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バブルの衝突,もしくは,プラズマの圧縮で重⼒波が⽣成されると
(Holographic dualの観点から)期待されている.
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First-order Phase Transition

元々の動機は、Higgs質量の階層性問題の解決⼿法のひとつ
として提案された.
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この模型のHolographic dualは強結合な(近似的)共形対称性
を持つ4次元のゲージ理論だと信じられている.

余剰次元の⻑さをdynamicalに決める(radion stabilization)

Brane tensionとBulkのCasimir energyの釣り合いで余剰次
元の半径が決まる

⾼温では、RS時空(+radion stabilization mechanism)より,AdS 
Schwarzschild時空の⽅がfree energyが⼩さい.

宇宙の温度が低くなると, AdS時空へ相転移が起きる
(Hawking Page-likeな相転移)

Hawking温度とradionを相転移中に重要なmodeと仮定し
て相転移を解析

重⼒の準古典近似が良いところでは真空の崩壊率は抑制

過冷却により、相転移前はradionの真空エネルギーが⽀配的
になり、(mini) inflationが起きる

cold electroweak baryogenesisの⽅法を使い, 相転移後に⼗分
なバリオン⾮対称性と暗⿊物質が⽣成できることを⽰した.

Thermal effects in RS model
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2. AdS-Schwarzschild black hole 
(high-T)

0

Hawking Radiation

yIR

UV brane

AdS-S 
blackhole

yhorizon

・At high temperature, AdS-S spacetime is energetically favored.
・As temperature cools down, a phase transition between RS 

spacetime and AdS-S spacetime takes place.

yIR0

UV brane IR brane

1. compact RS spacetime 
(low-T)

Status of the phase transition
・Both spacetimes are locally stable at any temperature.

Phase transition takes place via a vacuum decay 
(First-order phase transition)

・A decay rate strongly depends on N.

N2 ⌘ 4⇡2(M5/k)
3

・On the other hand, N>4.4 is needed to neglect quantum gravity corrections.  
     In Goldberger-Wise mechanism, however, most of a parameter regime 

causes eternal inflation.

TH µ

�V

Free energy

Tunneling
 P. Creminelli  et al. (2001)

Lradion =
3N2

4⇡2
(@µ)2 � V (µ)
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Decay rate: SE = N4 eSE
<latexit sha1_base64="8nQzhQT/Q/g5TfzzJ1kpk2nVQW0="></latexit>

Euclidean action:
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 Harling and G. Servant (2018)

・The phase transition can be completed if              ,which favors for a smaller N. � > H
4
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(H: Hubble parameter)
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(a)

Bubble

Sound wave

NanoGrav 15yr
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α′ = 10, β/H
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(b)

FIG. 1. A GW background produced by the AdS-S to RS phase transition. The sub-figure 1a (1b) depicts the case where the
dark sector is secluded (decays to the SM). In each sub-figure the solid (dashed) line represents the bubble collision (sound wave)
only case. For the bubble collision only case in subfig. 1a, we take N = 21, NH = 10, n → 3N/11NH = 0.57, ω = 1, εc = ϑ,
T→ = 120 MeV, and ϖmin = 0.14 GeV. For the sound wave only case, we choose N = 21, NH = 12, n → 3N/11NH = 0.48,
T→ = 10 MeV, and ϖmin = 10.7 MeV while the other parameters are identical. Similarly, for subfig. 1b, the bubble only case
parameters are N = 21, NH = 11, n → 3N/11NH = 0.52, T→ = 120 MeV, and ϖmin = 0.42 GeV, while in the sound wave only
case N = 21, NH = 10, n → 3N/11NH = 0.57, T→ = 10 MeV, and ϖmin = 37 MeV, the other parameters being the same. The
gray shaded region refers to the NANOGrav 15-yr signal region [3].

sound wave of the plasma !sound. There exists the third
contribution from the turbulence of the plasma, while a
numerical calculation [60] shows that it is subdominant
compared to that of the sound wave. Hence, we omit the
contribution from the turbulence. The contribution from
bubble collisions is given by [61] (see also refs. [62–68])

!collh
2
→ 5.5↑ 10→7

(
20

g↑(T↑)

) 1
3
(
H↑
ω

)2

↑

(
ε↓

1 + ε↓

)2

S(f/fcoll) ,

S(x) =
1

N

(a+ b)c[
bx→a/c + axb/c

]c , (12)

N =

(
b

a

)a/n (nc
b

)c ”(a/n)”(b/n)

n”(c)
, n =

a+ b

c
.

