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I. Introduction: temperatures of EWP'IT and DM freeze-out/in

Event time ¢  redshift z temperature T Y
Inflation 10~34 s (7) - - |
Baryogenesis ? ? ?
dY _ _
EW phase transition 20 ps 1015 100 GeV o (Y-Y,)=0 el B
""""""""""""""""" Y =8*10
QCD phase transition 20 s 10'2 150 MeV
Thermal WIMP
Dark matter freeze-out ? ? ?
Neutrino decoupling ls 6 x 10° 1 MeV
dm -12
= @ 2%
Electron-positron annihilation 6 s 2 x 10° 500 keV e o B Y, = 3.3%10
Big Bang nucleosynthesis 3 min 4 x 108 100 keV ' (; r avitinG
Matter-radiation equality 60 kyr 3400 0.75 eV eg— 1 ) Pt .
Recombination 260-380 kyr 1100-1400 0.26-033eV | . e Taken from Y. Mambrini
i i i >
T (GeV)
Reionization 100400 Myr 11-30 2.6-7.0 meV
Dark energy-matter equality 9 Gyr 0.4 0.33 meV Tev — Mev
Present 13.8 Gyr 0 0.24 meV

3K, A

Impact of Gosmological Phase Transitions on DM



I. Introduction: DM density

» To compute the DM relic density, we solve
the Boltzmann equation

ﬂ_ (oV)s(x) T > v g
dx Hx -Y qu(x)_

where the entropy density plays a key role,
given by

272 e
S = %
15 s

> In the SM, the effective entropy degrees of
freedom are

Geff
3 miE ff — Yxs
T\ 7 T, | == ha=s |
g, = E Yi| — + — E Yi\ — 107 10% 105 104 103 102 10! 10° 10110721073
T 8 i T T (MeV
i=bosons i=fermions | |
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I. Introduction: entropy density 1n electroweak phase transitions

0.03
¥
~~
— 0.02
t~
)
&, 0.0
|
Increasing time :.: 0.00
> In BSM with first order phase transition &
0.01 |
S(T) — (1 _f)S-l-(T) +fS—(T) 0.0 | 0f2 | 0f4 | 0f6 | 0f8 | 1f0 | 1?2 | 1?4 | 1i6 | 1f8 | 2.0
. . ¢/ T
where f is the fraction of volume _ /
. F
occupied by bubbles of true vacuum. $=—— s (Tp) + > s, (Tg)
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[. Introduction: dilution of DM density

arXiv:1104.5034 , Daniel J. H. Chung, Andrew J. Long, Lian-Tao Wang
Suppose that a phase transition occurs after the time of the freeze out. The phase transition can

aftect H(a) (though the energy density) in three ways: exotic energy, reheating, and decoupling.

U i €1 2 €3109(x — (1 +0)) +€32f (x |
H ~ H;z )(:c) 14 ; x* k(z) + 562@(33 —(1+6)) A ( ( ; ) (z)
T2 2
(U) f ﬂ- €€ » * *,
Hy'(z) = — gg(Ty) — The “usual” Hubble parameter in the absence of the phase transition
R 2 f
3 Mp fB 10 my = 2 TeV
€1 = — fex 1= fractional energy of the exotic during freeze out o | 1aal —
%QE (Tf) Tf / A/ Ve =004
A | :
ea = (1+39) 22 (; Ye = fractional entropy increase during PT i L
45 gS f f ,’/'
sNpr
€31 = = fractional decoupling degrees of freedom during PT .'
9e(Ty) )| — i
% N 10 -04 -02 Zo 0.2 04
€32 = ge(Ty) = Iractional decoupling degrees of freedom Fractional shift in the DM relic abundance
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[. Introduction: dilution of DM density

