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® Conclusions



Phase transitions and bubble
dynamics



Origin of dark matter

We don’t have a clue to the nature of 27%
dark matter and 68% dark energy.

_‘I_

Observations -
from starlight

Velocity
. (km s-1)

. _Expected from
the visible disk

Dark Matter \ER4sRs

20,000 30,000 40,000

Distance (light years)




Dark matter production

DM in thermal equilibrium

® [reeze-out mechanism

DM annihilation to thermal bath

DM SM o
p
P OEE
DM SM (ov)

DM out of equilibrium

® Freeze-in mechanism
Tiny DM-SM interaction

X (ov) = ao(T/mpm)"™, T > mpwm
Qpm < oo(Tru)" ™, n > —1

n < —1: ITru-independent

® DM self-interactions
DM self-annihilation;

small DM-SM interaction

O 1 pb
bM (aseltOsert / (mpymMp))t/2

® Misalignment (boson DM)

DM initial potential density
Ultra light DM mo ~ H ~ 37




Bounds on DM masses

e WIMP/SIMP: Unitarity bounds

16
>.< (00 ~ 3 % 10~ em? /s < —07_ __y mpy S 100TeV

_3_

M2V
DsellTsell  10~2 ¢m? /g < 10T Qe —) mpM S 1GeV
MDM m3 U2

—> t

® FIMP: Temperature bound

>< (o) x (0v)

® Heavy dark matter beyond bounds on WIMP/SIMP or FIMP?

x e~moM/T ey Mg < Tru

T:mDM

== New production mechanisms?



Filtering dark matter

® DM can receive mass via |st-order phase transitions.

OO

Y

T>T,

g
0
.
.
.
‘e
o

T=T,

_4_

Inside bubbles:
true vacuum

Outside bubbles:
false vacuum

Symmetric phase

[M. Hindmarsh et al, 2020]

8/
<¢>:()Iw pz>mi>?
t Y z ﬁ —
ms” ~Tn X > >
P — ¢ Vo €— X ;’"3;»‘"} j\
v Wi
S F— ¢ p, < m‘; X ,\v/g
P -.. @ ________ SM " } ¢ @ ......... SM
¢ .............. . SM o8 ¢ .............. SM

Outside bubbles

[M. Baker et al ; D. Chway et al, 201 9]

Inside bubbles

DM abundance is filtered for a
non-relativistic bubble wall, vw<I.

Iy

) (5 T
1TeV/ \30

Iy

5/2
QDMh2 ~ 01( ) 6_(x_30), T =

DM mass goes beyond
temperature.



Phase transitions and bubble

_5_
T > Ry " : O(3) symmetric bubble
S
Bounce action: 51 = /degwﬁE = TS,
S3 =4 /OOSst L(do 2+V(¢) s = |T|
— 477 — | — —
: 0 2\ ds ’ ’
: d2¢+g@_v,(,.)_0 w/bc. T =0 at r=o
Bubble profile: —= +-—-—Vr(®) =0, C.dr
o = 0, at r=o0.

Thin-wall approximation: [j < Ry

47 16r  o° 20
~ 4 - AV R = — = —— “criti ius’”’
S3 = droR" — —-AV R INGE Ry N7 critical radius

Bubble nucleation rate & inverse duration time:

L

d —S4(Ty)
I, ~T e H(T,), H. iT |, <




Running bubbles

Lagrangian for bubbles:
Pout — ‘/Z + Pi AT

_6_

L= —2m0R*V1— R2 + 3 — R’p,
p=AV — Apro — YApNLO
1y 2y
ApLo — e.0.m: :11? = = g
|) Difference in FT potential: Apro = AVer = i(AmQ)T2
maximum velocity: ~,... = 2?;;" C Rupax ~ U371
AV = cvv;ﬁ, T~V e Yimax ~ (5/1[{*) ]\fP > 1

2) Pressure from radiation of light gauge boson: vApnio = vg°Amy T°

AV — A AV C
pLO:J - SN_V>>1 g<<1
ADPNLO g vgl gs

p:O _> Yeq —



Dark matter and GWVs
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E

100 g™ g

T T T T T T § Fre ki

g FlE

A 10_2E (_.5 10! HLVK 02) I

8 AlNmn B BN N e — L_Noell No 0 B ____EK

as I Y LTRSS T

L — LA SR | A AR | LV (cegign) //{ [T

3 ) ™~ o 5 - b ] HuwK@esigny ) .
 freeze~in { bubble collision B josbi i (MY b AL A