Here ” is the Euler Gamma function, (a, b, c) denote bub-
ble spectral shape parameters. For bubble collisions, we
take these parameters to be the corresponding to maxi-
mum posterior values obtained by the recent NANOGrav
analysis [32], namely (a, b, c) = (2.01, 1, 2.93) for the se-
cluded dark sector scenario (where a contribution from
SMBHBs is assumed) and (1.97, 1, 3) for the decaying
dark sector scenario. The sound wave contribution is
given by [69–71]
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For the sound wave contribution, we also take maximum
posterior values, (a, b, c) = (3, 2, 5) [32]. The peak fre-
quencies fcoll,sw are given by

fcoll,sw → 126 nHz
1

vw
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f↑
coll → 0.2, f↑

sw → 0.54, (15)

tsw ↗ (8ϖ)1/3
vw

ω
√

3ϑswε↓/4(1 + ε↓)
. (16)

We have included the suppression factor of the short-
period of the sound wave [72–75]. In these expressions,
vw and ϑsw are the bubble wall velocity and an e#ciency
factor encoding the fractions of the latent energy released
into the bulk motion of the fluid and into the bubble
shell, respectively. For the e#ciency factor ϑsw, we use
the following expression [76],

ϑsw =
ε↓

0.73 + 0.083
↔
ε↓ + ε↓

. (17)

This expression is suitable for a large bubble wall velocity,
vw ↘ 1. The total amount of a GW background is given
by the sum of two contributions.2

If the interaction between nucleated bubbles and the
thermal plasma is strong, most of the kinetic energy of

2 We note that in the regime ω/H ↭ 10, numerical simulations
may overestimate the strength of the GW signal [29], while a
more precise analysis is beyond the scope of the present paper.
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4次元のゲージ結合定数:

閉じ込めのスケール:
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⇤H / µn, 0 < n < 1
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µ⌫i ⇠ �bYMµ4n
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Figure 1. The radion potential given by Eq. (2.23) (red solid curve) for the case of µmin =
2.5TeV, � = 1, �c = ⇡, ↵ = 1, N = 5 and NH = 3 (mradion ' 2.2TeV). We also plot the
radion potential calculated by the Goldberger-Wise mechanism (blue dotted curve), where we take
parameters such that the radion VEV at the potential minimum is the same as ours. In both cases,
the kinetic term is given by (2.8). The left, middle and right panels focus on the regions around
µ = µmin, µ = µc and µ = 0, respectively.

The potential energy at the minimum should be vanishingly small (except for a small

cosmological constant), so that V0 is determined by

Vr,e↵(µmin) = V0 �
�

4
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◆
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min = 0. (2.26)

From Eq. (2.15) and (µc/µmin)n < 1, we can see that ⇤H(µc) is smaller than ⇤H,0. Equa-

tion (2.25) as well as n < 1 constrain the number of colors NH of the new Yang-Mills gauge

theory for each N .

To calculate the radion mass, we note that the kinetic term of the radion µ in (2.8) is

not of the canonical form. Canonically normalizing the kinetic term, the physical mass of

the radion at the potential minimum µ = µmin is given by

m2

radion
=

✓
2⇡2

3N2

◆
4 (1� n)�µ2

min . (2.27)

Figure 1 shows the radion potential in our model of radion stabilization (solid curve).

The kinetic term is given by (2.8). We take µmin = 2.5TeV, � = 1, �c = ⇡, ↵ = 1, N = 5

and NH = 3. The radion mass is then estimated as mradion ' 2.2TeV. Since the Casimir

energy is constant for µ < µc, the potential due to the brane tension, �µ4/4, determines

the shape of the potential around µ = 0. This implies that the origin of the potential

is a local minimum as we can see from the middle panel of Fig. 1. The Casimir energy

becomes larger in magnitude for µ > µc and dominates the potential. However, it is

proportional to µ4n and the potential due to the brane tension is proportional to µ4, so

that the potential at a larger radion VEV is dominated by the potential due to the brane

tension. As a result, there is a minimum at µ = µmin given by Eq. (2.24). Note that

µmin is roughly given by ⇤H,0 because it is the typical energy scale in our stabilization

mechanism. As a comparison, in figure 1, we also show the radion potential for the case of

the Goldberger-Wise mechanism, which is given by Fig. 2 of Ref. [33]. As can be seen from

the left panel of Fig. 1, the radion potential in our mechanism has a deeper minimum than

the one in the Goldberger-Wise mechanism. There is also a local minimum at µ = 0 in the

case of the Goldberger-Wise mechanism [7]. The first derivative of the radion potential in

– 8 –

NANOGravの重⼒波を説明できるが,robustではない.