arXiv:0909.1317, Carroll Wainwright, Stefano Profumo

(D Supercooling stage: false vacuum dominates the universe and the ﬂ
total entropy is conserved. ;
~
3 ~
da: \) (T*) =
3 — 3 l __°F
a;sp(Te) = aisp(T:) — (—) — “l”
U sp(Tc) -
2 Reheating stage: The latent heat is released and reheats the ;%
universe. The duration is short compared to the expansion rate, so > -
the energy deHSity p iS COHSGI’VGd. 00 02 04 06 038 q;/(é)r 12 14 16 18 20
pr(1:) — pp(Tp) — pp(T) — pp(Tp)
PR = pr(Tp) = f pr(Tp) + (1 = Ppp(Tp) — f=— = — . . .
pr(Tg) — pe(Tg) L 1.000
(3 Phase coexistence stage: true vacuum vacuum dominates the 0.998
universe and the total entropy is conserved again. 0.996
3 S 0.994
a si(Tp) — f As(Tp) <
3 3 f F\LR R
42 ST(TF)
3 0.990
a T T5) —f As(Tp) 0.988 |
. f Sp(Te)  Sp(
. The total dilution factord = | — | = d X = X Y YT
d; SF(TC) ST(TF) (t—t:)/ (2H:) ™
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2. Impact on freeze-out DM: dilution of DM density

» The key requirement for dilution is that the first-order phase transition happens after
DM freeze-out. Otherwise, the DM would be in thermal equilibrium after the phase
transition and its number density would re-equilibrate to the other thermal species.

- mpy = 20T, > 1 TeV 2HDM+S
107 g 180
106 E ' — Tn
i 1604 — T
10°
. i — T
S 10% E 140
S I
C 10 S
~ > b @ 120-
= 107 &
S - | @ @
G 100 -
10~ 80
102 : 60 - xr =40
1073 — e i . , , , , .
100 101 102 103 500 1000 1500 2000 2500 3000 3500 4000
; ms (GeV)
Tfo (GeV)
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2. Impact on freeze-out DM: nucleation temperature Ty

» If a single scalar field acts as both the DM candidate and drives the first-order
electroweak phase transition, the phase transition sets an upper limit for the dark
matter, making it impossible for the phase transition to occur after freeze-out.

As=1
] 120
7007 Upper bound on mg
—— Lower bound on mg
600 - 100+
500
> S 80-
Y 400 v
o O
(¥p)
£ 300- = 60-
200 -
40 -
100- 7} < 50 GeV
2 4 6 8 10 12 14 16 0.90 0.95 1.00 1.05 1.10 1.15
/\HS AHS
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2. Impact on freeze-out DM: percolation temperature 7Ty

» Criterion of successful phase transition:

o Existence of nucleation temperature 7Ty, N(T) = 1

) =T70%

o Existence of percolation temperature, P(7 .,

— 30 -
™20,
1010
0 |0-1342 0.1344 0.1346 |
0.128 0.130 0.132 0.134 0.136 From E P. Huang

A
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2. Impact on freeze-out DM: percolation temperature 7Ty

» We find a parameter space with a very low percolation temperature where the phase transition
takes place after DM freeze-out. This alters the dark matter relic density and enables it to avoid
direct detection constraints.

125 10
*xSM B EWPT
e= Supercooled EWPT
100 8 M Excluded by LZ
SECh N 6
g "y :
&~ \.\ 4
O
25 | \
—a&— Nucleation temperature 7T}, \ 2
0- —® - Percolation temperature 7, .‘\‘ |
m I I |
1.94 1.95 1.96 1.97 100 200 300 400 500 600
Abs ms (GeV)
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3. Impact on freeze-in DM

Impact of Cosmological Phase Transitions on Freeze-Out Dark Matter

Very heavy DM, or fine-tuned parameter space

Impact of Cosmological Phase Transitions on Freeze-In Dark Matter

PT and DM can be strongly correlated
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3. Impact on freeze-in DM: DM mechanisms associated with P'1

L0~ arXiv:2207.14662, Hiroto Shibuya, Takashi Toma
BM3 o o 12 ~ Two-step PT ——
[ i No two-step PT = = - -

107 | i E 5

¢« ; » Y : I :
VEV flip-flop” scenario | S : ay sy As

10—9 3 : E - — ~ ]. —I_ ~ ]..O].

