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The Gravitational Wave Spectrum

Quantum fluctuations in early universe
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STRING THEORY ELIECTROWEAK BARYOGENSIS

> 3 spatial dimensions = | Baryon number violation (sphaleron)
= Curled up? Size scale? = |CP violation (e.g. EDM neutron)

= Deviations from Newton's law = Thermal non-equilibrium
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= Baryon number violation How many neutrons available for ELEMENTS

The Origin of Mass - ’ 7
= CP violation nucleosynthesis = Supernova explosions

The Structure of the * Thermal non-equilibrium = Coupling constants = Nuclear physics in neutron

Higgs Mechanism = Lifetime rich stars
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Beyond Standard Model theory

QFT Thermal QFT
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phenomenology
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thermodynamics
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&hydrodynamics

Gravitational waves Baryon asymmetry



Key Events in the early Universe

Reheating Hadrons BBN
Inflation QGP EWSB form
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Event time t  redshift z temperature T
Inflation 1073 s = -
Baryogenesis ? ? ?
EW phase transition 20 ps 1018 100 GeV
QCD phase transition 20 ps 1012 150 MeV
Dark matter freeze-out ? ? ?
Neutrino decoupling ls 6 x 10° 1 MeV
Electron-positron annihilation 6s 2 x 10° 500 keV
Big Bang nucleosynthesis 3 min 4 x 108 100 keV
Matter-radiation equality 60 kyr 3400 0.75 eV
Recombination 260-380 kyr 1100-1400 0.26-0.33 eV
Photon decoupling 380 kyr  1000-1200 0.23-0.28 eV
Reionization 100-400 Myr 11-30 2.6-7.0 meV
Dark energy-matter equality 9 Gyr 0.4 0.33 meV
Present 13.7 Gyr 0 0.24 meV
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Effective potential at zero temperature

Action sig) = [ dat{o()}
The generating functional (vacuum-to-vacuum amplitude):
203) = Oous | )y = [doexp(i(SIgl +69)}  ¢i = [ d'so(@i(o)
The connected generating functional W[j] defined as:
2[j] = exp{iW [j]}

The effective action I'[¢] as the Legendre transformation:

_ SWIil — \_ OW[j]
I3 = whil - [ et 2ia) 92) = Fjw)
oklol oW lo) = 0y
PR e e

o (9]
66 ljmo




Effective potential at zero temperature

Expand Z[j] (W[j]) in a power serles of j, to obtain its representation in terms of Green functions Gy) (connected Green

functions G)°©)

Zlj] = Zn—t/d‘lwl d*znj(21) ... j(@n) Gy (1, - - -, Tn)

The effective action can be expanded as

Ig = z_:o % / Aoy . diz,d(z1). . (@) T (@1, ... 7)

'™ are the one-particle irreducible (1PI) Green functions

Fourier transformation

n _ - d4p’i SO 4¢(4 n
v = 1] 2 explipian}] @n)'60( ++pIT O

50) = [ date 75

[ = 2/13[

](27r)45<4>(p +o 4P )T ™y, ) (1)



Effective potential at zero temperature

Translationally invariant theory, with ¢c being constant E( x) = ¢
Define the effective potential Vesf(dc) as I‘[¢c] — / d4 Vos ( ¢c) (2)
4
Using the definition of Dirac 0-function 54) (p) = (;l_:c)ll —ipT
s
We get bc(p) = (2m)"$8 (p).

Inserting into EQ.(1), the effective action for constant field configurations recast the form of

o0 0

D(6e) = 3 —gn@m) @ O™ (i = 0) = 3~ 67T (p; = 0) / sz (3
r = n!
=1
23 == Ver(e) = = 3 et =0) (@

Expanding in powers of momentum, about the point where all external momenta vanish

I = [ d's |-Via(®) + 5 0,3)*2@) + -



Effective potential at zero temperature

Tree-level potential Vo = Lmigp? + gt

2

In momentum space the scalar field is

Recall EQ.(4), we get one-loop potential:

After Wick rotation:

I-loop effective potential is

An example

s
’ '
4' o POTL LT '_-v-~~ N Lo
. ~, ’ ~, - ., ~, - -~
. Q . 0 ., ~, *
°, ’ . ’ . o ’

¢.(p) = 2m)*¢.6%p)

[ dp 1] NP2 "
V1(¢C) = Z;/ (271')4 m [p2 —m2 +Z€:|
_ [ dp Ape /2
B _5/ (2m)4 log [1 Cp2—m2+ ie]
1 [ d'pg A2 /2
it =5 [ s 1+ %
p° =ipy, pe = (—ip°,7), p* = (0°)* -7 = —p%
1 d4p 2 2
Vio0) = 5 [ G loe [ +m*(@0)] (5)
shifted mass :
d2VO(¢C)

Veff(gbc) — VO(¢C) + W (gbc) m?(p.) = m® + %)\(pg -

de?




Effective potential at zero temperature

An example

With dimensional regularization

K(g) = %(#2)2'3 / (g;l; - log[p2 + mz].

We calculate the one-loop correction to the effective potential by first
calculating 1t with respect to the mass and then integrating.

o _ 1, yo-2 [ dp 1 The derivative is just a
om?> 5(” ) Qr)" p? + m? single disconnected bubble.
m* 1 m* 3
V1= m(—[z — Ve + 10g4ﬂ'] + log ? - 5)

Subtracting the 1/e — y — logdx term, we get

2
V= ! m? log m_ 3 m2 = d2V/d ¢?
647> w2



Effective potential at finite temperature-imaginary time

Feynman rules for the different fields in the imaginary time formalism:

()

Boson propagator : — 5; P = [2ninf Lo
p2 —m
Fermion propagator : : ; ph = [2n+ 1)irB™, 7]
v-p—m
. 00 3
Loop integral %n;oo / (;lwz)):;
Vertex function —zﬂ(Zw)?’(SZ wi5(3)(z Ds)

With above FR EQ.(5) becomes VE($e) = ﬁ Z / )3 log(w? + w?)

with  w?=p*+m?(¢c)

(6)

(7)

Define v(w) = Z log(w? + w?)
We have v(w) =20 [% + %log (1- e‘ﬁw)} + w — independent terms
o a3 w 1  Bw
Substituting into EQ.(6) we get (4 ) = (27r1)’3 =+ 5 log (1 —e# )]

1 d3p 1 d*p

3
w=5 a’p log(l—e_ﬁ“’)—

1
2n)? e O N § =

2ﬂ4 Jpm*(¢c)f”]



Effective potential at finite temperature-real time

Propagators for scalar fields can be written as

_( G (p) G (p)
G(p) = ( G(21)(p) G(zz)(p) )

GAD(p) = Ap)+2mn(w)(E — m?)
G(22) (p) — G(ll)*
G1D = 271ePr/2ng(w,)d(p? — m?)
G(21) — G(12)
1
’I’LB(CU) - egw _ 1

The propagators for fermion fields can be written as

o)y = (S&}{Np) Sos (p))
S((xﬂ)(p) S((x,B)(p)

A(p) 1s the boson/fermion
propagator at zero temperature

The main feature of the real time
formalism i1s that the propagators come in
two terms:

1. one which 1s the same as in the zero
temperature field theory(A(p)), and a
second one where all the temperature
dependence 1s contained.

