamical prefactor, in addition to Linde's nucleation rate

[ Langer '67 ]

[ Gould, Hirvonen '21 ]
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MICROSCOPIC-2: ANALOGUE TUNNELING

➤ Tunneling in laboratory

[ from A. Jenkins's slides ]
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MICROSCOPIC-2: ANALOGUE TUNNELING

38

[ from A. Jenkins's slides ]



/ 67 Ryusuke Jinno (Kobe Univ.) "First-order phase transitions and gravitational wave production in the early Universe"

MICROSCOPIC-2: ANALOGUE TUNNELING

39
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MICROSCOPIC-3: TUNNELING POTENTIAL

                                                   with

40

➤ Tunneling rate     is estimated from the Euclidean actionΓ S[ϕ]

−V
ϕ

rE = ∞

rE = 0

    with     evaluated at the bounce solution   ϕ

[ Coleman '77 ]
[ Callan, Coleman '77 ]

∂2ϕ̄
∂r2

E
+

3
rE

∂ϕ̄
∂rE

−
∂V
∂ϕ̄

= 0
∂ϕ̄
∂rE

rE=0

= 0, ϕ̄
rE=∞

= 0

ϕ̄

S[ϕ] = ∫ d4x [ 1
2

(∂ϕ)2 + V(ϕ)] O(4) sym.= ∫ 2π2r3
E drE [ 1

2 ( ∂ϕ
∂rE )

2

+ V(ϕ)]
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MICROSCOPIC-3: TUNNELING POTENTIAL

➤ Calculation of the tunneling action in   -space has been proposed

41

➤ Dynamical variable is the tunneling potential       Vt(ϕ)
[ Espinosa '18 ]

S[Vt] = ∫0
dϕ

6π2M2
P(D + ·Vt)2

DV2
t

D = ·V2
t +

6(V − Vt)Vt

M2
P

with

ϕ

S[Vt] = ∫0
dϕ

54π(V(ϕ) − Vt(ϕ))2

(− ·Vt(ϕ))3

➤ So far formulated in the O(4) case, with interesting properties:

dot is      derivative hereafterϕ

     - The action is manifestly positive definite:

     - Solution of the EOM is a minimum, not a saddle point

     - Once one takes gravity into account, both CdL and HM actions are obtained

        in a unified way
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MICROSCOPIC-3: TUNNELING POTENTIAL

                                                           →

➤ Systematic derivation with canonical tf. was found in 

42

➤ We generalize it to less symmetric cases in 3 steps

[ Espinosa, RJ, Konstandin '22 ]

    both for the cases w/o and w/ gravity in the O(4) case

S[ϕ] = ∫ dt∫ d3x [ 1
2 ( ∂ϕ

∂t )
2

+
1
2

(∇ϕ)2 + V] = ∫ dϕ∫ d3x [ 1 + (∇t)2

2·t
+ ·tV]

     Step 1: Translate             into             (with some assumption about monotonicity)ϕ(t, ⃗x) t(ϕ, ⃗x)

     Step 2: Move to Hamiltonian
dot is again      derivativeϕ

p =
∂ℒ
∂ ·t

= −
1 + (∇t)2

2·t2
+ V ℋ = p ·t − ℒ = − 2(1 + (∇t)2)(V − p)

[ +Matake, Miyachi ]
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MICROSCOPIC-3: TUNNELING POTENTIAL

ℒ ∼ ·p (∇t) + 2(1 + (∇t)2)(V − ∇ ⋅ p)
t

= 2 2(V − ∇ ⋅ p) − ·p2

➤ Systematic derivation with canonical tf. was found in 

42

➤ We generalize it to less symmetric cases in 3 steps

ℒ = p ·t − ℋ = p ·t + 2(1 + (∇t)2)(V − p)
t

     Step 3: Move back to Lagrangian, but integrate    out instead oft p

      To integrate    out, find a vector     such that                  (guaranteed) and thenp = ∇ ⋅ ppt

up to surface term magic factor 2 (from going forth/back of the bounce)

[ Espinosa, RJ, Konstandin '22 ]

    both for the cases w/o and w/ gravity in the O(4) case

[ +Matake, Miyachi ]
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MICROSCOPIC-3: TUNNELING POTENTIAL

    around impurities,

➤ So, we obtained the action 

43

S[p] = 2∫ dϕ∫ d3x 2(V − ∇ ⋅ p) − ·p2

➤ How is it related to the tunneling potential?