- 2 = ' ' R ' ' @ ' ' ' : Vo ' L3

o £ YR e T -

7] E ! ] ! 3

® -8[ I \: s\ NS/ 4

C 0.100¢ 3 20 TV
O - E - B A O 2 SRy | ST SR -
i i E : : 3
-— 2 10-10f-: S SRR TR 7. TR\ (f o SR P f (1 e SR P -
] £ e E

8 . \ 1 1 E BN 8 W s | OV 8 OO O I E
— ERSI : | R E
& 0010} | ' g 102) e e A M Bl e
E \ 3 ] E | \ 3

C ‘ \ ] & E ' : : : ' ' A \ . | : \/ 77777 P 1

i A S Sl S S Ry A\ S S N A S S S S N

bubbletron 1 & L AN U U0\ G S . U7 A SO SO SO U SOt 1

0.001 3 2 10 LR S S N N O, {5 A .. N A S SO S NS SO E

. * I e e i o S o N T o

~ a 10—18’ R S SIS SIS SR U AP /S U SRS S T~ YO ST S S S . 3P S S S _;

L =

£ 4| Scalar—singlet extension ' (XSM) | ... i oo oieoissiinanatonneste i @l Lecse e s Dl s Lo s e sk OGS Ls s s s s Ls s s el =

10—4 i L A | A :—')O E \ /o ' \ ) 3! ' ' ' ) %

1 OOO ;] - - ‘ < 1 1;} 10 e e ooy r ot ot rrant T raad -rraad s raad -rraab -rraad s ook osaboc raab s raak "Nk - rat

10° 1 On’ ‘105‘ 10 ! 10 13 10" -12 -10 -8 10-6 104 102 100 106

Gravitational-wave frequency at the present time, f [Hz]

m,s/GeV [K. Schmitz, 2020]

. B/H) ( o )1/4 My Vg /P%m dp2 ~ 5\, 9
. QRZA01 (— X = Im[[®
DM density: 0 ) \(Troee) GamvEle 7 m[I' (p°)]

H*)Q("'gouag ( 100 ))1/3 Va (f/ feon)>*

GW spectrum:  Qu(/)#? = 1.6 x 10 ( B) (T+aP\gu(T)) T+2403 1+28(f/feet)*®

Experiment foptimal/Hz | v4/GeV | mpy/GeV

Pulsar Timing Arrays (PTAs) [107] 10~% 0.1 1013 — 1016

LISA [108] 0.001 10* 10° — 10"

BBO [109], DECIGO [110] 0.1 10° 10° — 1013

Einstein Telescope (ET) [111], Cosmic Explorer (CE) [112] 10 10® 10° — 1019




Dark matter from bubble
collisions



Green function formalism

Probability for particle production: P =2Im(I'[¢]) -3~

['[¢], Effective action or generating
function of |Pl Green functions

Quadratic in ¢: TI'[¢] = Z%/d411...d4.rnF(")(Il.....In)qb(;rl)...qb(rn).

d4p
(2m)*

Bubble profile in momentum space:  &(p) = (27)%6(p2)d(p,)d(p-, w)

~

o) (T (7)), o) = [ das(a) e, er.

— |

Number density of particles per area:  [R.Watkins, LM.Widrow, 1992]

Background dynamics Particle physics info.



Bubble collisions: elastic

Almost degenerate minima: elastic bubble collision ~9-
=> scalar waves, partlcle production

1

..................................................................................... >
[A. Falkowski, .M. No, 2012]
0 , 2? < VA2, ~ 40,V
Thin wall:  é(z,t) = { —_— b(pew) = s
Ve 22> v?th. W= —v pz

~ 4?}¢ .
Vy = 1 =P D(p.,w) 2 IR dominant

Thick wall: 6(z ) = %’5(2 -t (2 — g (2 't‘)), = 2

~ 2rlyvpw 1 il
—> o(p,w) > A S oce T2 s 1.

sinh($7l,w) p



Bubble collisions: elastic

Produced particles on surface diffuse over the bubble volume. 10
o N _ 3 /anax 0’ f(pZ)Im[f(Z)(ﬁ)},

V ~ 4m?R. ),

Prmax = 2/lw, Prin = min(2m, (2R,) ™)
“Efficiency” factor for particle production — —

2_1/00 v - > 22 2
F(p7) =7 g \/@2_p4’¢(pz’w)" pr=w =P

~ 2wl vew 1 rtlyw /2

¢(p, w) = 5 < e ,

1/1.
sinh($7l,w) p w>1/

m~1/l, > 1/lg ~vg ~T => production of heavy dark matter.