2.(12),(21) and (22) components are
unphysical since one of their time
arguments has an imaginary component.

S @) = (v-p+m)(AP) — 2mnr(wp)d(p® —m?))
S(22) (p) _ S(ll)*
SUD = oy pt m)BGP) — O(—p)e®r Prn(wp)(p? — )
S(Zl) — _S(12)
1
np(w)

T efe + 1



Effective potential at finite temperature-real time

Disconnected A / dip _
( —p

bubble diagrams im2(6) 2] ni |2t mi(en) —ie T " np(w)d(p” — m2(</>c))] (8)

After integration on m2(¢c), the first part contributes to the effective potential as

. d*p 2 2 :
o 5 (27_‘_)4 log(_p +m (¢c) o 7’6)
Considert — 3/OO d—mlo (—2? + w? —ie) = “ 4 constant
onsidering AT g =5
Performing the pV integral, we get / d’p w
(9)
1
Using the identity §(p* —m?) = 20, [6(p° +wp) +(p° — wp)]
' 0 - fthe E d°p 1
Integration over pY in the B-dependent of the EQ 8, we get / 3 35" () (10)

Upon integration over m2(¢c) leads to the second term of EQ (7)

hep-ph/9901312
1701.01554



1-loop thermal mass at Finite temperature

Fuclidean four-momenta P = (wn7 p) bosonic Matsubara frequency is W, =2mtn T

Fermionic... o, =2mw (n+1) T

D=d+1=4-2¢

’ \‘ _i 1 B (/]26’7E)6/ de 1 +/’I’LB(Ep,T)
s ;T P2em?2  \ 4n 2m)Pp2+m? ), E,

T =0, UV-div. T # 0, UV-finite, IR-sensitive

- [+ ¥ o
— pp2_|_m2 PP2_|_m2

UV-finite, IR-sensitive UV-div., IR-safe

l:\'> m2 = m? + #4¢*T? effective thermal mass for zero-mode/thermally

, corrected mass
thermal correction




Linde’s IR problem and Resummation

2 2 9 the perturbative expansion breaks down
2 2 _ I 9T : 5
g — g'ns(E,T) = R > for the bosonic zero mode when m « g“T

(Linde’s IR problem)

- __, _N

T 1 gl\2N

oON

X | m T

i p (P? + mz)N i Q? (mr)
T mom? g

@al corr@
—Ze?’ . d
/z('u E)/dp, and ﬁ—TZ/
- 47 (2m)4

~0(g”), when P = (0, p), Q=(w,.q) with ®,#0

IR-divergent for N = 2 for m=0 when thermal correction are not included

Phys. Rev. D 9 (1974) 3320
arXiv:hep-ph/9204216

Phys.Lett.B 96 (1980) 289-292



Finite temperature potential and free energy

The grand canonical partition function

Z(T) = Tr[e_ﬁ(ﬁ_“m] , Where B = 51; ug/T < 1
¢(x)=TZ‘/‘keik.x¢(k)=TZ‘/k'ei(wkT_k.X)¢(k)
w, = 2nnT k = (a)n, k)
Z(T)=/Z)¢exp (—TZ/k%(k2+w$,+m2)|¢(k)|2)
- |% Pk (w —w/T
. exp[—; SE (5 + T In (1 —e ))]
The free energy
F=-TnZ
= . L dk o T
VoV = (27)? (E +T1n(1 . )) ( lim E) L U (2 +T1n(1 +e“"/T))
d3k m e Voo V fermions (2”)3 2
- __—Nm?+Kk2/T
e Tyt A

= Jo(m) + Jg(m,T J; = T*272J;. .
bl = J,(m) + Jp(m, T)

5 &k e
JB(maT) - T/ (271,)3 In (1 e m2+k2/T) - T4 _771'4 . 7T2m2 . m4 i eVE m2 . 3 +0 m6
. L d|k| k2 In (1 _ e—m/T) i 271'2 360 24T2 32T4 71'2 T2 2 T6
272
- & / dx 2 1n (1 - e VO high-T expansion m « T
2m

2307.00068



1-loop Effective potential at finite temperature

1-loop finite-T thermal effective potential

‘/eff(¢7 T) — \/tree _|_ Vl-loop

1-loop

o a0 de
_5( it ) 2myp MPF )—/me (1:FnM(Ep, T))

Vcw(m) VT ~ JT’b/f (TCIr’L—;)

T L
=~ [ In(p® + m?)+ = In(P? + m?)
ool
Vsort (M) Vhard (m)

Daisy/ring resummation Vs, = ijjftummed — Veopt

_ i 3 resummed T
Vsor () _127r(m2)2 S— Vsoft = —_(m2 T HT)%

Arnold-Espinosa eff potential VA Eres (o T 5y — V. 4 Viw + Vi + Vi

“/elgsummed(¢’ T, /-_11) — ‘/;ree _|_ ‘/;Ic‘)efiummed _|_ Vhard

Phys. Rev. D47 (1993) 3546 [hep-ph/9212235]
See also Parwani method in Phys. Rev. D45 (1992) 4695 [hep-ph/9204216]



Thermal effective scalar potential for PT study

0.00 f-nmmmnunnii
[ m/T > 1 ]
—002| _
[0 G ;
~0.04 | y Py
= |~ : ] Els
= 006l i -
G - m/T < 1 : ~
oos} ()
o0k “gar (1) [ (a7e™) -]
Ot +0 ((%)j .
Y TR R R 100 ~1000
Vr(¢) =

High-T expansion

m/T < 1

T 3

17 (S 020) 2 (0

+higher order terms.