結果として、強い過冷却を伴う⼀次相転移が起きる.

閉じ込めのエネルギースケールは余剰次元の半径に依存

IR brane nucleationで相転移は進⾏

およそ余剰次元のサイズのスケールに対応する振動数に重⼒波の
ピークが現れる.
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µ → ke→kT (x)/2 : radion
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Q : renormalization scale

<latexit sha1_base64="27vITzOYWAM/AhGJpjAFovZo2SA="></latexit>

M = R4 → S1/Z2
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Z2 : y → ↑y
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k : AdS curvature
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T (x) : radius of fifth dimension
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M5 : five dimensional Planck mass
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ds2 = e→2kT (x)|y|gµωdx
µdxω → T 2(x)dy2
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AdS-Schwarzschild spacetime 計量 (Planar horizon):
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FRS = V (µmin)→ V (0)
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TH : Hawking temperature
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Figure 2: The topology of the bubble. We have suppressed two spatial dimensions, so that the AdS-S

solution is a cylinder: the bubble appears as hole in the cylinder. The rotational invariance is here

seen as a discrete Z2 inversion symmetry.

A further point has to be stressed in the case ε < 0. In this case the operator which induces

the breaking of the conformal symmetry gets strong in the IR and at the scale Λ defined in (32) the

conformal picture is completely spoiled: correspondingly in the gravity picture the GW field leads to

a strong deformation of the pure AdS metric. This implies that in both phases we expect to enter an

unknown regime at Th < Λ and µ < Λ, where the potential will be of size Λ4 instead of naively going

through zero. However, when Λ → Tc, for which we can perturbatively study the phase transition,

the region of field space affected by large non perturbative corrections is small and makes only a small

correction to the bounce action, which as we said is dominated by the large µ region. In conclusion we

expect that, for a sufficiently weak deforming operator O, the transition has the same characteristics

as for ε > 0.

We now move to estimate the transition rate. The bubble nucleation rate per unit volume in a

first order phase transition can be written

Γ = Γ0e
−S ; (46)

Γ0 is a determinant prefactor which in our case we expect to be of the order TeV4. The dominant

dependence on the model parameters is encoded in the exponential of the Euclidean action S, computed

on the bubble solution interpolating between the false and the true minimum. If the temperature is

high enough the characteristic length scale of the bubble is much larger than the time radius 1/T , so

that the favored instanton will have an O(3) symmetry and S reduces to S3/T , where S3 is the spatial

Euclidean action. At low temperature an O(4) symmetric instanton will instead be dominant.

A subtle point should be stressed: in order to compute the exact bounce solution one should be able

to evaluate the action for a configuration with a space dependent Th("x). To do that one should find

18

考えるべきInstanton解のschematic picture
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Figure 2. The schematic description of the IR brane bubble nucleation. We here suppress two
spatial dimensions and ⇢UV, ⇢IR and TH denote the positions of the UV and IR branes and the
event horizon of the AdS-S black hole.

In order to calculate �, we should find a 5D gravitational instanton solution describing

tunneling between the AdS-S spacetime and the RS spacetime. The two solutions which we

are interested in have di↵erent topologies: the AdS-S spacetime is simply connected while

the RS spacetime is not. As discussed in Ref. [16], the AdS-S spacetime can be smoothly

deformed into the RS spacetime by sending the event horizon to infinity (TH ! 0) and back

the IR brane from µ = 0 through the AdS spacetime with the UV brane. We assume that

the 5D gravitational instanton solution is obtained by this deformation. This is equivalent

to the assumption that the relevant order parameter for the phase transition in the RS

spacetime is the radion field µ parametrizing the position of the IR brane while the one

in the AdS-S spacetime is the Hawking temperature TH parametrizing the position of

the black hole horizon. To maintain a valid e↵ective field theory description of the RS

spacetime, the radion mass must be lighter than the mass of the first graviton KK-mode,

mradion < mKK ⇠ ⇡µmin [52]. With this assumption, the phase transition proceeds via the

“IR brane bubble nucleation” as schematically depicted in Fig. 2. At high temperature,

the system is in the AdS-S spacetime where the event horizon is placed at TH = T . As

the temperature decreases, the event horizon moves toward TH = 0. Then, spherical brane

patches on the horizon appear and they are eventually combined to form the IR brane.

