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Introduction



Origin of dark matter

We don’t have a clue to the nature of 27%
dark matter and 68% dark energy.
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Bounds on VWIMP
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® WIMP-nucleon cross section strongly constrained
by direct detection, such as XENON experiments.

® New DM: Axion-like DM, leptophilic DM, resonant DM, etc.



Dark matter production

DM in thermal equilibrium -3
® Freeze-out mechanism ® DM self-interactions
DM annihilation to thermal bath N(=3)—2 annihilation but

Qself Oselt/ (MpMMp))1/2

2
o] e . ase
DM out of equilibrium X Ot = 510~ 1cm®/g
DM

DM SM small DM-SM interaction
1 pb
Qpnm ~ 1 pb
DM SM <OU> Qpm ~ ( P

® Freeze-in mechanism ® Misalignment (boson DM)
Tiny DM-SM interaction DM initial potential density
>< () = 00(T/mp)", T > mpw Ultra light DM m, ~ 1 ~ 1=

Qpm < oo(Tru)" ™, n > —1

f 1.165 Lo 2
n<—1: TRH-independent 9><10“G6V> (f)



Bounds on DM masses

e WIMP/SIMP: Unitarity bounds ~4-
—926 3 167 < T
(0v)th 23 x 107 ecm” /s < —; —3 mpu S 100 TeV
MU
(gelf Ogelf ~ 10_2 sz/g < 16;’(’0&861; MM 5 1 GeV
>.< mpwMm MV l
— t

® FIMP: Temperature bound
W ], ey < T

® DM mass beyond unitarity or temperature bound?

® FEvolution history (reheating, phase transitions, axion rotation)?



Bounds on DM masses

® Reheating period or low reheating temperature =k
) Tru S mpM S Tmax,  (0V) (U’U)| x e~ oM/ T
“Larger cross section”
Stronger couplings than FIMP (“Strong freeze-in")
[Cosme et al (2023);Arcadi et al (2024);
050 Bernal et al (2024); Sanz, HML, Park (2024)]
mg=5 TeV, universal case
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QCD axion rotation

(ma(0) (meV)
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M2 (0VE\° no(Trn) - (109 cev> (Yo)
0= 2VE2 ( 80 ) ‘ S(TRH) fa 4()

. . . . - Smaller axion decay or
Axion velocity from inflation ny = f36 . 4
larger axion mass




Phase transition and DM

® DM can receive mass via |st-order phase transitions.
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Inside bubbles:
true vacuum

Outside bubbles:
false vacuum

Symmetric phase

[M. Hindmarsh et al, 2020]
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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«1.

DM interactions of order one:

Th ) (£>5/26_(x_30) _— mpM
1 TeV/\30 ’ Th

Qpnh2 ~ 0.1(

mpm ~ 301, DM mass beyondT.



Bubble nucleation

_8_
T > Ry " : O(3) symmetric bubble
S
Bounce action: 51 = /degwﬁE =3
lo T
o 1 /do\’
Ss =4 “ds| = == 1% = |7
3 W/o S S{Q(ds) + T(qb)}as -z
: d2¢+g@_v,(,.)_0 wibec. & =0 a r=0
Bubble profile: —= +-—-—Vr(®) =0, C.dr
o = 0, at r=oc.
Thin-wall approximation: [j < Ry
4 16 3 20 » .
Ss ~ dmoR* — %AVR3 = SW (AJV)Q —P Ry = NG “critical radius
Bubble nucleation rate & inverse duration time:
dS
T, ~ The %I ~ H(T,), O _pdoal >y

H, ~dT|, 7



Running bubbles

Q-
Bubble dynamics:
out — ‘/z + i : 47T
Pout P L= —27T0'R2\/1 — R? + ?Rgp,
p=AV — Apro — YApPNLO
ApLo d~ D my
. <7 P
—_)p €.0.M: S Wl S 4
iR R o
1
) Difference in FT potential:  Apro = AVir = o (Am*)T*
[Boedecker, Moore, 2009] 2R hax P 1
6=vs Wl 6=0  Seealso | Baldes, 2024. /™~ "3 Ry, B~ ~ Vwl
|
i < @ o AV =cyvs, T ~ vy —p SR . > 1
(final) <—() ||< ® (initial) — LV ¢, ¢ ’Ymax (ﬁ/H*) ’U¢

2) Pressure due to radiation of light particles:
[Boedecker, Moore, 2017; Gouttennoire et al,2021] YApnro = Y¢°Amy T2

é=vs  Wall 6=
ST _
() || AV APLO AV Cy
| p=0="F T« ApNLO goueT®  g° ?