0.00 fnnnmmaoni
—002k ]
—004[ ]

! m/T < 1
-0.06 | T)z

L T

L 4 1m 3
_ B M ow) _°
0.08 | ) [1 <7rTe ) 4]
—0.10 F

I B
_012 N MRy L MRSy s N IIIJIlJl | | PR L
0.01 0.10 1 10 100 1000
m/T

all fermions F and bosons
B that are relativistic at
temperature T

Vo) + G (D MEO) + 30300 +2 M)
S 14 F

3
2

MS, MV , MF are the masses
of the scalar fields S, vector
fields V and fermonic fields F




Phase transition types

First order

Second order




Finite temperature EFT for the 3d Phase transition study

Matsubara decomposition

H(1,%) =T ) $(p)e™"", wy = {

2mnT bosons
(2n + 1)nT fermions

&y 75 () modes are heavy and decouple at distances » 1/T, and can be integrated out

|, :

S = / d433 [cgauge + Ltermion + Lscalar + £Yuka,wa]

Efull
hard 1+ 7T > Integrate out w,, # 0 modes

L34

Procedure soft + g1’ >Integrate out electrostatic fields
L34

ultrasoft + g7 EFT for nonperturbative dynamics

3, [ L pa po f e N
Sz = | d°x ZLFijFij + (D) (Dsp)+m“d ¢ + M(@'¢)” + Lpsm

+ higher-order operators]



Methods for PT dynamics study

Puad > Pid > O?ggf

Vv

v v
Perturbative Veff Perturbative Veff e Monte Carlo
4d approach Y 3d approach eI/ SINEUEDE cimulation

v v v

Thermodynamics of PT




BNPC, v/T and EW sphaleron

E[A] _10 I
Esp il . plire gauge i
15 £p0850000 ]
/ 20 .
NJSA]

251 |

0 1 2 *t‘

~

=1]

S

standard —

30 o
O multicanonical

ang = I% (_g2F3,UzVFZV +gff”’/;’;u) y s;nurbaﬁVE |
AB = Ng(ANcs — Ancs), log[@H(T)T] -
N - — g d*x 267 Tr |8: A A, + 2 AAA sl ‘130 o o il
CS = 167-(-2 X Z€ iMj Mk I3g2 Taltal air T/GeV
nos = _15122 / d*x ¥ 8,8, By, Lattice result, | Tc = (159.5 + 1.5)GeV |, Phys.Rev.Lett,113, 141602 (2014).
T
. Uty g ot
A UAU T+ 82 (GU)U, sym 5 md brok 4 Esph
1 ) r ~ 6 X (18 4 3)OzWT . r ~ T eXp(— T )
SNes = 52, / d*x Tr [(8,U) U (3,U) U (@, U)U ] €. ~

The Standard Model already contains a process that violates B-number. It is WaShout aVOidance ,BNPC

known as the electroweak sphaleron (“sphaleros” is Greek for “ready to fall”).

Psph — Asph (T) exp[_ESph (T)/T] < H(T)

. Esph(T) U(T) T
PTsph = —T —T7ln T + In m PTsph > (359 — 428)
B (T) ~ Eupp gD 1) - (0.973 — 1.16) Bepho )
sph\L ) = Hsph,0— - T ' ' 1.916 x 47v/g
Klinkhammer & Manton (1984); Kuzmin, Rubakov, & Shaposhnikov (1985); Harvey & Turner (1990) Hiren H. Patel and Michael J. Ramsey-Musolf, 15’ Xucheng Gan, Andrew J. Long, Lian-Tao Wang, 17’

but also identified earlier by Dashen, Hasslacher, & Neveu (1974) and Boguta (1983)



Model classes for one-step FOPT

. Thermally (BEC) Driven ITA. Tree-Level (Ren.) Driven

Effective Potential | V¢ |
Effective Potential | Vs |

+(-pu*+cTHh?| |-Th?H"?| |+n? +h’ ~h* +h*
Higgs Field [ h | Higgs Field [ h |
IIB. Tree-Level (Non—-Ren.) Driven III. Loop Driven
= = +h* Log[h?)
= - - =
- +h- -h?* |+h [
A a +h’ ~h?
2 2
3 3
&= =
= =
Higgs Field [ h ] Higgs Field [ h |

Chung, Long, Wang, Phys.Rev.D 87 (2013) 2, 023509



Thermal driven Class-|

A
4

el

h4
127

1
Vere(h, T) ~ - (= w2+ cT)h2 — ——(h2)32 4+ =

e ~ Z (degrees of freedom) U(Tc) e

light bosonic fields SR N e A L SR G
X (coupling to Higgs)/2. L 67A

TABLE I. Examples of models in the Thermally (BEC) Driven class. The expressions for e are calculated in the limit that the field-
independent contributions to m%.(h, T) are negligible (e.g., the thermal mass tuning has been performed). Here, the symbol A, is
A, = A, — u/tanB and g, is the number of real scalar singlet degrees of freedom coupling to the Higgs.

Model —AL c e
SM [43] Com = 6mt+6m‘iV2-l;3mZ+2mH o 6va-i;3mZ

6m; A? 6m? _ A2\32
MSSM [41] Csm T m(l - m—Q) ésm (1 m_Q)
Colored scalar [20] M%1X|* + £[x]* + QIHI*|X[? csm t 5 2% % esm T 6(%)3/2
Singlet scalar [43,44] M?|S[2 + Ag|SI* + 222|HI?|S)? csm t+ 552 esm + 85’
Singlet Majoron [45] wilSI* + AgSI* + Ay lHIISI? + 2y:Sv,v; + Hee. csm + 2 Azh o 2(%)3/2
Two-Higgs doublets [46] p2 DD + Ap(DID)? + A;HTHD'D com + Hatde esm + 2(5)3/2 + (Btdsdsy3/2

+M|HYDI2 + (As/2)[(HTD)? + Hee.] +(fatdatA5)3/2




Tree driven-Class IIA

A4
Z¢‘

1 2
\/ \/282 U(T ) . = ~ cosa.
g \/1 282

TABLE II. Examples of models that fall into Class IIA. For the non-SUSY models, corrections
to the SM Lagrangian are shown, whereas for the SUSY models only the superpotential
corrections are given.

1
Verr(@, T) = 5 (n® + cT?)@? = £¢° +

Model AL

xSM [53-56] 1082 —[%282+ %8 +25* + 2HTHS? + 2HTHS?]
Z,%xSM [14,57] 138)% — [28? + 25* + 2HHS?]
Two-Higgs doublets [58] u3|D)? + Ap|DI* + A3|HI?|D|? + A|HTD|?

+(As/2)[(HTD)? + H.c.]

