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l. Introduction
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Baryon asymmetry puzzle

A.D. Sakharov, Pisma Zh. Eksp.
Sakharov conditions: Teor. Flz.(1967)

1) Baryon number B violation.
2) C-symmetry and CP-symmetry violation.
3) Interactions out of thermal equilibrium.
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Nonequilibrium first-order transition

Idissociatioh growth

AG
Classical Nucleation Theory




U o S. Coleman, Phys. Rev. D 15, 2929
Nonequilibrium first-order transition (1977); (T = 0)

A. D. Linde, Nucl. Phys. B216, 421

(1983). (T = 0)

Vi)
Quantum Nucleation Theory

bubble nucleation

Bounce Solution

»
0

At sufficiently high temperatures, the least-action solution has O(3)
symmetry [Linde, 1983]. The O(3)-symmetric bubble is governed by

¢ 2 dp _ dVi(4,T)

= Vr(¢,T)
dr? r dr do T\ J.l.Kapusta and C.Gale, Finite-
temperature field theory:
Wlth boundary Condltlons Principles and applications,
b — DOF. rF — 00 Cambridge University Press,
d b 2011
— =0, r—20 7
dr



Stochastic gravitational waves

hZQGW ~ h2Qc011 + hgﬂsw + hzﬂturba

Fluid  Fluid
Heat K. E.

Figure: Giblin and Mertens [arXiv:1405.4005] The vertical axis, y, is a one-dimensional

slice through the box, and the horizontal axis is a space-like hyper surface, x + c¢t. The

upper panel shows a scaled version of the field value, roughly /njy — w_|. The lower panel

shows the logarithm of the energy density of the fluid In(¢). 8



Holographic Dictionary: d-QFT/d+1-Gravity

AdS/CFT: original discovery of duality

J. M. Maldacena, Adv. Theor. Math. Phys. 2, 231 (1998)

relates gravity theories on anti-de Sitter spacetimes to
conformal field theories

General Gauge/Gravity —_
duality S Spacetms.

— Black Hole

: AdS
1141 Boundary

4-Dimensional
“— Flat Spacetime
{hologram)




Holographic Duality & RG flow
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QCD
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Top-down vs Bottom-up

Top-down: based on string theory and D-brane

D8 D8
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Bottom-up: from symmetry of QCD

1) 5D effective action

(b)

2) IR cutoff or dilaton to realize confinement

u A D3-D7,

D4-D6,

SUNDLex D4-Ds,
STU model

hard-wall, soft-wall, Gubser model,
improved holographic QCD,

dynamical holographic QCD ...

Hadron spectra, chiral symmetry breaking & linear confinement, phase

transitions, equation of state, transport properties

12



Holographic dictionary

Boundary QFT Gravity
Local operator O;(z) Field ®,(x,7)

Strongly coupled Weakly coupled semi-classical

[ Zaerl7] = Zoal®[J]

ZQFT [J] ~ ¢ Ter[®l]]

0" ar[[]]
- 5]1 (;171) ... (5Jn_(i‘n_)

<O1(I1) c e On(l‘n))

J;=0
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KKSS model (SOft'WaH mOdel) Karch et al., arXiv: 0602229[hep-ph]

5D action

1
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Chiral condensate Chelabi et al., Danning Li, arXiv: 1511.02721
Chelabi et al., Danning Li, arXiv: 1512.06493
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Il. 5D Setup, bounce solution and
bubble velocity
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5D Model Y. Chen, Danning Li and M. Huang arXiv: 2212.06591

@ denotes the dilaton field and the complex scalar field X corresponds to
the quark condensation or fermionic condensate of BSMs.

5D action S =— | / d’x/—ge P Tr[(DM X)) (Dp X) + Vx (1 X]))].

Dilaton profile d(z) (11 + po)z? tanh(paz?).

Metric ds* = Zig[— f(z)dt* + f(lz) dz? + dr® + r?d0® + r?sin® 0dp®],  f(z)=1- (&)
Potential Vix) =Tr[Vx(|X])] = ﬂ/f Y2 4+ vsx? + vax? + vex°.

17



5D Model Y. Chen, Danning Li and M. Huang arXiv: 2212.06591
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Model Il: U3z = 0,U6 * 0



Bounce Solution Y. Chen, Danning Li and M. Huang arXiv: 2212.06591

the equations of motion of the scalar field X can be obtained from action

O2x(z, 1) + 2871)?2:3) + f@ + (ff(z) — f(2)®'(2) — ‘3f2(:2:)) Dox(z,1) — e, = 0.