z [ PLANCK:: _

arXiv:1608.07578, Michael J. Baker, Joachim Koppjise 1077

Masses and vevs (GeV)

i
i
!
- !
Field Spin SM Zs mass scale 107! | I e mmemescsccsae-,
1 274 /3 ; 1,7 1
x oz (LLO T x= e x eV N , _~ arXiv:1811.03279, Ligong Bian, Xuewen Liu
53 (1) 872’8 WS3_>62M/?:9‘I?; 10%%6V i Scotogemc MOd€l§ | T — " T
3 5 y Oy g —»e W3 e ! I .
.1 (130 U oe?mhu,  Tev ! | jo-10| — with PT FIMP dark matter
I ] «
T, : --- without PT
Time after Big Bang (s) S
a0 10 10 10 10 1y =90 GeV
: | mn /T N 1 ] S A S ——— m, =100 GeV
500 - . = m,=300 GeV
T — = N > m,=300 GeV
400 ————=— > 10-14 my+=300 GeV
i m\y:)t(n\y':S.OlTeV ) ; C h1=2.5x10'12
i m, = 185 GeV -
300 2 fi=1x107"°
yy = 7.35%10™° a.
| ye=42s=2=1 2
0P g % B > 10-16 _ A ] il L
Tl ol o 0 H, 10 100 1000
100 B inecid - IT
- T T T T T T T T > ' A X=
O: | Obs. Q/\,ll'lz | ~'~.\1‘ (S) ‘,‘ S mN1
1000 800 600 400 200 0
Temperature (GeV)
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3. Impact on treeze-in DM: FIMP DM with a Z, symmetry

arXiv:1811.03279, Ligong Bian, Xuewen Liu

arXiv:2312.15752, Shuocheng Xu, Ruiyu Zhou, Wei Cheng, Xuewen Liu
» A Feebly Interacting Massive Particle (FIMP) DM with a Z, symmetry:

—L D uH|H)? + p3®® + p2S? + A |H|* + Ao ®*
+ AsS* + AsuS?|H|? + Ao |H|* @2
+ A5a92®% + A\ DS + N\ @3S,

where § and @ are Z,-odd scalar singlets.

» S is considered as a FIMP DM.

2

Vo(h,®,T) ="H

» O serves as the portal connecting the dark sector and the SM sector, i.e. the parent

particle responsible for the production

> § does not acquire a VEV in the history.
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3. Impact on treeze-in DM: FIMP DM with a Z, symmetry

arXiv:2312.15752, Shuocheng Xu, Ruiyu Zhou, Wei Cheng, Xuewen Liu

500F ' -
'EW broken 7, broken Symmetric 104+ g N
o
s _,—::::;‘] 100_ g 80'
@ ,1'3::,:.::“’ o"
> T L.t
; T V/,[T]
7)) T V(b[T]
Z ,
E """ mg T
""" mg[ T
""" my, T
o . - 10760,
300 400 0.1
2 2 2 12
me = 2us + 2Aseve (1) + =T*(6As + Asa), dYe  2m° mpympum+/g«() 2 req2
6 dz 45 L6622 \OVIee—hh (Y‘I’ — Yo )
mg = 2ug + Aravn(T)* + 122evs(T)* + ca(T), SRV Gu(T) (1 (Y — YE)

m,z,, = /L%{ + 3)\H’Uh(T)2 + )\H(I)’U(I)(T)2 + ch(T).

3K, A

 1.66m2 . 9s()

T/ gx (ZU) <F<I>—>SS> (qu . Y.S’z)

- 1.66m2,, gs(z)

2mp1

Impact of Gosmological Phase Transitions on DM

1000

10 100

x=mpm/T
dYg 272 mpimpm e
= T 1eagz VI+(00)semi (Vs — Y5Ys)
4% MmpIMDM/Gx e
45 1 663;2\F (o0) e (Y<I>q2 RG )

N 3mpiz+/gs(z) (Tooss) (Yo — Y3)

1.66m32,9s(z)

T/ G« (w) <F<I>—>2S> (qu . Y.S’z)

1.66m2,, 9gs(z)

2mp1
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3. Impact on treeze-in DM: Phases coexistence

B e - T Phases Coexistence
100 £ 8. 3§ _
_ S-PT S-NT .
1 Qv = 0.1193 = 0.1170
1
c e e m e m e m e e e e e———————————————————
0.01+ 5 — 2 %
1074+ -
100 \\
0.1 1 10 100 1000

x=mpm/T

.........Q..QQ...“....“.
58 59 60 61 62 63 64 65
T (GeV)

TN TF
2.4%x10-3] | |
| |
| |
2.2x1073; : :
| |
|
N 210731 1 I
L l I
| |
C , :
1.8x1073{ | :
| |
| |
1.6 x10-3] | |
. :
7

0.66 0.68 0.70 0.7
X =mpm/T

0.74
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3. Impact on freeze-in DM: Reheating

» After successful percolation, the latent heat
is liberated and reheats the system.

arXiv:0312305
arXiv:0712.1031

(D The Universe first supercools below
the critical temperature.