Model AW
NMSSM [59-61] AH\H,N — £N3 + rN
nMSSM [62] AH\H,S + ™28

1 yMSSM [63] — NH{Hyv§ + " vivsvg + Y HLivs




Class IIA (1) no extra EWSB: xSM

For the “xSM” model, the gauge invariant finite temperature effective potential is found to be:

V(h,s,T) = 3[4 =TT — 3 [~y ~ T (T)}s°

1 1 b b
—a1h2s -+ —azhzs2 + 2363 + —4s4, (C1)

1
s
TRty 4 3 4

with the thermal masses given by

2my, +ms+2m? A a4y .,
Ihay=( s +5+ﬂ)T,

b
PT strength ™M= (2+%)7% (€2)

(1) \/v,zl(T) +v2(T)cos6(T)
T ’ =
For small mixing limit between the extra Higgs and the SM Higgs, one have

v"SM/T = Yh

M _at—8b)A n 0°(af(6by — p*) — 8611b22b3 +8b3(az —21)) +0(6%)
32b, 32b2
2 2

h a‘(a1bs —3azby)  67ay

CxSM:_ 1 . 3b 42b 2—3b

6 19253 25604 (a1b2 +4aibs (1" = 3b)

h +dayby(a2(11by —21?) — 6by (b4 + A) +4b3) —32ayb5b3) + 0(6?)
h xSM __ a?b“ a?62

(a1(axby + 4b4([.£2 —3by)) + 16b2b3bs) + 0(93)

S T T024bt | 102403



Class A (1) with extra EWSB: GM model

The most general scalar potential V (@, A) invariant under SU(2) x SU(2)g x U(1)y is given

by

extra EWSB

1 1 2
V(®,A4) =5mitr{®' @]+ Smitr{ATA] + 4 (wfo@])” $248vE2=v2 ~(246Ge V)2

2 2]
+ 2 (tr[ATA]) + Astr [ (ATA) + Agte[® T DJtr[ATA
- Custodial symmetry
ot o Frdn b
+ Astr | @ =@ — | t[ATTAT = /2
519 5" | (pt traATBY PTAP). '
a
+ ugtr [P > D 5 (P'AP) 45 + Uptr[A"T?AT?|(P'AP) g 3)
0x + ot
B i} ¢O* ¢+ B . X . é 0 x N where summations over a,b = 1,2,3 are understood, ¢’s and 7"’s are the 2 x 2 (Pauli matrices
P = (82¢ ’¢) - _ ¢+* ¢0 , A= (837( ’é’x ) =1 X 4 X ’ 1) 3 x 3 matrix representations of the SU(2) generators, respectively
FARMIES SA 2 .
010 0—-i 0 10 0
with T1=% 101 ,T2=% i 0 —i |[,Z3=]100 0 |,
00 1 010 0i O 00 -1
& = 01 ., g=|0-10], ) The P matrix, which is the similarity transformation relating the generators in the triplet an
—-10 adjoint representations, is given by
1 00
where the phase convention for the scalar field components is: ¥~ = ", x = x**, &~ =

ET* 9~ = ¢t* . ® and A are transformed under SU (2)1 x SU(2)g as ® — U 1 ®U, , and A —
U3,LAU3T_ g With U g = exp(i6f g T%) and T being the SU(2) generators.

-1 0
1
P=—1| 0 02 ].
V2 V2
1 ¢ 0



xSM: without extra EWSB  GM: with extra EWSB
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Collider & GW complementary search

SNR > 10 points for and one-step SFOEWPT

..................

10! i Bl 687%,95%CL(combined with HL-LHC)
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Tree-level driven-Class |l B

< 0 causes the potential to turn over

\
A 1
2+ cTHh* + <= h* + —h®
LA Ly

stabilizes the EW-broken vacuum

= 2 ,2 272
g Amax_\/gv/mH T. = '”“_AA_L
. c \ 4u?

Veff (h’ T) =

N | =

A wry_ [T 2
TN A <A T, _A\/l——:z’j\zz
AHHHEmT%’<1+2AAf2fgn) Amin = v?/my
Model Couplings Wilson coefficient of H
R Singlet —Dns|HPS? — ggsHUHS Dy G
C Singlet | —gps| H[?® — 22| H[2®? — Y2 HTH|®|? + h.c. | — 925 Fna _ Belojzsdus]
9HDM — Z6|H1|H} Hy — 72| Hy|2H Hy \Z6”
R triplet gHTroH®e — M2 |[|2| o2 — 4 (232 - 2)
C triplet gHTioyra H®® — M2 | H 2| @0 2 —i (22 + ¥ -2
~ X Hir bt Ho(90)F + hec.
C 4—plet ~ApsoH} H HE®* + hc. Prigel®

1705.02551



Class IIB- Dim. six operator, SMEFT

Higgs potential V(H) = -m?*(H"H)+ X\ (HTH)? 4 (H;I)B
Finite temperature potential VT(h, T) — V(h) + %ChTh2

Thermal correction CprT = (4ytz—|—392D+ g"*+8\)T%/16

Electroweak minimum

2
being the global one A > v*/my,

Potential barrier requirement A < V3v%/my,



Loop driven-Class Il

Vee(h,T) = 1(,u,2 + cT?)h?* + éh4 + 5h4lnh—2
il ) = 1
. m_%l_ v_2 é . m 1 3/
- K(lnM2+2)’ Tc’“ﬁzﬁ(”gﬁﬂf”'“)’
e =1— kv?/m%
v(T,) 2wv.c 1 3 103
“2=_m712£1+m)2 T my \/E(l ge—@ez+ )

TABLE III. Examples of models in the Loop Driven class.

Model —AL
Singlet scalars [12,72] SV MAS? + AglSi|* + 222 HI?|S;|?
Singlet Majoron [73,74] pilSI1* + AglS1* + Ay |HI?ISI> + 1y Sv,v; + Hee.

Two-Higgs doublets [75-78] uiDID + Ap(DTD)? + MsHTHD'D + M|HTD|? + (A5/2)[(HTD)?> + H.c.]




Class Il 2HDM Finite-T potential in 2HDM

V(h1,he,T) = Vo(h1, he) + Vow(h1, h2) + Vor(ha, h2) + Vin(hi, he, T) + Vaaisy (h1, he, T')

R SN S SR, t—1)2 v2 MhT + Xoh3th o2 Azas(hith + h3)
Tree-level 0(ha, 2)_57"1”( L= ) 7y 1+t3 4 1+12
1 1 1
-+ g)\lhll1 + g)\2h£21 + Z)‘345h%h%

One-loop at zero temperature:

Vew (1, ha) =Y (—1)*n; i (A, hy) [m <m2 (a, h2)) —~ cz-]

)

One-loop at finite temperature:

272 i T2
= (£1)ky
To. ) =Y T Y Kol
=1
T 3 3
Vaaisy (h1, he, T) = =~ Zn [(Mf (h1,hy, T))? — (m?2 (hl,hz))g]



Beyond SM models for FOPT
m Higgs&GWs

@ SM+Scalar Singlet

Bian, Huang, Shu 15, Cheng, Bian 17, Bian, Tang

18,Chen, L1, Wu, Bian,19

g  SM+Scalar Doublet

Bernon, Bian, Jiang 17, Bian, Liu 18

@  SM + Scalar Triplet

Zhou, Cheng, Deng, Bian, Wu 18,Zhou, Bian, Guo,Wu 19,

Zhou, Bian,Du,22

Many Colliders in the Horizon

The Road Ahead

iLc p-collid
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HL-LHC FCC (ee, hh, eh)