The solution requires the following boundary conditions

Hm x(zr) @ — ¢ = QF, r— X0
3 —

dX(ZjT) — (] Xf|z—r{]' =”"+Jf?+”‘ % — Op r — 0
r

19



Bounce Solution Y. Chen, Danning Li and M. Huang arXiv: 2212.06591
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Bubble velocity Y. Chen, Danning Li and M. Huang arXiv: 2212.06591

To investigate the real-time evolution, we transform the framework to

the ingoing Eddington-Finkelstein coordinate, then the metric becomes
1

ds®> = —[—f(2)dt? — 2dtdz + dr® + r2d0? + 2 sin® 0dy?].
ZZ

Under the coordinate transformation, the scalar field x is invariant, and its
equation of motion becomes as follows

F@xE ) + (1) - 109 - L) otz

0,V | |
_ XZQ(X) + @) al‘,X(tﬁz}T) - 2@’) — (]_

We choose the following boundary conditions

20, x(t, z,r
x(t,zr) |

X, 2,m) + ——

a.ﬂarX|r:O :atath*:R = 0. a{,azX|z:0 = 0. 21



Bubble VGIOClty Y. Chen, Danning Li and M. Huang arXiv: 2212.06591

bounce solution=critical bubble solution atxb =0

F Xini = Xb + 0X
VAR Y VYA

. {éx >0, expand

0x < 0, shrink

Rw




Bubble velocity Y. Chen, Danning Li and M. Huang arXiv: 2212.06591
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Figure 3. The panels (a) and (b) show the profiles of the bubbles at different times with 7" = 160 MeV when positive and
negative perturbations are added, respectively.
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Bubble velocity Y. Chen, Danning Li and M. Huang arXiv: 2212.06591

To obtain the bubble wall velocity, we used the function

o(r) = oo (t) — tallh(r(f’)_T'w(f')) + 1]

2 b (1)
we can define the velocity of the bubble wall by o(t) = dr;t(t)
o[GeV?]
0.08

the solid line is the
numerical solution and the
dashed line represents the
fitting results of the
hyperbolic tangent function.

0.06}
0.04}

0.02}

0.00k

== r[GeV '] 24



Bubble velocity Y. Chen, Danning Li and M. Huang arXiv: 2212.06591

The final velocity of the bubble wall v,, is defined as

A L ot
09t — Eq.(8) L o(t)
041 . holography "GeV] Cs =

0.174 0.167 0.161 0.154

03}
0.2}
0.1t
0.0...|...1...1...|...1...n
0.0 0.2 04 0.6 0.8 1.0 1.2
PA — PC 0.000 0002 0004 0006 0008 0010
R. A. Janik et al., Phys Rev Lett(2022) (Alz[;?ev“‘l
(a)

Figure 5. The panel (a) shows the bubble wall velocity as a function of time. The panel (b) shows the final velocity of the
bubble wall as a function of the pressure difference AP between the inside and outside or the temperature 7'.



lll. Bubbles and thin wall approximation
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Characteristic temperatures Y. Chen, Danning Li and M. Huang arXiv: 2212.06591

To calculate GW spectra, several different temperatures that
characterize the phase transition in an expanding universe are
relevant:

1) The TC is the critical temperature, at which both minima of the effective potential

are degenerate

2) The Tn is the nucleation temperature, which is determined by comparing the

decay rate ['(t) of the false vacuum to the expansion rate of the universe,

described by the Hubble parameter H(t).

3) The percolation temperature Tp is defined as the temperature at which the

probability to have the false vacuum is about 0.7. 2



Bounce solution Y. Chen, Danning Li and M. Huang arXiv: 2212.06591

the tunneling rate of the stochastically generated bubbles is

[(T) = A(T)e ﬂ
where Sb is the Euclidean T ~T
. Sp/T n c

action evaluated on the 2000
bounce solution and the
f _ o Sy \3/2 1500}
actoris A(T) =T (%)
The nucleation temperature 1000¢
;I'brgTC)an be given by relation sool T, = T,?

” =~ ~ 180 for QCDPT

( of : : : .
(Sb;T") ~ 140 for EWPT). 0.92 0.94 0.96 0.98 100 ¢

n

- ¥ - - S -
Figure 6. The Euclidean action % as a function of temperature.
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Thin-wall approx1mat10n Y. Chen, Danning Li and M. Huang arXiv: 2212.06591

L

As in Ref. [A. Eichhorn, et al., JCAP
(2021)], for Lw «Rw (thin-wall
approximation), we can estimate the

surface ten.5|on and thg parame.ters QO % oo N4
and B/H using the Euclidean action. | thinowall
-0}
o.[GeV?] :
0.025¢ -1.0} .
e thick-wall
0.020} 0.0 0.2 0.4 0.6 0.8 1.0 1.2
dlv
0.015}
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0.010} o 4-6 0.4-0.6
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IV. Gravitational waves
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GW power spectra Y. Chen, Danning Li and M. Huang arXiv: 2212.06591

Within the linear approximation, the total GW power spectra can be
written as _ _ _
h2Qcw =~ h?Qeont + 2 Qw + h2Qiurb.

we have found that for the holographic model, the final velocity of the bubble
wall is less than the speed of sound, i.e., the non-runaway case. According to
Ref. [C. Caprini et al., JCAP(2016)], the GWs generated by collisions in the non-
runaway case can be neglected with respect to acoustic waves and

magnetohydrodynamic turbulence. Therefore, the total power spectrum is
approximated to

h2Qaw =~ h*Qgw + 22 Qurh-

32



GW power spectra Y. Chen, Danning Li and M. Huang arXiv: 2212.06591

The key quantities which determine these power spectra are the following:

1)

The percolation temperature Tp is defined as the temperature at which the

probability to have the false vacuum is about 0.7.