    Consider O(3) case, then                      and the action becomesp =
r
3

Vt(ϕ, r)

S[Vt] = ∫ dϕ∫ dr 128π2r4 [V − Vt −
r
3

V′￼t −
r2

18
·V2

t ]
prime is     derivativer

V = V(ϕ, r)

➤ This formulation might be useful in estimating tunneling rate 

    which actually reduces to the known tunneling action in the O(4) limit
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MICROSCOPIC-4 : DIMENSIONAL REDUCTION & LATTICE SIMULATION

➤ Demensional reduction by integrating out heavy Matsubara modes

44

[ from K. Rumukainen's slides ]

[ from P. Schicho's slides ]
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MICROSCOPIC-4 : DIMENSIONAL REDUCTION & LATTICE SIMULATION

➤ Calculation of the bubble nucleation rate

45

- Map your 4d theory to 3d by dimensional reduction, e.g.

- Simulate probability distribution            , and calculate the prob. of P(θop)

   critical bubbles in                                            realative to the metastable phase

- Draw separatrix configurations from 

θop ∈ [θc − ϵ/2, θc + ϵ/2]

θop ∈ [θc − ϵ/2, θc + ϵ/2]

- Evolve trajectories backwards and forwards in time to calculate

   to calculate the tunneling fraction

[ Gould, Kormu, Weir 2404.01876 ]
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MICROSCOPIC-4 : DIMENSIONAL REDUCTION & LATTICE SIMULATION
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MICROSCOPIC-4 : DIMENSIONAL REDUCTION & LATTICE SIMULATION

➤ Calculation of the bubble nucleation rate

45

- Map your 4d theory to 3d by dimensional reduction, e.g.

- Simulate probability distribution            , and calculate the prob. of P(θop)

   critical bubbles in                                            realative to the metastable phase

- Draw separatrix configurations from 

θop ∈ [θc − ϵ/2, θc + ϵ/2]

θop ∈ [θc − ϵ/2, θc + ϵ/2]

- Evolve trajectories backwards and forwards in time to calculate

   to calculate the tunneling fraction

[ Gould, Kormu, Weir 2404.01876 ]



Ryusuke Jinno (Kobe Univ.) 「初期宇宙起源の重力波を用いた高エネルギー物理探査」/ 75
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FIRST-ORDER PHASE TRANSITIONS IN THE EARLY UNIVERSE

01
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false

true

true

true true

□ hij ∼ GTij

GWs
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true

microphysics macrophysics

true

true

true

time or scale

Physics of the Higgs sector GW observations
false true

[ ESA ]

(1) nucleation (2) expansion (3) collision & fluid dynamics

DM prod.?

baryon
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INTERMIDIATE SCALES

➤ Wall velocity is important

46

- GWs from sound waves                     (for slow walls)ΩGW ∼ v5
w

- Efficiency of EWBG, as well as other possible relics, depend crucially on vw

[ from W. Y. Ai's slides ]

内向き摩擦(壁の速度による) 外向き圧力(モデルを決めれば定数)

0
0
0
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INTERMIDIATE-1: FRICTION ON FAST WALLS

- Consider a wall moving with Lorentz factor             in the plasma frameγ ≫ 1

➤ Leading order friction

ϕ

T

Plasma frame

wall γ ⋙ 1
temperature

47
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INTERMIDIATE-1: FRICTION ON FAST WALLS

- After integrating over the phase space, the friction (= force/area = dim.-4 quantity) is

𝒫 = ∫
d3p

(2π)3
fwall(p)

m2

2E
= ∫

d3p
(2π)3

fthermal(p)
m2

2E
(wall frame) ∼ m2T2(plasma frame)