LHC
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SppC

Taiji
2015 2025 2035 2045 2055
Wikipedia Year i

Markus Kiute, 2016
4 9/4/18 Marcela | Welcome to Fermilab

Standard Model of Elementary Particles
three generations of matter interactions / force carriers
(fermions) (bosons)
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2% Fermilab

SNR > 10 for

(5&3

B 68%.95%CL(combined with HL-LHC)

HL-LHC:14TeV(3ab ') | rates and distributions
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CEPC:240GeV (5ab ) 4 350GeV(200fb 1)
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and one-step SFOEWPT

@ Composite Higgs
Bian,Wu,Xie 19, Bian,Wu,Xie 20

g NMSSM

Bi, Bian, Huang, Shu, Yin 15, Bian, Guo, Shu 17

g SMEFT
Zhou, Bian, Guo 19
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Sphaleron energy and SFOEWPT condition
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xSM & SMEFT

Sphaleron Energy & GW
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Class Il 2HDM SFOEWPT parameter spaces
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2HDM
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Bounce solution

Bubble nucleation

PT strength

Phase transition
inverse duration

GW parameters and FOPT

limqbb:O, %7«:0:
r—00 d
D'~ A(T)e 5/T ~ 1

1 T , OVerr(¢,T)
o= (A6, 1) - JATERD)
B _ pdSiT)/T),

H, ar




GW parameters and FOPT

The probability, that a randomly chosen point is still in the false vacuum, given by

_ 47
P(t) = e 10 It)=~ | CAT()a(t'Pr(t, ¢
The fraction of the space which has already been
converted to the broken phase
, by (t)dt r(t,t) : the comoving radius of a bubble nucleated at t
r(¢,t) = /t , a(~) propagated until a subsequent time t

a(t): the scale factor, vy(t): the wall velocity.

Using temperature T instead of time variable t, we have

r(T,T")3
T/4

4w Te dT'

IT) =5 r H(T")

(T

The transition completes when P(t) = 0.7, which leads to a percolation temperature Tp when



GW spectrum from FOPT

.

B 1+« O 0.42 + v ) 1+ 2.8(f/ fenv)3®
. o -6 f* T, gx 1/6
peak frequency: Jenv =165 > 10 (H) (100GeV) (100) Hz

~  Sound Wave

Q2 (f) = 2.65 x 10~8(H,7 )(ﬁ)—lvb(n,,a )2(9_*)—%(f>3( - )7/2
SW . *x T sw H 14+« 100 fsw 4+3(f/fsw)2

phase transition duration: Tow = TN [HL {}—f] H,R, = v,(8m)Y3(B/H)™1
Root-mean-square four- 2 3 R
velocity of the plasma: T 41+«
eak frequency: f —19><10‘5’81 L (g*)%Hz
& quency: w = H v, 100 \ 100

-~ MHD turbulence

B (B - €K, QL
QhZ(f) = 3.35 x 107 (E) (1 +a)

11

( 9« )_% v (f/fturb)3 (1 + f/fturb)_?
100 * 1+ 8rfao/(a.H.)]

[ ][V

B 1 T /gs\s
 foy = 2.7 x 1075 ( ) H
peak frequency fourb X H v 100 \100 z



GW sources

Qaws (%) - for f < f,,

Qaw(f) =
f newza
Qaws (f—) for f > f*,
Table 1. Cosmological GW sources
source newi new2 f« [Hz] Qaw
2 2 3
. .. B 10-5 [ feT B Ter . 10-5 Hpr KoQt 0.11v;,
Phase transition (bubble collision) 2.8 2 10 < 5 ) < HPT) < 100 GeV 10 ( 5 ) < T+ a) ( 042112
Phase transition (turbulence) 3 -5/3 ~3x107° 1 b ~3x107* Her) (fa " v
Vw HpT 100 GeV ,3 1+« ) v
. 51 B _¢ [ Her Ky Ol
Ph —4 ~2x107% [ — ~ 1078 [ =25 ) (== ) w,
ase transition (sound waves) 3 x 10 (vw) (HPT) <100 GV 3x10 < 5 ) (1 n a) v
gQ/A —0.5
Preheating (A¢") 3 cutoff ~ 107 10~ (W
g )\ 1.16 v 2
Preheating (hybrid 2 cutoff ~ = \1/41010-25 ~ 1075 (—) (—)
g (hybrid) 7 1 e M,
o Gp \~ G Qoop \ ~1/2
Cosmic strings (loops 1) [1,2] [-1,-0.1] ~3x1078 (10—u”> 107° (10_#12) (16_‘;) (for @io0p > TGH)
Gu \™ G oop) ~1/2
Cosmic strings (loops 2) | [—1,—0.1] 0 ~3x1078 (IO-MU) 10795 (10_”12) (%_‘:) (for @joep > TGp)
. . o . - G
Cosmic strings (infinite strings) | [0, 0.2] (0,0.2] — ~ 10-011131 (55 )
T, o \2 T. N
i - ~ 1079 22 ~ 1017 ann
Domain walls 3 1 10 ( 102 GeV) 10 (lT V3) ( 10-2 S}eV)
11
Self-ordering scalar fields 0 0 ~ %de (L
pl
T 511 !
Self-ordering scalar + reheating 0 -2 ~ 04 (m) ~ FQM (Mip)
. _ T. _ B
Magnetic fields 3 ag+1 ~ 1076 (IOQGeV) ~ 10716 (10—1°G)
T
Inflation+reheating ~ 0 -2 ~ 0.3 ﬁ ~2x 10717 (%)
. o T -7 (T
Inflation+kination 0 1 0.3 107 GeV 2x10 ( 0.01)
Particle prod. during inf. —2¢ —4e(4m€ — 6)(e — 1) — ~2x 1077 (()TW)
' . Tt 1/3 M 2/3 Ton —-4/3", Mo 4/3
2nd- i 1 T ~ 105 re in ~ 10-12 re in
nd-order (inflation) drop-o 7x10 ( 109 GeV) 1016 GeV 0 109 GeV 1016 GeV
) MPBH -1/2 . A2 2
2nd-order (PBHs) 2 drop-off ~4x 10" (1020 g) ~7x10" (10_3>
H 4
s _ o ~ —6 s
Pre-Big-Bang 3 3—2u 1.4 x10 (0.15Mp1)

1807.00786



One-step FOPT
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Lattice EW field foundation

d(t,x) : Higgs field doublet defined on sites;

Ui (t, x) and Vi (t, x) : SU(2) and U(1) link fields, defined on the link between the

neighboring sites x and x +i , dD(t, x), Ui (t, X) and Vi (t, x) are defined at time steps t +
At t+ 2At, . . .;

Conjugate momentum fields: II(t+At/2, x), F (t+At/2, x) and E(t+ At/2, x), are defined
at time steps t + At/2, t + 3At/2.