When we consider the Hawking temperature as a spacetime dependent parameter,

we can interpret �FAdS�S of Eq. (3.3) and �FRS of Eq. (3.4) as the 4D field theoretical

potential for the TH(x) and µ(x) fields, respectively. However, we do not know the kinetic

term for the Hawking temperature TH(x). Since it is purely gravitational, we assume

that the kinetic term is proportional to N2 and take the form of 3N
2

4⇡2 c1 (@TH(x))2 where

c1 is some O(1) coe�cient [16, 33, 34]. Fig. 3 describes the potential of the Hawking

temperature and radion fields after canonical normalization, eTH(x) and µ̃(x). Based on

– 11 –
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µmin → O(100)MeV, N = 21, NH = 11
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Ne → 5.3 : e↑ folding number

相転移前に存在する物質は加速膨張で薄められる!

2

Fields SU(NH) SU(2)D U(1)D

HD 1 2 0

Lω,i →

Ç
ω1,i

ω2,i

å
1 2 1

ε1,i , ε2,i 1 1 ↑1

fj NH 1 1/NH

f̄j NH 1 ↑1/NH

Table I. The dark sector particles and their representations. Here,

i = 1, 2, · · · , NDL
, j = 1, 2, · · · , NDB

denote the generational in-

dices. The total dark number is D = DL +DB, where Lω,ω carry

DL number, while f, f̄ carry DB.

is far from thermal equilibrium and generates numerous
HD configurations with non-vanishing winding numbers.
These configurations then relax to the vacuum state in
the presence of SU(2)D gauge fields, either by altering the
HD winding number or the Chern-Simons (CS) number
of SU(2)D gauge fields. When the CS number changes,
dark fermions are anomalously produced. If the dark sec-
tor has CP violations, a net dark number emerges. This
dark number is transferred to the visible sector via a neu-
tron portal e!ective operator that violates the dark num-
ber and SM baryon number. As the Universe cools down,
this operator becomes ine!ective, and the asymmetry is
separately conserved in the dark and visible sectors.

As SU(NH) confines, vector-like dark quarks f, f̄ in
Tab. I form massive dark baryons pD and dark pions
ωD. It is conceivable that this dark baryon sector in-
herits the dark number asymmetry generated through
interactions with Lω and ε. Hence, this scenario yields
an asymmetric SU(NH) composite DM state (pD). As
a byproduct of the DM being part of the confined sec-
tor with a → GeV confinement scale, it is strongly self-
interacting, via ωD mediation, and coincidentally has the
order of self-interaction cross-section that can be desir-
able for the diversity of galactic rotation curves together
with the small-scale structure problems [24–28].

As the symmetric component of the DM annihilates to
the dark pions, it is crucial that ωD decays to the visible
sector before the onset of the Big Bang Nucleosynthesis
(BBN). This necessitates the introduction of a portal op-
erator connecting the dark and visible sectors. The same
portal operator is constrained however by the direct de-
tection experiments searching for O(1 ↑ 10) GeV DM.
This scenario of asymmetry sharing at the dark phase
transition scale is highly restrictive and can be probed by
mono-jet searches at the Large Hadron Collider (LHC)
and DM direct detection experiments.

PTA signal from dark phase transition.— Let us
begin by describing the first-order confining phase tran-
sition in a nearly conformal dark sector generating GWs
detected by the PTAs. The low-energy e!ective descrip-

tion can be expressed in terms of the e!ective potential
of the dilaton ϑ, which is the pseudo-Nambu-Goldstone
boson of the broken scale invariance. In the UV, we start
with a conformal theory with a large number of colors N
coupled together with SU(NH) gauge fields. Owing to
the asymptotic freedom, the e!ect of the latter is neg-
ligible in the UV, while the SU(NH) fields confine at a
certain energy scale as we evolve towards the IR. This
confinement scale depends on the dilaton as the running
of the e!ective coupling of SU(NH), denoted as gH, from
a UV scale k to a lower scale Q ↭ ϑ gets a contribu-
tion from the CFT which confines at ϑ and does not
contribute to the running below it [29],

1

g2
H
(Q,ϑ)

= ↑
bCFT

8ω2
ln

Å
k

ϑ

ã
↑

bH
8ω2

ln

Å
k

Q

ã
. (1)

Here, the ϖ-function coe”cients are bCFT = ↑ϱN , with ϱ
being a positive constant, bH ↓ bYM+bf , bYM = 11NH/3,
and bf = ↑2NDB