- Consider a wall moving with Lorentz factor             in the plasma frameγ ≫ 1

- In the wall frame, each particle has huge energy (               )

- Upon impinging, each particle gives momentum                                              to the wallΔpz = E − E2 − m2 ≃
m2

2E

≫ T, ⟨ϕ⟩

ϕ wall v = 0

E ∼ γT

Rest frame of the wall
➤ Leading order friction

47
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INTERMIDIATE-1: FRICTION ON FAST WALLS
➤ Next-leading order friction (= particle splitting, transition splitting)

- Occurs when the impinging particles are gauge charged. The process is

[ Bodeker & Moore '17 ]

- [B&M '17] showed that NLO friction dominates LO when the wall is moving fast.

a → bc

- The splitting probability involves the gauge coupling    , thus the name "next-leading"g

c : gauge boson

ϕ wall v = 0

E ∼ γT
particle splitting

Rest frame of the wall

48
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INTERMIDIATE-1

(1) [ Bodeker & Moore '17 ]

➤ Results reported from several groups

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

multiple splitting                       gives even stronger friction:a → bccc⋯ 𝒫 ∼ γ2T4

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

process gives friction proportional to the wall     factor: 𝒫 ∼ γmcT3γa → bc

multiple splitting                       rather givesa → bccc⋯ 𝒫 ∼ γmcT3

gauge

Higgs phaseSymmetric phase

particle

➤ Now people basically agree on the scaling 𝒫 ∼ γmcT3

49
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INTERMIDIATE-1: FRICTION ON FAST WALLS

a

b

c

~pa=Ea ẑ

~pb

~pc

?

ẑ

Wall

Symmetric phase Broken phase

Figure 1: NLO contribution to the retarding pressure: while approaching the bubble wall, an incoming
particle a radiates a vector boson c which gets a mass in the confined phase.

where ma(z), mb(z) and mc(z) are the masses of the three particles involved in the vertex as a
function of z, and k? ⌘ |~k?|. As the wall breaks z-translation invariance, the momentum along
ẑ is not conserved. We approximate the wall by a Heaviside function at z = 0

ma(z) =

(
ma,s if z < 0,

ma,h if z � 0,
mb(z) =

(
mb,s if z < 0,

mb,h if z � 0,
, mc(z) =

(
mc,s if z < 0,

mc,h if z � 0,

(17)
where the masses with ‘s’ and ‘h’ denote the ones at infinity in the symmetric and Higgs phase,
respectively. As long as the masses in the symmetric phase are small compared to the ones in
the broken phase, we can safely assume that

ma,s = mb,s = 0. (18)

We can not make the same simplification for mc because mc,s = 0 implies the existence of a
double (soft and collinear) divergence, see Eq. (38). Hence, mc,s plays the role of an IR cut-o↵
which regulates the double singularity, whose possible values are discussed in Sec. 3.4.

Note that the parameterization of the kinematics in Eq. (14), (15) and (16), imposes

q
k2? +mc(z)2

Ea
 x  1�

q
k2? +mb(z)2

Ea
, (19)

0  k2?  E2
a

4
� mb(z)2 +mc(z)2

2
+

(mb(z)2 �mc(z)2)2

4E2
a

, (20)

and the corresponding allowed region for x and k? is shown in Fig. 2. Since all the results
derived in this work are UV insensitive, we can simplify the upper boundaries in Eq. (19) and
(20) as

q
k2? +mc(z)2

Ea
 x  1, (21)

0  k?  Ea. (22)

The associated correction terms are anyway beyond the soft-collinear approximation, that we
will assume when deriving the phase of the mode function in Eq. (34) and the vertex function
in Eq. (31).

6

...
c
c
c

wall

multiple emission
reflection c

accumulation of gauge bosons

gauge

a

b

c

~pa=Ea ẑ

~pb

~pc

?