Bubble collisions: DM & GW

ve=10%GeV
| éfreeze—in o bubble collision é’
- 0.100; «3
ko] = :
o 5
& 0.010¢ ]
i bubbletron ‘Z
0.001 '-E.' é
0_4 [ X i 1 éi
1000 105 107 10° 101 1013 1015 s
m . / G eV Gravitational—wave frequency at the present time, f [Hz]
[G. Giudice et al, 2024] [K. Schmitz, 2020]
el . 2 B/H x My Vo max dp =(2) 7.2
(1+ a)g.cy (2.5 TeV)” Jp2_ P
s (H\2 koo ¢ 100 \13 o} (f/ foon)*®
()12 = 166 x 105 (1) e (100 VI o (/e
GW spectrum: (/) B) M+aP\gu(To)) T+2.403 1+28(f/fen)’®
Experiment foptimal/Hz | v4/GeV | mpn/GeV
AV T Pulsar Timing Arrays (PTAs) [107] 10~ 0.1 103 —10%
TR e LISA [108 4 6 _ 1015
OR [108] 0.001 10 106 — 10
BBO [109], DECIGO [110] 0.1 108 105 — 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(T[¢]) -11-

['[¢], 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 "12-
=> 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?}¢ )
Running bubbles, v, ~1 =% ¢(p:,w) ~ 2 » IR dominant

: . _ Y% z =ty z+ [t b
Thick wall: 6(z.0) = % (2 +tanh (5) o (2710)), 0, = 22

2mlyvgw 1 w2

— ~ 7
¢(p,w) = sinh(Lrlye) 2 w > 1/1,,.




Bubble collisions: elastic
_13_

Produced particles on surface diffuse over the bubble volume.

o N _ 3 /Pmax i f(pZ)Im{f@)(pz)}
V 47T2R* p2. ’

Pmax = 2/lwa Pmin — min(va (QR*)_l)

“Efficiency” factor for particle production - b

2_1/00 dWv ~ 5 2 _ 2 2
F(p7) =7 g \/@2_p4’¢(pz’w)" pr=w —p;

: ~ 2mlyvpw 1 ol
Elastic bubbles: é(p,w) ~ —— 22 o e 2w > 1L,
sinh(57l,w) p
W~ 2 YwVe > T => unsuppressed production

lo



Bubble collisions: inelastic

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

_‘I 4_

m l
M,
.......................................................................................... Z

[A. Falkowski, |.M. No, 2012]
2 A2 oV 120y 32
(OF — 000 == 1>0: Vo)~ gm0 —ve)”

_> 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 /,

mpm > mp 2 f(07) = f(p?)




Elastic vs inelastic collisions
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[A. Falkowski, .M. No, 2012]
Elastic collision describes well beyond the resonance.



2-body vs 3-body decays

~ _16_
' (p?) : 2-point IPl Green function (or self-energy)
Optical theorem: Im[I'?(p Z/deIM (6 — k)|
sum over all decays of off-shell scalar
: : A A Ao -
Scalar self-interaction: 4—? Pt — 3—??1 ¢ + 4—(:5 ¢
2-body decay 3-body decay | [G. Giudice et al, 2024]
o0 O
¢;; ____________ R ~ >\¢U¢ ¢p """"""""""""" ¢ ~ >\€b
,'—.~:\ ¢ PRSEEN ¢
(2) (2 AV o ~ ‘X2
Im[[‘ "(p )]¢ e 3 ] —47110/]) ) O(p — 2711.(;,) Im[F ]d,p_,g(p :30{ 73,(1 ano/p ) O(p — 3my)

<~ 4 < 4

- -
s._¢

p°>vg : highly off-shell => 3-body process dominates!



Scalar vs fermion DM

_17_
Assume that DM mass receives minor corrections from SSB.
Scalar DM Xs [G. Giudice et al, 2024]
2 2 A 1)\ 2 < r _ —ﬁ?} & 2
E — __¢ —l m., — 9 5U¢ ~ My s Int — 9 PP Xs
Xs ¢
D mmmmmnnnea ~ AsUg Pp wesmmmemfan s Xs ™~ As
T Y's + Xs
p* ~my, > vy 3-body process dominant for SDM production.

Fermion DM Xr| £ = —yox,x —> Amy, = yrog < my,

Fermion DM seIf—energy: 2-body process is sufficient.
N ! g2 f‘
Im["?) (p? )] e L XX s 1" 8;{' '(1 — 4m /p )3/20(p? — 4m )N p?

24

Q.’¢



Scalar DM relic density

_18_
Scalar DM can be produced through 2- & 3-body decays.

Scalar DM Xs

)\S 2. 2 )\3 n S
TN — Z(v¢+¢)2><§%—v¢¢xs

- Xs .0
x"x % ,x"‘
R NP WS i A

Xs Xs
DM relic density: [G. Giudice et al, 2024]

. B/H o V4 \2m, v, v3 1 2 Yo /Lo
Q\-hzz().l'/ ( _ . ) s X« @ |2 4 ‘)ln(.. w/bwo )
10 (1 + a)g.cy (24 TeV)~ | mg, 167~ (2m,, +my)

o=V AV = eyt 2-body 3-body

PR
My, > vy ~ 1T = dominant 3-body process!