/3. The confinement scale of SU(NH)
is then given by

#H(ϑ) = k
(ϑ
k

)→bCFT/bH

= #H,0

Å
ϑ

ϑmin

ãn
, (2)

where n ↓ ↑bCFT/bH, and #H,0 denotes the SU(NH)
confinement scale at present. The SU(NH) condensate
provides the dilaton with the following e!ective poten-
tial [29, 30]:

Ve!(ϑ) =





V0 +

εω

4
ϑ4

↑
bH

ϑ
#4

H,0

Ä
ϖ

ϖmin

ä4n
; ϑ ↔ ϑc ,

V0 +
εω

4
ϑ4

↑
bH

ϑ
ς4

c
ϑ4

c
; ϑ < ϑc .

(3)
Here, V0 is chosen to make the minimum of the poten-
tial vanishing, the quartic term is scale-invariant and is
present in general, ςc ↗ ω, φ is determined from the nu-
merical value of the SU(NH) condensate, ϑc encodes the
threshold between the confining and deconfining phases
that can be determined from the continuity of Eq. (3),
and ϑmin denotes the dilaton VEV.1 The confinement
scale #H,0 in Eq. (3) essentially sets the scale of the dila-
ton VEV,

ϑmin =

Å
4nbH
φ↼ϖ

ã1/4
#H,0 . (4)

The dilaton acquires a mass due to the stabilizing poten-
tial,2

m2

ϖ
↓

↽2Ve!(ϑ)

↽ϑ2

∣∣∣∣
ϖmin

=
8ω2

3N2
(1↑ n)↼ϖϑ

2

min
. (5)

1
For further details, we refer the reader to Ref. [30]. Here we have

taken Dirac f to be at the cut-o! and ignored the contribution

of its condensate. If it is included, even more parameter space

opens up [29].
2
A possible doubly composite dynamics may simultaneously ad-

dress the gauge hierarchy problem and result in a double-peaked

GW spectrum [31].

⼤雑把なOutline: 
1. 相転移後にDark Higgsのtexture configurationを⽣成

2. Textureの崩壊時にSU(2)D gauge場のChern-Simons数を⽣成
3. Chiral Anomalyを通じてdark baryon numberの⾮対称性を⽣成
4. Portal couplingを通じてバリオン⾮対称性やdark matterに転換

詳しく知りたいor興味があれば是⾮セミナーに呼んでください！

CP-violating coupling:
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Wµω : Field strength of dark SU(2) gauge field

[Fujikura, Yamada and Nakai (2019)]

Goldberger-Wise

New radion stabilization
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[Hawking and Page (1983)]
[Witten (1998)]
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N → 2ω
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[Fujikura, Suzuki, Nakai and  Girmohanta (2023)]

[Fujikura, Nakai, Zhang and  Girmohanta (2024)]
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MPl : four dimensional Planck scale

φ=π

λ<0   

φ=0

λ’>0

Figure 3: A sketch of Randall-Sundrum two-brane model with a damping warp
factor towards the brane with a negative tension.

The five-dimensional gravity scale M is again linked to MP through the
“volume” of the internal space

M2
P = M3rc

∫ π

→π

dω e→2krc|φ| =
M3

k
(1→ e→2krcπ) . (33)

Assuming the bulk curvature Λ to be less than M5, and krc " 1, one deduces
that MP depends weekly on rc, unlike the case in Kaluza-Klein type models
(2).

If we live on the brane located at ω = π, then mass scales in the 4-
dimensional theory will be lowered generally by the value of the metric at
the location which is a factor of e→krcπ. This will remove any fine tuning
in generating the hierarchy between the Planck and electroweak scales since
MP ∼ ekπrcMEW .

The masses of the KK excitations are quantized with gaps ∆m ∼ ke→krc

[66, 79, 107]. From the point of view of an observer on the brane with λ < 0,
the KK gravitons will appear to have physical masses of order ∼ k, i.e. of
order TeV, while their dimensionful couplings to the above matter will be
characterized by mass scales of order (M3/k)1/2, which is roughly the weak
scale.

Solving the hierarchy problem by living on the brane with negative tension
does not seem to be satisfactory. The reason is that the weak energy principle
characterized by the energy momentum tensor Tµνζµζν ↔ 0 (for an observer
with 4-velocity ζµ) will be violated [108] and hence one may expect unphysical
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y = 0
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→ e→kyGravitionのzero mode
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