1

Ui(t,7) = exp ( _ %gA:BJ“VV{’) D;® = Az [Ui(t, z)Vi(t,z)®(t, z + 1) — P(¢, :L')]
1

: Do® = — [Uy(t, 2)Vi(t, 2)®(t + At, z) — B(t, )]

Up(t,z) = exp ( — %gAtaaW(;’) 0 At [ o(t, 2)Vo(t, )8t + z) ( :1:)]
B i O(t+ At,z) =P(t,z) + AtIl(t + At/2,x)

Vi(t,z) = exp ( - §gAa:B,,) »

: Vi(t+ At,x) =-g' AzAtE;(t + At/2,x)V;(t, x)
Vo(t,z) = exp < - 3gAtBo). 2

2 U;(t + At,z) =gAzAtF;(t + At/2,z2)U;(t, z),

Temporal gauge leapfrog

U0 (t, x) =12, VO (t, %) = 1

Di, Wang, Zhou, Bian*, Cai*,Liu*, Phys.Rev.Lett. 126 (2021) 251102



PT process simulation

Field basis

O2® =D;D;® — 2\(|®]2 — n?)® — 3(®T®)2® /A2,
83 B; =—0;B;j + g' Im[®' D;®],
W =—0 Wi — g WEWS, + gIm[®T0%D; ®].
000, B;—g' Im[®T9y®] = 0,
Bo0; Wi+g e W28 Wy — gIm[®T 00y @] = 0.

100

200

300

400

500

Lattice implementation

TI(t + At/2,7) =TI(t — At/2,) + At{ﬁ 3 (Uit 2)Vilt, 2) (8, 3 + 1)

—28(t,2) + Ul (6,2 — )V, (8,2 — )B(t,z — 1)) — o }

oo
Im[Ey (t + At/2,z)] =Im[Ey (¢ — At/2,2)] + At{ A’;;Im[np’r(t, z + kYU (t,2)V] (¢, 2)B(t, z)]
- g’ALx?’ S V(e 9)Valt,w + VL (1,2 + )V (0,0)
Vit z —zi)Vk(t, D)tz +k—i)Vi(t,z— i)]}
Tr[ic™Fy(t + At/2,z)] =Tr[ic™Fy,(t — At/2,z)] + At{ &Re[qff(t, z + k)U] (t, 2)V] (¢, 2)ic™®(t, z)]
- A1w3 Z Trfio™Uk(t, 2)Ui(t, 2 + K)UL (¢, 2 + §)U (1, 2)

+ioc™Uk(t, 2)U] (t, 2 + k — i)UL(t, 7 — i) Ui (t, @ — 7;)]},

0 100 200 300 400 500

Di, Wang, Zhou, Bian*, Cai*,Liu*, Phys.Rev.Lett. 126 (2021) 251102



GW from Bubble collisions

dw 1 k>
din(k)  32rGp. 2m?

-=-= Kinetic

N 10°
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Di, Wang, Zhou, Bian*, Cai*,Liu*, Phys.Rev.Lett. 126 (2021) 251102



Two-step FOPT potential

Type-a

¢
0, (¢))
nd 1st
0 o h E

1 1 1
Va(d, h,T) = 5(;@ + cyT?) % + 5)\;,¢h2¢2 + Z)\¢¢4 2}

+ %(—ui + cpT?)h? + jIAhh4 - \
¢y = Ap/4+Ang/3 0.0}, . . : .
ch = (2m%/v+mzz+2m%)/(4v2)+)\h/2+')\h¢/'12 0.0 0.5 1.0 1.5 2.0 2.5

h/TO

Motivated for DM&EWBG, see:1804.06813,1702.06124,1609.07143, 1605.08663, 1605.08663,etc



Two-step PT with the second-step being FOPT

|
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Zhao, D1, Bian, Cai,2204.04427



Two-step PT with the second-step being FOPT

Type-a

]

solid: both

ngw
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I
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Zhao, D1, Bian, Cai,2204.04427



Two-step PT with first-step being FOPT

Type-b

VcctIT04

1st

Without Global U(1)
¢

(0, (o))

2nd

»®
((h), (d))

0

>

h

Veet (¢, T) = a¢*(log||¢|* /v3] — 1/4) + bT?|¢|?

1 1 A
Vae(o,h,T) = §c§LT2h2 + Z)‘hh4 _ thz(pz

¢, = (2m3,+m%+2m?)/(4v?)+ An/2+ A, /24
(h) =/ (\pn? — 2¢,T?)/(2)n)
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Zhao, D1, Bian, Cai,2204.04427



Two-step PT with first-step being FOPT

Type-b

Without Global U(1)
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Zhao, D1, Bian, Cai,2204.04427




Two-step PT with first-step being FOPT

Type-b
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scalar field + fluid system

The full energy-momentum tensor into two components, one for the fluid 7" and one for the Higgs "

Ty" = (e+p)utu”+pig"”,
1
T = 049079 — g ( 3(08) + V),

Fluid pressure 1s the total contribution from all particles

2
P9 T)= S gerT* = Vi(9,T) == D fa(m(®), 1) =D fe(m(9), T)
B F

Thermally corrected potential V(o) =Vy(ep)+ V1(¢p, T)

oy dm? [ @p 1 n—vi(@)=—3 [ L1 s
wuly =+0°0%34 | nyas’ ). > ' d¢ ) (2m)32E; ~

Boltzmann equation with collisions and external forces

S x)=f9(p x)+0f(p x)
This leaves us with the equation of motion

/ dm® where P L 5t(px) = o
D¢—VT(¢)=—T)EU 3“43 (27)3 2E; f(p,x)="Mu"9,¢,

Local equilibrium and perfect fluid

SciPost Phys. Lect.Notes 24 (2021)



scalar field + fluid system

With p(¢,1)=p1(¢,1)-V0o(¢p), we have T™ = (e + p)ubuV + pghtV |
: wy | muvY) _
The full energy-momentum tensor 1s conserved 9y (Tf +T, ) =0
. . 2 3 1
which yields 8,T" +V2($)8"$ = —3" dm” | &P 1 ccio )

dé ) (2m)3 2E;

Consider the scalar product of u with both sides
u,d,(wutu” +pgh”) + Vi(pu- 3¢ =7j(u-9¢)

Here, w = e + p = Ts 1s the enthalpy density, and s = dp/dT is the entropy density

SciPost Phys. Lect.Notes 24 (2021)



scalar field + fluid system

Hydrodynamic equations for a single bubble

aﬁ € v 2 E = r/t, r is the distance from the center of the
(ﬁ o ’U) U — 2% + [1 — 7 ’U(§ o U)]aﬁv ’ bubble and t is the time since nucleation,
ng v(Ew) is the fluid velocity at the location of th
20 W y at the location of the
(1 - ’Uﬁ) wo v (§ ’U)ag v. bubble wall and &, = vy, is the wall velocity.