ẑ

Wall

Symmetric phase Broken phase
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where ma(z), mb(z) and mc(z) are the masses of the three particles involved in the vertex as a
function of z, and k? ⌘ |~k?|. As the wall breaks z-translation invariance, the momentum along
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mb(z) =

(
mb,s if z < 0,
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(17)
where the masses with ‘s’ and ‘h’ denote the ones at infinity in the symmetric and Higgs phase,
respectively. As long as the masses in the symmetric phase are small compared to the ones in
the broken phase, we can safely assume that

ma,s = mb,s = 0. (18)

We can not make the same simplification for mc because mc,s = 0 implies the existence of a
double (soft and collinear) divergence, see Eq. (38). Hence, mc,s plays the role of an IR cut-o↵
which regulates the double singularity, whose possible values are discussed in Sec. 3.4.

Note that the parameterization of the kinematics in Eq. (14), (15) and (16), imposes

q
k2? +mc(z)2

Ea
 x  1�

q
k2? +mb(z)2

Ea
, (19)

0  k2?  E2
a

4
� mb(z)2 +mc(z)2

2
+

(mb(z)2 �mc(z)2)2

4E2
a

, (20)

and the corresponding allowed region for x and k? is shown in Fig. 2. Since all the results
derived in this work are UV insensitive, we can simplify the upper boundaries in Eq. (19) and
(20) as

q
k2? +mc(z)2

Ea
 x  1, (21)

0  k?  Ea. (22)

The associated correction terms are anyway beyond the soft-collinear approximation, that we
will assume when deriving the phase of the mode function in Eq. (34) and the vertex function
in Eq. (31).

6

Higgs

50

➤ Ultimate goal
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INTERMIDIATE SCALES

➤ Wall velocity is important

51

- GWs from sound waves                     (for slow walls)ΩGW ∼ v5
w

- Efficiency of EWBG, as well as other possible relics, depend crucially on vw

[ from W. Y. Ai's slides ]

内向き摩擦(壁の速度による) 外向き圧力(モデルを決めれば定数)

0
0
0
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INTERMIDIATE-2: WALL VELOCITY FROM ENTROPY CONSERVATION

52

➤ Wall velocity from entropy conservation (fluid picture from now on)

[ from B. Laurent's slides ]
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INTERMIDIATE-2: WALL VELOCITY FROM ENTROPY CONSERVATION

53

➤ Proposal to use entropy conservation as the final equation

[ from B. Laurent's slides ]

➤ However, to what extent is entropy conserved in bubble expansion?

- See e.g. [ M. Laine 2507.07755 ]
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FIRST-ORDER PHASE TRANSITIONS IN THE EARLY UNIVERSE

01

⃗x
false

true

true

true true

□ hij ∼ GTij

GWs
true

true

microphysics macrophysics

true

true

true

time or scale

Physics of the Higgs sector GW observations
false true

[ ESA ]

(1) nucleation (2) expansion (3) collision & fluid dynamics

DM prod.?

baryon
asymmetry
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MACROSCOPIC-1: HIGGSLESS SIMULATION

30

- Kinetic & gradient energy of the scalar field
   (= order parameter field)

- Dominant when the transition is extremely strong

- Compression mode of the fluid motion

- Dominant unless the transition is extremely strong 

- Turbulent motion caused by fluid nonlinearity

- Expected to develop at a later stage important at later stage

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

   and the walls runaway

➤ Bubble collision

➤ Sound waves

➤ Turbulence

[ Kosowsky, Turner, Watkins '92 ]
[ Kosowsky, Turner '92 ]

[ Kamionkowski, Kosowsky, Turner '93 ]
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MACROSCOPIC-1: HIGGSLESS SIMULATION

54

➤ Fluid 3d simulation is harder than you might imagine:

- Shock waves

- Numerical viscosity                    →

- Computational resources

➤ Our proposal: Higgsless scheme

currently only 2 groups

working on sound wave simulations

- We do not solve both the scalar field and fluid

  but rather "integrate out" the scalar field

non-dynamical energy-injecting boundary for fluid

  (= treat the scalar field as non-dynamical boundary)

[ RJ, Konstandin, Rubira '21 ] [ RJ, Konstandin, Rubira, Stomberg '22 ]

[ Caprini, RJ, Konstandin, Roper Pol, Rubira, Stomberg '24 ]
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MACROSCOPIC-1: HIGGSLESS SIMULATION

{

② Define               , then                 reduces to {

➤ The fluid evolution is determined from

① Energy-momentum conservation of the fluid

➤ How can we implement these in simulations?