(2) Bubbles of the new phase nucleate and
expand.

(3 Latent heat is released into the plasma.

- > - -

(4 The plasma reheats toward the critical 5t 5to
temperature.

(5 Cosmic expansion takes over again and
the temperature continues to decrease.
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3. Impact on freeze-in DM: Reheating

» If there is little supercooling, 1, ~ T}, consider

that the phase transition develops entirely at 7,

----------------------------------------- T,
S(T,f) =s.(T)— As(T)f = s, (T) + AF(T)f . /v
~
» The total comoving entropy is approximately 5 Supercooling  Reheating S
conserved here, 5 e
=
9) 71.2 -
S(Taf)a3 — S—|—(Tc)ai39 S-|-(T) — g*T3 : : O*O"O"O
45 Blil;b:9
> [t gives the relation
Time
_— —-AF(T) . T.a}
- 2729./45 g’ Integrated in the upcoming PhaseTracer release.

» We can solve it iteratively from 7.
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3. Impact on treeze-in DM: Phase transition in FIMP DM with a Z, symmetry

» For strongly supercooled phase transitions,

reheating is assumed to occur rapidly ;
during percolation. ;
» The released latent energy is converted into p R
radiation: g Sy Entiog
=
pr(Toen) = pr(T) + Ap(T,) = |1+ a(Ty)| pg(T,) ©
o—»O"O"O-’Q '
2 Buinlbltg
» Using pp(1T) = 20 g*(T)T4, we get p >
Time
1/4
g*(Tp) Integrated in the upcoming PhaseTracer release.
Treh - (1 + a(Tp)) Tp
g >X<(Treh)
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3. Impact on freeze-in DM: Phase transition in FIMP DM with a Z, symmetry

» For this benchmark point, reheating raised the Reheating
temperature by 0.8 GeV. QDMhz —0.1170 = 0.1398

0=+19%
AQ/Q= +19.27%
4 x 1073
3x1073-
0.6 [ == with reheating ® T . =~ -~ i % 2x 1073+
. S~ c
- = reference cooling ®  Tieh max -~ o
1.0F ' | f
“~ 0.5} : - = without reheating
; : = reheating only
J 10 7 : ........ Tc
I
0.0 I 1 I ] ] ] = ’ | === Tp
0.0 0.5 1.0 1.5 2.0 2.5 | | : | | |
T=2H; (t — ti) 0.60 0.65 0.70 0.75 0.80

X=mgs/T
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3. Impact on treeze-in DM: Phase transition in FIMP DM with a Z, symmetry

T T,) —f As(T
5. The total dilution factor d = (ﬁ _ SpT) v sp(Tg) —f As(TR)

d s javlle), st(TF)

AQ/Q= +19.27% i AQ/Q = —0.43%
4 %1073 4x 1071
sxwo| o T 3% 1073
/”
’/
/’,
/’, ~
o~ > 4 _
g,leo--’*- ,,,,, §2x103-
- = without reheating . .
== reheating only 3 = = Without reheating
10734 »~ b T, 1071 : === ith reheating history
I
Tp i
0.60 0.65 0.70 0.75 0.80 0.60 0.65 0.70 0.75 0.80
X =ms/T X=ms/T
' Reheati uti
Phases Coexistence eneating Dilution

Qv = 0.1193 »0.1170 »0.1398 »0.1167
52—2% 5:+19% 52—17% 5:_0.4%

5k BH, T Fg I K &7 Impact of Gosmological Phase Transitions on DM 21



3. Impact on treeze-in DM: Phase transition in FIMP DM with a Z, symmetry

1 + a(T )) T, for strongly supercooled phase transition:

> (T ) p
8\ Lreh
|
AQ/Q = +13.82% ! AQ/Q= +0.77%
4x10731 : 4x1073 1
1
3x1073- 3x1073-
§2x10‘3- §2x10‘3-
1
— = without reheating — — Without reheating
=== alpha=0.17 reheating only ; - glpha=0.17 reheating + entropy dilution
1077 4 instant jump 10771 i'nstantjump
= Tp 1 - 7E-p
0.%50 0.65 O.'7O 0.175 0.2|30 0.I60 O.|65 0.I70 0.|75 O.éO
X=mgs/T xX=ms/T
‘ Reheati luti
Phases Coexistence eneating Dilution

Qv = 0.1193 »0.1170 > 0.1334 »0.1181
52—2% 5=+14% 52—11% 5:_07%
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3. Impact on freeze-in DM: Subcritical bubble

o Guangshang Chen, Yang Xiao, Jin Min Yang, YZ, in progress
» For weak transitions, temperature

evolution is further influenced by

Homogeneous nucleation Nucleation with subcritical bubble prehistory
subcritical bubbles. @ @
_ Homogeneous Homogeneous
e The standard framework for first-order false vacuum false vacuum
phase transitions involves nucleation =
. .« . : . ' : >
and expansion of critical bubbles in a gt Agsd
homogeneous false-vacuum background. @ Homogeneous @ e
false vacuum,
e However, thermal fluctuations may drive BTN el N 2
: : st bubbls | vacuum ol
the field over the potential barrier . {
: ‘ cooling subcritical bubble
toward the broken phase, whereas
. . @ Critical bubble Critical bubble
I’GVGI'SG fUCtuaUOHS aIld thermal HOISG nucleates in a nucleates on a
eliminate such domains before they Egi“k‘;grzzﬁj"s et o
grow critical. Consequently, short lived e i it
subcritical bubbles constantly form and - -
vanish in the pre-nucleation regime. 8_”+3 Hy — O dR | Vi r s Vi 'p oy Vi Torn.
ot OR dt 'V |4 V
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3. Impact on freeze-in DM: Subcritical bubble

safe critical prehistory relevant dilute breakdown
: 5 s . 1T = L 24 | =
oy =6.11%10"3 : I R oy = 6.45 x 103 —_ an =475 x 1073 L
TalTc=0.975  : = Ta/Tc=0.991 = Ta/Tc=0.998 —

- . : : : .
O : .
45099 ~ =, - I:;
(O = : - =
E094 ' ' 1
&
20.31 e e at SRR Pl e N Be
o 0.1 -
©
>1072 - -
)
21073 -
+J

104 -

1.025 1.000 0.975 1.020 0.990 0.960 0.930 1.002 0.996 0.990
T/T. T/T. T/T
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3. Impact on freeze-in DM: Subcritical bubble

» The subcritical bubbles modify the

1.2 5 L. .
/\_06 initial conditions for the subsequent
104 e dynamics
0.4 e Inhomogeneous nucleation may
0.8 - = | |
03 % modify the resulting GW spectrum
c —
I~ = .
3 0.6 R Prm— 02 ¢ See arXiv:2601.15933
B B B OOssreay 1 . . . M
0.4 4 0.1 1 @ Variations in the vacuum fraction
g . alter the temperature evolution and
0.2 7 ‘ | further affect the evolution of dark
N P R e @
o sentiiieee e matter.
O-O 1 T TTTT T T TTTTT] T T TTTTT] U B S R R Y | 11 0.0
_5 —4 — -2 Ce
10 10 1070 10 @ The presence of subcritical bubbles
A around critical bubbles influences

filtered dark matter production.
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4. Conclusions

» The effects arise from inherent processes during phase transitions, rather than
those unique to specific transition scenarios. These influences are inevitable if
the phase transition temperature is close to the DM freeze temperature.

» For freeze-out DM, studying the impact of the phase transition on the relic
density requires the phase transition to occur before freeze-out. Thus, it only
aftects very heavy dark matter, or fine-tuned parameter space.

» For freeze-in DM, in addition to the effect on mass, the electroweak phase
transition also influences the dark matter density through the reheating process
and phases coexistence.

» Subcritical bubbles can further modify the impact of weak phase transitions on
DM.
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