Introducing sound speed c2g = (dp/dT )/(de/dT ), we have

2
v 2 H
zg =7 (1 o ’Uf) [C_z o ] 65’0, w is the fluid velocity at € in a frame
S
that is moving outward at speed &
E—v
:U’(€7 ’U) — 1 _ §'U

From the conservation of the energy momentum tensor accross the interface, we have the boundary
conditions:

p+ —p— U+ _e—t Pt
eL —e_  v_ er+p_’

’U_|_'U_ =

+(—) meaning in front (behind) of the bubble wall (in the rest frame of the bubble wall) .



Bubble dynamics and fluid @ FOPT

symmetric phase P+ = la T — ¢ e =a Tt +e -
T T g+ T T+ ) Bag equation of state
1
broken phase pP— — —G—Tf , € = G—Tf )
3 the false-vacuum energy resulting from the Higgs potential

Different number of light degrees of freedom across the wall, different values a; and a_ (with a; > a_) and
different temperatures on both sides of the wall

1.0 I i
[ i
a=0.30 Cs : hybrlds Vj i
0.8 : !
| |
! :
0.6 | i Ations
v(€) deflagrations } ;
i i
deflagration hybrid detonation 0.4 \ i
§w<cs Ew>cs §W>CS i
0.2- \
The black circle is the phase interface (bubble wall). IJ\ :
0.0 - [ '

Green region is of non-zero fluid velocity 0.0 0.2 0.4 0.6 0.8 1.0

deflagration walls have a shock wave propagating in front of the wall, detonation walls
have a rarefaction wave behind it, hybrid walls have both shock and rarefaction waves.

JCAP06(2010)028
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— ¢+ V32— 56 = W (¢ + V'8;0) MR FINE T E R
HE (E B
B+ 0,(EV?) + p[W + 8,(WV)] g—‘;ww L Viag)
= W ($+ Vidig)?
Zi 4+ 0,(ZV7) + 0yp + g—gém = W ($ + VI0;6)0i
) 0V
equation of state e(T,¢) =3aT" +V(¢,T) — T o,

p(T,¢) = aT* =V (¢, T)
fluid momentum density Z; = W(e + p)U;

fluid energy density E= We

6T, p
, T
Vm ¢.
U, Z Vy
Yy
.
6) T,p’ ¢
u,v,Z T
t
T—)X

V 1is the fluid 3-velocity

Ul=WV1i,  W: relativistic y-factor
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Bubble wall velocity with the EW plasma

Boltzmann equation which dictates the time evolution of the particle distribution W

%zatfa+£-6gfa +ﬁ'8ﬁfa=0[fa]’ (a)

dt

The fluid ansatz for the distribution function is written as

I § % 2 1 df.
~ - X = / — v
f f'v f’l)5 +5fu+0(5f )7 f’U e/B’Y(E_'va):I:]_, fv_ d/B’)’E,
6X = p+ ByéT(E — vp,) perturbations from equilibrium

w: chemical potential, 0T: temperature perturbation, of, . the velocity perturbation

The force and group velocity

ow . m?2¢’ . Ow (m?)  (m?¢")
op.  E  C2E?E,  P*T oz " (D)

8z 2E ' " 2EE,’

Z =

o is the energy of the WKB wave packet and E,? = p?, +m?

Inserting the force and group velocity of eq. (b) into the Boltzmann equation (a), we have

2/
[%32 _ %%z] (fo— £10X +6£,) = C[f]

PHYSICAL REVIEW D 102, 063516 (2020)



Bubble wall velocity with the EW plasma

With q = (u, 01, u)T , the transport equations take the form

A, +Tq=8, I": the collision term C in the above equation

Cyt Gy DY
Ay = | COt y(Cy1t —vCO?) D70 |,
O3 (O} ~vC3?) Dy

Integrals of the particle distribution functions.

(m2)/ C,”°
coo | Source term

The Higgs EOM in the presence of out of equilibrium particle populations

dVest(¢, T) dmi [ d’p 3fi(p,x) _
ds +§i: io | e 2

M, = / dzEnh'dz = 0, The total pressure on the wall should be zero

EhEqu—I—

An asymmetry in the total pressure between the front
M, = | dzELRh'[2h(2) — hyldz = 0. Y y p
2 / h [ ( ) O] and back of the wall should be zero

h(z) = % [tanh (Li) + 1] Bubble profile
h



EWBG with the EW plasma

Boltzmann equation (v,0, + FO, ) f = C[f] v, = g_w
CP-violating complex mass term  #u(z) = m(z)e' ¢ g _(m) - (mY
- i
K= He + Skt
of = of, + si,0f -
%107
|
Transport equations Aw' + (m?)/Bw =8 + 6C,
collision terms
w=(,u)t
(D11 [~ rw®@1 O
4= (—Dz R) B (—’Uw’Ysz R) ’
o __ 2n/\! N80 2\ 2n/ 90
Source term S= (S, Sp)T She = VuwYws[(M0')'Q° — (m”)'m°0'Q;°],

chemical potential for left handed baryon number B, = %(1 + 4D} g, + %(1 +4 Dg Vb, + 2 D} iy R
405 I'spn

A0V Gx

Baryon asymmetry NB T / dz B, fsph e—45 spnlz|/ v

VEV- insertion source tends to predict a larger baryon asymmetry than the WKB source
by a factor of ~10.

Phys. Rev. D 101 (2020) 063525



Collider search for 2step FOPT
® Zh@ILC/CEPC

Vo= —p?|H> + N\ H|*+ %/@SZ + Ags|H|?S? + i,\ss‘1
Verr (b, T) = Vo(h) + V5" (k) + Vir(h, T) + V(h, T)
8
6
4
Z 2

Nonperturbative Ay required to avoid -
negative runaways (tree—level)
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Curtin, Meade, Yu,1409.0005
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Craig,Englert, and McCullough,1305.5251
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Huang, Long, and Wang,1608.06619



Collider search for 2 step FOPT

@ Off-shell Higgs@LHC

10y

As(my9)

4
]
abi ‘
........ hoo Y/ Naturalness___.
2 50 off—shell
/ 20 off—shell :

|

20- VBF
100 150 200 250 300 350
Mg [Ge\/]

Goncalves,Han,and Mukhopadhyay, 1710.02149

See also: Lee, Park,and Qian, 1812.02679



LIGO-Virgo search for FOPT

High-scale PT Romero, Martinovic,Callister, Guo, et al., Phys.Rev.Lett. 126 (2021) 15, 151301

LIGO-Virgo O3
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PPTA search for FOPT

PPTA DR2 dataset constrain low-scale phase transition, dark sector and QCD scale FOPT

log1o(B/H=)"1

PHYSICAL REVIEW LETTERS 127, 251303 (2021)

Editors' Suggestion Featured in Physics

Constraining Cosmological Phase Transitions with the Parkes Pulsar Timing Array

Xiao Xue®,"*? Ligong Bian®,*>" Jing Shu,"**”*" Qiang Yuan®,”'®"* Xingjiang Zhu®,'"'**% N. D. Ramesh Bhat,"
Shi Daj‘i'i?é€‘,15 Yi I-“‘engiif:*,16 Boris Goncharov“ﬁii‘,”’12 George Hobbs,17 Eric Howard--“'l?i",”’18 Richard N. Manchester@"-,17
Christopher J. Russelluiz?:',19 Daniel J. Reardon® ,12’20 Ryan M. Shannon‘1:5*,12'20 Renée Spiewakf‘iz?@,m’20
Nithyanandan Thyagarajan“'iifii’,22 and Jingbo Wang‘f'iéf‘z3

TABLE I: Description of hypotheses tested in this work and the Bayes factors between them.