∂μTμν = 0

② Energy injection at the wall, parametrized by ϵvac =

Kμ ≡ Tμ0

① Assume relativistic perfect fluid (for simplicity), Tμν = wuμuν − gμν p

③ Where does the energy injection enter? Answer: in                 

∂μTμν = 0
∂0K0 + ∂iKi = 0

∂0Ki + ∂jTij(K0, Ki) = 0

Tij(K0, Ki) =
3
2

KiKj

(K0−ϵvac) + (K0−ϵvac)2 − 3
4 KiKi

Tij(K0, Ki)

ϵf

ϵt

(false vac.)

(true vac.)

55
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MACROSCOPIC-1: HIGGSLESS SIMULATION

56

➤ We first numerically generate nucleation points,

→ →

ϵvac = ϵtϵvac = ϵf

➤ We then evolve the fluid in this box according to

→ Fluid automatically develops profiles

and determine the false-true boundary of the bubbles 

{ ∂0K0 + ∂iKi = 0

∂0Ki + ∂jTij(K0, Ki) = 0
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MACROSCOPIC-1: HIGGSLESS SIMULATION

57

fluid velocity

enthalpy

vorticity
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MACROSCOPIC-1: HIGGSLESS SIMULATION

58

weak intermediate strong

time

fluid kinetic energy

faster decay of

fluid kinetic energy
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MACROSCOPIC-2: STRONGEST TYPE OF FOPT

➤ If the microphysics model is nearly scale invariant,

[ Espinosa, Konstandin, No, Quiros '08 ]

T = Tinitial T ≪ Tinitial

the system looks almost the same at different temperatures → gradual nucleation of bubbles
time ↗︎
temperature ↘︎

     Typical models

    bubbles grow big, resulting in huge GW production

     Nearly scale-invariant models

[ Randall, Servant '07 ]

59
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MACROSCOPIC-2: STRONGEST TYPE OF FOPT

➤ One example: Classically conformal B-L model

60

[ RJ, Takimoto '16 ]
[ Iso, Okada, Orikasa '09 ]

[ Iso, Serpico, Shimada '17 ]
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MACROSCOPIC-2: STRONGEST TYPE OF FOPT

    - Phase transition in      direction can be extremely strong

➤ Assumption: absence of mass scales

[ RJ, Takimoto '16 ]
[ Iso, Okada, Orikasa '09 ]

V0 = λH |H |4 + λ |Φ |4 − λ′￼|Φ |2 |H |2

    - Only quartic terms in the potential: no parameters with a finite mass dimension

    - Scale dependence enters only through running of couplings

Φ

61

[ Iso, Serpico, Shimada '17 ]
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MACROSCOPIC-2: STRONGEST TYPE OF FOPT

➤ Zero-temperature behavior

- The zero-temperature potential including loop corrections behaves as

V(ϕ) ∼ λ(ϕ)ϕ4

- The B-L scale      is generated a la Coleman-Weinberg

(running coupling constant) ϕ4 ×

M

62

VT=0 = V0 + ΔVCW

V = VT=0 + ΔVT

ϕ
M
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MACROSCOPIC-2: STRONGEST TYPE OF FOPT

➤ Finite-temperature behavior

V ⇠ g2B�LT
2�2 + �(max(T,�))�4

��4(� < 0)

M

V

ϕ

g2
B−LT2ϕ2

V/T4
��4(� < 0)

- Thermal corrections create a quadratic trap, which persists down to small

- Behavior of the potential as the temperature decreases

g2
B−LT2ϕ2

low T high T
(dimensionless)

exponentially different scales

T

ϕ/T (dimensionless)

63
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MACROSCOPIC-2: STRONGEST TYPE OF FOPT