The phase transition strength parameter (, which is related to the scalar potential

energy released during the phase transition

The bubble wall speed Vw

The transition rate parameter B which can be thought of as the inverse phase

transition duration
33



GW power spectra Y. Chen, Danning Li and M. Huang arXiv: 2212.06591

The nucleation temperature is defined as one bubble per unit Hubble
volume and is written as

_ [TdT T(T) _
N(Tn) _ﬁ T HT)* L

T

the probability of a false vacuum is defined as

' 3
- Ar [T (1) T (T
P =e 0= [, ey ([T Ty )

The percolation temperature is defined as I(T,) = 0.34, which is the temperature
when the probability of false vacuum is about P(T,) = 0.7.
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GW power spectra Y. Chen, Danning Li and M. Huang arXiv: 2212.06591

The parameter a is defined as

1 T OAVg
= AVegr — —
“ Prad ( Yqor )

?
rIl:rIrp

1 T OAF
e
T=T, Prad 4 0T

Near-conformal model a~O(1)

[

The inverse of the duration time is defined as

QCDPT |  EWPT
B _ iy (Sb) Model [T (vs # 0)|II (vs # 0)|J (vs # 0)|II (vs # 0)
H " dT \T ) |y, ge 10 |8 100
o | 4881 | 6.142 0.238 | 0.763 —

B/H |<d1151 | 23276 | 17198 | 72

Vo —0.027 0.041 0.063 0.125
Strongly coupled theory /%C[Gevl 0.1741 122.1

3~10000 ? T.[GeV]| 0.1733 | 0.1712 120.7 118.1

F.R. Ares et al., Phys.Rev.Lett.(2022); Tp|GeV]| 0.1732 0.1703 120.4 117.6
J. Shao, Mei Huang, Phys.Rev.D(2023)
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GW power spectra Y. Chen, Danning Li and M. Huang arXiv: 2212.06591

From numerical simulations, the power spectrum from sound waves has

the form of
5 - «(H Koy (Y 2 (10{])% , ,
h2 Qg (f) = 2.65 x 10 (5) (1 —I—(x) 0 VwSsw(f),

-; . 7/2
Sonl) = U1 (4307702 )

_ 1 (B T, gs \ 8
w=19x10"2mHz— ( = P ( )
Js o (H) (lDOGeV) 100/

The specific form of the factor kv depends on the bubble wall velocity and
has the following form in the limits of large and small velocities

) N{u(mwuussfwr) ' V™~ 1,

@ (1.36 — 0.037/a + o Ve < 0.1.
36




GW power spectra Y. Chen, Danning Li and M. Huang arXiv: 2212.06591

For the power spectrum from the Kolmogorov-type turbulence, numerical
simulations show that it can be given as

f HY\ [ a2 100\
th — 335 1 —4 (4 turb
turb(.f) 3.35 x 10 ( {B ) ( 1+« ) ( s ) T}wSturh(f):

_ (f/fturb)g
1+ (f/four)]® (1+87f/hs)

_ L (B 1 ge \ 6
b= 2.7 %10 2mlz— [ = s ) ()"
Jourt o (H) (1000ev) 100/

T Gx \ G
h, = 16.5 x 10~ 3mHz P ( " ) .
? 7 = ’(mchV) 100

the factor kturb is chosen to be

Sturb(f)

H:rtlurb — 0-05!‘{1} .

37



GW power spectra Y. Chen, Danning Li and M. Huang arXiv: 2212.06591

r —— SKA  — DECIGO

~ |[PTA —— uDECIGO
— EPTA  — ET
— phres  — CE
— TianQin
—— Talji
— LISA

* BBO

flHz] flHz] |

1(1'“ ‘ 115'5 u.;n 1'u 1&"
(b)

Figure 9. The GW power spectra in different holographic models, where the blue (a) and green (b) lines represent QCDPT
and EWPT, respectively.
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V. Summary
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Summary

Y. Chen, Danning Li and M. Huang arXiv: 2212.06591

1) We investigate the bounce solution in the holographic QCD and electroweak models

2)

with first-order phase transition. The strength parameter a, inverse duration time 3/H and

bubble wall velocity vw are calculated by holographic bounce solution.

We find the parameter a is about O(1) and B/H is about 10000. The critical, nucleation
and percolation temperatures of the phase transition are close to each other in the

holographic model. In addition, the velocity vw is found to be less than the sound

speed.
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Summary Y. Chen, Danning Li and M. Huang arXiv: 2212.06591

3) For QCD phase transition, the gravitational wave power spectrum can reach 10-13 -
10—-14 around the peak frequency of 0.01 Hz, which can be detected by BBO and Ultimate-
DECIGO. For electroweak phase transition, the gravitational wave power spectrum can

reach 10-12 - 10-16 around the peak frequency 1 — 10 Hz.

4) The primordial black hole is not favorable for formation due to the large parameter

B/H and small velocity vw.
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Thanks!
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