Bubble collisions: inelastic

Non-degenerate minima: inelastic bubble collision
=> scalar waves, mainly

_‘I‘I_

m l
I,
.......................................................................................... Z
[A. Falkowski, |.M. No, 2012]
oV
)6 =~ >0: V(O)= 5mi(o )’

_> Pz COS(P~ .
¢(z, ) = Vgp + v¢l / dp., \/ - smh( (wl ; sm(\/pg + mit), t > 0.
o -+ m w z

~ Tl VD2 1 1
_> gb(pz,w)— £ ( 2 2 2 2)

Smh( mlyp,) \w? —p?  w?—p2—mji /,

mpnM > My, - f(pQ) = f(p2)



Elastic vs inelastic collisions
_‘|2_

],07 LI llllll LI llllll LI lllllll LI lllllll | LR 108
n
10° . 10f L
; Inelastic
10 . L
10 =
10°
L
10° 10° =
i "
107 . 1 =
() o' Elastic f(y) .
\ 10° .
10 o
- 10° =
|
10': \\ H 10‘6 \ E
T hick \
3 \ \ n
10 .
N 10° N =
10” \ \
10-5 Lo ouu Lo riruu L oo L1 l\lllll 1 \lsl Liii 10-’801 01 l 10 lm lm m
0.01 0.1 1 10 100 1000 ' ' _ 2
X =p K=p

Yw = 102 Yw = 103

[A. Falkowski, ].M. No, 2012]



2-body vs 3-body

~ o . . -13-
T'?(p?) : 2-point IPl Green function
Optical theorem —» [T (p Z/‘HI“M (& - k)l“
Scalar self-interaction: Decay of off-shell scalar
A A - A
T TP s+ 9)t = Shesd’
2-body decay 3-body decay |[G. Giudice et al, 2024]
¢ .0
¢;’; ____________ R ~ )\¢U¢ ¢; """"""""""""""" ¢~ )‘Qb
,'—.~:\ ¢ PRSEEN ¢
Im[r())(pg)]d; b :" 2:‘5 il — 47110/p ) O(p — 2771.(;,) Im[f ]¢p—>3¢ :'%p;;.(l 9mo/p ) O(p — 3my)

<~ 4 < 4

- -
s._¢

p° > v : 3-body process becomes more important!



Scalar vs fermion DM

_‘I 4_
Applications to scalar DM and fermion DM

Scalar DM X 3-body process is similarly important.

Ag A [G. Giudice et al, 2024]

Z¢ Xs =—Pp Z(”Ucb + P)*x: = ?UWX?

- Xs .0
x"x % ,x"‘
R NP WS i A

~ ~
~ ~
~ ~
~ ~
~ ~
~~ ~~ X
XS

Fermion DM x; 2-body process is dominant.

YrOXFXf, Amy, =y Smy, DM mass not related to SSB.

'—.~

4
’

9 S
P LT . o | |
e T 8_7f-p2.|'(1 —4m; _[p*)*? O(p® — 4m )

) )
Q.’¢



Vector DM production

_15_

Vector DM PPV, VE = g (vg + @)V, VH

e.g. In unitary gauge
% L0

my > guy —  Another mechanism for vector DM mass

e.g. mixing with extra Higgs S induces effective interactions.




Gauge dependence

Production of on-shell gauge bosons:

_16_

Polarization sum, = > ¢ ="+ (1 -85

+ ghosts, Goldstone fields with m* = ¢my,

|) unitary gauge: ¢ — oo, Y eteV — —ghv + Py

m i'

4

2
IM(¢: = VV)|? = ¢*mi; (3 — p_) 4+ ) [A. Falkowski, |.M. No, 2012]

my; 4m “‘1

p* > mg,my, |M(g, = VV)[> ~ — p

2) Feynman-'t Hooft gauge: &=1, > ete’ — —g*

+ ghosts, Goldstone fields with m_ = mg = mj,

2 )\‘é

-7 e R s D . .
(M(d;, = VV)|? = g*my, (3 ——5+ —4) —>  still negative p? !

my g



Rs gauge

3) Re gauge: m2=m2 =¢tm? £ m?

_‘I 7_

- 2
M(py — VV)]? = (gmv)2< 47711V (p* — 2mv)2) \/1 _ 4;;‘/

“gauge-independent”

2

g 2 2 2 2
| +m m 1
[G. Giudice et al, 2024; | 4m%/ (=P ¢)(p T qb)\/
J. Papavasilliou, A.