➤ Finite-temperature behavior

V ⇠ g2B�LT
2�2 + �(max(T,�))�4

��4(� < 0)

M

V

ϕ

g2
B−LT2ϕ2

V/T4

ϕ/T

��4(� < 0)g2
B−LT2ϕ2

(dimensionless)

(dimensionless)
low T high T

- Behavior of the potential as the temperature decreases

exponentially different scales

- Thermal corrections create a quadratic trap, which persists down to small T

63
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MACROSCOPIC-2: STRONGEST TYPE OF FOPT

➤ Finite-temperature behavior

V ⇠ g2B�LT
2�2 + �(max(T,�))�4

��4(� < 0)

M

V

ϕ

g2
B−LT2ϕ2

V/T4

ϕ/T

��4(� < 0)g2
B−LT2ϕ2

(dimensionless)

(dimensionless)
low T high T

tunneling

- Behavior of the potential as the temperature decreases

exponentially different scales

- Thermal corrections create a quadratic trap, which persists down to small T

63
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MACROSCOPIC-2: STRONGEST TYPE OF FOPT

➤ When the B-L field tunnels and settles down, the energy release is huge

→ large α ≡
ρvac

ρrad

the first,
very rare bubble

others do not
nucleate until late t

collision of 
big bubbles

➤ The system changes only logarithmically, so bubble nucleation is slow

→ collision of big bubbles (small          )β/H*

��4(� < 0)

M

V

ϕ

g2
B−LT2ϕ2

63
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MACROSCOPIC-2: STRONGEST TYPE OF FOPT

➤ Transition parameters

[ RJ, Takimoto '16 ]

➤ Synergy between collider and GW experiments

exclusion from Z' search exclusion from Z' search

[ Hashino, RJ, Kanemura, Kakizaki, Takahashi, Takimoto '16 ]

64
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MACROSCOPIC-3: PBH FORMATION

65

region with late transition region with early transition

radiationvacuum

➤ How large can the curvature perturbation be? (→ PBHs? GWs?)
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MACROSCOPIC-3: PBH FORMATION

➤ Can PBHs form from curvature perturbation generated by

    small        (but still            ) FOPTs?

➤ With a careful treatment of gauges (in cosmological perturbations),

    we answered to this question in the negative

     Intuitively

δ (=
δρ
ρ )

β/H ≳ a few

66



Ryusuke Jinno (Kobe Univ.) 「初期宇宙起源の重力波を用いた高エネルギー物理探査」/ 75

MACROSCOPIC-3: PBH FORMATION

➤ Setup & findings of 

ρ̄′￼r + 4ℋρ̄r = − ρ̄′￼V

     ① Background

          - Radiation & vacuum energy

          - Vacuum energy decays with the exponential nucleation of bubbles

            meaning that       decreases with the average false vacuum fraction         as

ρ̄V = F̄(t) × ΔV F̄(t) = exp −
4π
3 ∫

t

−∞
dtn Γ(tn) a(tn)3(∫

t

tn

dt̃
a(t̃ ) )

3

ρ̄V F̄(t)

          - Initially the universe is vacuum energy dominated                                  ,

            and then radiation takes over

ρ̄V (t = − ∞) = ΔV

[ Lewicki, Troczek, Vaskonen '24 ]

67

Γ(t) = H4
* eβ(t−t*)
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MACROSCOPIC-3: PBH FORMATION

          - For a fixed comoving wavenumber   , consider a sphere of comoving radius       ,1/k

     ② Perturbation

          - Stochastic process of bubble nucleation induces density fluctuations

k

            and numerically calculate the PDF of the density contrast of this region

            at the time of the horizon entry

➤ Setup & findings of [ Lewicki, Troczek, Vaskonen '24 ]

...

a /k

realization 1 realization 2 realization 3

These pictures are just for illustration: they develop a much more efficient algorithm than naively generating bubbles

realization 4

68
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MACROSCOPIC-3: PBH FORMATION

     ② Perturbation

          - Stochastic process of bubble nucleation induces density fluctuations

          - For a fixed comoving wavenumber   , consider a sphere of comoving radius       ,k 1/k