Hvoothesis Pulsar| Common HD process Baves Factors Parameter Estimation (median and 1-o- interval)
Yi o noise |red process| FOPT spectrum yes e T./MeV, a x 10°, B/ H, Acomreds Yeomred
HO:Pulsar Noise | yes no no
H1:Common Red| yes yes no 10° (against HO) —-14.457002 3.31-8
H2:FOPT yes no yes (full HD) | 10"* (against HO)|  7.4%}%%, 27175, 9.9+
H3:FOPTI yes yes yes (full HD) | 1.04 (against H1)| 9.6:2%2 3.87"7 8547707 | -14.5170613.36
H4:FOPT?2 yes yes |yes (no-auto HD)|0.96 (against H1)[10.975% 3.2*1%9 1053731570 | —14.4570%2 3.27*1-1)
_14 _14 795% CL.
Excl.
=3 -2 -
-3 -
-4 - i) A
BBN a=0.2 BBN a=0.5 BBN a=1.0
=51 nc-auto HD =51 no-auts HD =51 no-autc HD
@82 full HD @82 full HD @82 full HD
—6 Ll L) T —6 Ll A T —6 T Al T
-6 -4 -2 0 2 -6 -4 -2 0 2 -6 -4 -2 0
l0g10(T +/GeV)

64/85




- H

|
4

FIERRES HEINENRFITEZE

Hubble-sized perturbations
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Liu, Bian, Cai, Guo, Wang, PRL130 (2023) 051001
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low-scale and slow 1st PTs motived for dark PT and BAU
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Liu, Bian, Cai, Guo, Wang, PRL130 (2023) 051001



B S WL BR B {EE BE A — Pt 1E 32

Photon Reheating
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Freeze-In and Freeze-out
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2-step FOPT

WIMP DM+EWBG
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FIMP DM and Two-step FOPT
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PBH from postponed vacuum decay

Postponed Hubble volume Vj

Probability for a Hubble volume
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a(t)?

a(tppp)’

4 v
Vy(t) = 37Hew™ PBH

P(t,) = exp !—g/t ' ﬂH_:;(tPBH)F(t)dt

3 Ju a(teen) Collapse of the
PBH abundance Q&m=P(,) Hubble horizon



<~ PBH

R — M AR

F(t)

1.0}
08F

06

0.2

Case 1: a strong PT
B/H, = 14.8, a, = 6

+
|
I
I
I
I
I
I
I
I
I
I
I

t,=0.37 |

Case 2: aweak PT

P(tVp(tins)
0.10

0.05¢

0.02

0.01f

04 0.5 0.6

03

0.3 04 0.6

F(t)
| B/H, = 3.7, a, = 0.5
1.0 i —
[ |
o8l !
i : —— outside
osf u —— inside
I \
04l :
0_2-_ ,
[ tn=0.8 l \
e 05 1 2 o™
Pt/ p(tni)
0.050
0.010} POr+pPy, Outside
wost < - py, outside
’ | Pr+Pw, inside
|
g ————— Py, inside
|
0.001 | 1
|
e 5.x107* tn=0'8 ; , .\\\ \‘ ) ) 174
0 lro
05 1.0 15 2.0 25
5 _ pltpgw; 1) + p(tppps 1) 1>5
(tppp) = — 120, = fpgy

py(tpau; 1) + p,(tppys 1)




~ PBH BE¥ Al —Fi AR

PBH is more abundant in strong and slow first-order PTs.
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Formation of Fermi-ball solitons

Trapping fermions in the false vacuum by mass gap Am, > T,
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Fermi-balls collapse to black holes
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Cosmic string
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Cosmic string simulation

CS: SSB of U(1) symmetry The one-dimension topological defects: cosmic string

7 \
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With Global U(1)
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DW & Discrete symmetry
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DW & GW
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3D snapshots of the
pure DW networks
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NANOGrav 12.5-yr dataset & cosmic string
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PPTA dataset & cosmic string

TABLE I: Hypotheses, Bayes factors, and estimated model parameters for the BOS model.

TABLE II: Hypotheses, Bayes factors, and estimated model parameters for the LRS model.

H . Pulsar| CPL | HD process Parameter Estimation (1o interval) . Pulsar| CPL | HD process Parameter Estimation (1o interval)
ypothesis . Bayes Factors Hypothesis . Bayes Factors
Noise |Process| CS spectrum log,, Gu log,, AcpL, YcrL Noise |process| CS spectrum log,, Gu log,, AcpL, YcrL
HO:Pulsar Noise| Vv HO:Pulsar Noise| Vv
H1:CPL v v 10%2 (/HO) ~14.48°99 334*1 37| H1:CPL VY 1032 (/HO) ~14.48092 3 34713
H2:CS v V(full HD) | 103! (/HO) ~10.38702! H2:CS v /(full HD) | 10%3 (/HO) ~10.89-014
H3:CS1 v v v/ (full HD) 1.96 (/H1) |<-10.02 (95% C.L.) —15.58’_'}:2, 3.113:3; H3:CS1 v v v (full HD) 1.62 (/H1) |< -10.64 (95% C.L.) —15.44f}:;§, 3.08f}:g;
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New dataset from PTAs
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Gravitational wave sources for Pulsar Timing Arrays
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Z.ombie DM and CS GW
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Z.ombie DM and CS GW
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FIMP DM and CS GW
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Related topics

»Lattice simulation

e PT GW simulation, Electroweak sphaleron, PT dynamics
* Topological defects: Magnetic monopoles, cosmic strings,
domain walls

“*Pheno

1. EWSB and GW from FOPT

* Probing the Higgs Potential shape and EWPT patterns with GW
production and Colliders complementarily

2. BAU and GW from FOPT

* Sphaleron process, bubble dynamics

3. DM and GW from FOPT

e DM and high/low-scale PT, DM out-of-equilibrium & FOPT,
PBH DM&FOPT