Pilfatsis et al, 1997 ] " 'gauge-dependent’: vanishing for on-shell ¢

4Ems3,
2

Al A* avalr 2 (693)17-_{_ + 3 for-zi—>>§1
|M(¢’p — VV )l" = g my X m‘ g% ms;
—Lr ‘&‘ + 3 for £ > -&— 1

4m‘

o
™

f‘[

Fried-Yennie gauge: ¢ =3 — no p° or p* terms!
[G. Giudice et al, 2024]



Goldstone equivalence

_18_

Goldstone Equivalence Theorem: 6%% = G (Goldstone)

Physical processes with longitudinal modes at high energy:

2
M(d: Vi) = M(6:G) + O (m_QV) [B.W. Lee et al, 1977)
p
(i) TT: M| ~ 2m7,
2

(i) LL: ¢ > GG, M~ X203 = %mzv

. . Vr

(”') TL. gbp — Vr (pl)G(pQ), B weeennen / ~ ig(p" + pe, T

py. G
In rest frame for ¢,,» p = (F,0,0,0)
Vy, G back-to-back =—»  |[M]|? ~ 0
)\2

2
M| ~mi (292 + g—f) (1 - O(%)), p® > mj, :finite at large p2



Scalar dark matter

| )\S
j LXS — Z¢2X§

16 I [ ' i ' i _19_
L g : 8 : :§. >‘S — 10_10
Lyman-a HA T w1078
bounds 14 RV N\ g : ’
» ANE : " Portal for scalar DM:
on hOt DM 0.001\ « A ' ]
] l10—4 :
1 1 ]
1 1 ]

~1
my, < R,

Multiple bubbles
in the Fourier
analysis needed.

15

Small bare DM mass:
higher order corrections

Log4o[Ve/GeV]




Conclusions

_20_

Bubble dynamics inlst-order phase transitions is an
interesting testing ground for dark matter and GWVs.

Non-relativistic bubbles: DM receives mass from SSB.

— “Filtering mechanism” DM with masses
parametrically larger than T.

Relativistic bubbles: DM mass is not related to SSB.

—» “Bubble collisions” produce DM with masses

much larger that T & v,.

1
MDM S 7 ~ YwVé ~ Ywl, Y >1

Practical solution provided for gauge-dependence
issue for vector dark matter through GET.



Backup slides



Fermion dark matter

-
(=)

BBO/DECIGO

-1-
\
AN -~ EFT for fermion DM:
_ L L,
08 Xf A_fqb XfXf
g | > Lea = yroXsXs
) yf:X—i” Af<mxf,v¢
IR
cutof
Hot DM, rethermalization,
. | freeze-in bounds are not
shown: UV-dependent.

i ' ' i
[ |
"q N
H: B 1
o - !
14/, 107 '\ s
I
1 1
~ 0.001 '
12|| '
o '
|
> .
M 10 0.01 X
\\).( - '
= : :
= | I
-
> Ol 0.1 \&
S A 3\
1 L
6" X |
* iy
1
1
al : backreaction
: [2
ra 1
L8 1
2/
0

O &=

Log4o[vs/GeV]

Small bare DM mass:
higher order corrections




Problem in unitary gauge
2 -2-

o * g . .
p° > mg,mi, |M(gh— VV)|? ~ T p*  in unitary gauge
vV
¢>|< ) Ve Iln[fw(‘.?) (p‘Z)]@‘_y)V N 92777%-' p4
P B ‘"/ 87 4771"‘1;
¢, — 4V : ) LV
— v
V
| 6,. . 2 4\ 2
I l:'(g) | 2 . P g m ‘r . p
rﬂ[ (p )]Qﬁp—}-l‘ 87T(47T2)2 47_’1'_.‘1'!

4-body process “grows faster” with large momentum.

Processes with higher vector boson multiplicity
grows even faster with large momentum.

== | Breakdown of perturbative expansion!




Other processes

3-body process for vector DM: ¢, = OVV ~3-

2 4

p p
M 2<v? Y (3_ 5 4)’ ‘M‘p >112N)\ +2g*

ms, 4mv

—> ImI?(p?)

o*—=oVV

cf. 2-body process: 1mf<2>(p2)’ ~ | M|?
p° > v3: 3-body process dominant for vector DM!
Higher order processes for DM: &, ¢,, = XsXs, XrXf: VV

: AN Suppressed for p* ~ may > v-
Ppy ™ Y] —> PP DM &



Back-reaction issue

Energy density of particles can be comparable to latent heat:

pom ~ AV pom ~ /dprf(pQ)Imf@)(pQ) -4-

—» Bubble dynamics, DM production affected.

1

f(p?) ~ o (Elastic collisions)
(p*)°, (scalar, 2-body) ;p~, (scalar, 3-body)
p°, (fermion, 2-body)

2
’M| ™~ 4

g

p*)’, (vector, 2-body) ; p?, (vector, 3-body)

Important to treat the growth of vector
DM properly for back-reaction issue.