➤ Setup & findings of [ Lewicki, Troczek, Vaskonen '24 ]

69

            and numerically calculate the PDF of the density contrast of this region

            at the time of the horizon entry
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MACROSCOPIC-3: PBH FORMATION

          - For a fixed comoving wavenumber   , consider a sphere of comoving radius       ,1/k

            and numerically calculate the PDF of the density contrast of this region

            at the time of the horizon entry

     ② Perturbation

          - Stochastic process of bubble nucleation induces density fluctuations

k

➤ Setup & findings of [ Lewicki, Troczek, Vaskonen '24 ]scales 1/H

a

a /k
(k = kmax)

69
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MACROSCOPIC-3: PBH FORMATION

     ② Perturbation

          - For                  the variance of the density contrast is so large thatβ/H* ≲ 7

             the density contrast     exceeds the threshold for PBH formation

             frequently enough to explain the whole DM by PBHs

δc = 0.55

➤ Setup & findings of [ Lewicki, Troczek, Vaskonen '24 ]

δ

70
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MACROSCOPIC-3: PBH FORMATION

➤    is the density contrast, but in which gauge?δ

➤ Our point:    should be interpreted as the density contrastδ

δ(F)     in the flat gauge      , since in the algorithm of [ Lewicki, Troczek, Vaskonen '24 ]

➤ On the other hand, the threshold              is estimatedδc ∼ 0.5

     in the comoving gauge

     the density contrast is computed in a flat FLRW universe

➤ How would the conclusion change if we use the gauge consistently?

71

[ Franciolini, RJ, Gouttenoire 2503.01962 ]
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MACROSCOPIC-3: PBH FORMATION

     - Gauge-invariant Newtonian potential     & scalar velocity

➤ Perturbation equations we solve

δ(F)
k ′￼+ 3ℋ(c2

s − w)δ(F)
k = (1 + w)𝒱k − 3ℋδp,nad,k

𝒱k = −
2

3(1 + w)
Φ′￼k + ℋΦk

ℋ

Φk′￼′￼+ 3(1 + c2
s )ℋΦk′￼+ [3(c2

s − w)ℋ2 + c2
s k2] Φk =

3
2

ℋδp,nad,k

     - Gauge-invariant non-adiabatic pressure                        ,                                        δp,nad =
δpnad

ρ̄
δpnad = δp(F) − c2

s δρ(F)

δpnad =
1 − 3c2

s

3
ρ̄δ(F) +

4
3

ΔV δF(F)     - In the present case

encodes the false-vacuum fraction

     - Equation of state                 & sound speed c2
s = p̄′￼/ρ̄′￼

fluctuation in the
false-vacuum fraction

w = p̄/ρ̄

Φ 𝒱

72

[ Franciolini, RJ, Gouttenoire 2503.01962 ]
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MACROSCOPIC-3: PBH FORMATION

➤ We use the (very efficient) code developed in

    to calculate the distribution of the fluctuation δF(F)

➤ The only difference is we identify it as the quantity in the flat gauge

[ Lewicki, Troczek, Vaskonen '24 ]

➤ Once the perturbation equations are solved, we also estimate       with

δ(C)
k = δ(F)

k + (5 + 3w)Φk +
2Φ′￼k

ℋ

δ(C)
k

73

[ Franciolini, RJ, Gouttenoire 2503.01962 ]
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MACROSCOPIC-3: PBH FORMATION

➤ Point: difference between        and        around the horizon entryδ(C)
kδ(F)

k

horizon entry1st bubble nucleation

in the         spherea /k
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MACROSCOPIC-3: PBH FORMATION

➤ Point: difference between        and        around the horizon entryδ(C)
kδ(F)

k

horizon entry1st bubble nucleation

in the         spherea /k

factor ~10 difference@horizon entry
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MACROSCOPIC-3: PBH FORMATION

distribution of δ(C)
k threshold for δ(C)

k

distribution of δ(F)
k threshold for δ(F)

k

75