Wall-plasma interactions

_19_
[Azakov, Vanvlasselaer, 2020; + WV. Yin, 2021]
vt ()
A wall scalar with boost can split into DM.
|. kinematic condition: D¢ = 7L« > 2m,, —
m2 ’
2. non-adiabatic condition: (Ap,)l; <1, Ap, = =X
2 2P
> 2 Mxs VYT, > m
YL Z my Lo ~ D My, > Vp =P * X
Vs Heavy DM much stronger than

kinematic condition.

Thus, wall-plasma effects suppressed for mildly boosted wall.

1.35 x 105)\3 L‘g) My (Tn )3
T,
[G. Giudice et al, 2024] [See also J. Cembranos et al, 2024.]

Extra relic abundance: Q4" = X
| s my, GeV



fraction

Bubble collisions for DM
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< ] .
Ve=10"GeV ve=10*GeV
i L ] L ] L ] L} T T T T
1 v g
[ 3-body decay ;
1 =
Efreeze—in f bubble collision
10~10 o I
L c 0.100
scalar 2
R O
annihilation ©
L <o 0.010
10720 o
[ bubbletron
0.001
. —_bubble nudieation ) :
10 3\‘ V’,T. } i 1 i 1 A 1 A 1 1 1 7 10-;4300 . - g 1‘ . 1:
1000 ‘S 107 10° 1o 1013 1015 10° 10° 10 10 107~ 10°°
m,/GeV m,./GeV

cv =01, B/H =10, a =1, Ry = 10/vs, luo =1/v, G- Giudice et al, 2024]

. B/H) ( - )1/4 m., Vg /pmax dp? o o
* Q /h'2 %Oll (_ k - ¢ In—l F(.-) -
DM density: o ) \Traea) Gstv? Je [T (7))

Heavy dark matter: m,,6 > vy ~ T, =" vg~T

—» 3-body decay process from bubble collision.



Scalar dark matter

] )\S
—: L:XS — ZngX?

16 I 1 . i ' i _21_
N v 31 \io Ay = 10710
Lyman-a b N O ' 1078
bounds fahy N1 AN :
It Y : " Portal for scalar DM:
on hot DM - 0.00N\, %R, . 1

1 l10—4 :
: : :

~1
my, < R,

Multiple bubbles

in the Fourier
analysis needed.

15

Log1o[ve/GeV] Bare DM mass is small:
ey =0.1, B/H =10, a=1, Ro=10/v,, lw=1/v, | higher order corrections




GWVs from bubble collisions

_22_

E

Bubble wall energy is
released to GVVs.

sitivity curves h2QpLis

i) Bubble collision

ii) Plasma friction

and power—law—integrated sen

sound waves
turbulences

Signal strength h2Qpopr

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

[K. Schmitz, 2020] Keoll © efficiency parameters

Peak frequency: e =568t (3{(]){) (10§%ev) (1 — 0.0Svi n 0.55u3,) (gtl(o?) "
H.\? rena® ( 100 \1S_ vy (£/ feon)®
) Kool @ ( )) 2 .

GW spectrum:  Qc(f)h? =166 x 1075 (

B/ (1+a)?\g(T 1+ 2402 1+ 2.8(f/ feon)>®
Experiment foptimal/Hz | v4/GeV | mpn/GeV
Pulsar Timing Arrays (PTAs) [107] 10~% 0.1 105 — 101°
DM vs GW LISA [108] 0.001 10* 10° — 10°
BBO [109], DECIGO [110] 0.1 106 10° — 1013
Einstein Telescope (ET) [111], Cosmic Explorer (CE) [112] 10 10® 10° — 10%°




Fermion dark matter
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— re 8
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6" X |
* iy
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1
al : backreaction
: [2
ra 1
| 1
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BBO/DECIGO

—73-
\
AN -~ EFT for fermion DM:
_ L L,
L X5 = A—be XfXf
Jd | T Ler = YroXsxs
) yf:X—i” Af<mxf,v¢
IR
cutof
Hot DM, rethermalization,
. | freeze-in bounds are not
shown: UV-dependent.

O &=

Log4o[vs/GeV]

Bare DM mass is small:
higher order corrections




Vector dark matter
and gauge choices



Vector dark matter
_24_

Vector DM 2PV, VE = g2 (vy + )2V, 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.




Gauges for vector DM

Production of on-shell gauge bosons:

_25_

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



Vector DM in R¢ gauge

3) Re gauge: m?2 =m?2 =&m? # m? -26-

_ 1 4 2
Mg, = VV)|* = (gmy)” (2 - (0 — 2mi) )\/1 - =

v
[G. Giudice et al, 2024]

“gauge-independent”
2

g
o p2+mé)(p2+mé)\/1

4ms,

4Ems,
p2
“gauge-dependent”: nonzero of off-shell scalar

o (i—n?),”—+ +3  for £ > ¢, 1
M(¢, = VV)|" = g"my X v Voo,
—Lr '&;—+3 for £ > -Pj_-l

7n‘.

4m\

Fried-Yennie gauge: ¢ =3 — no p° or p* terms!

t off-shell Higgs self-energy: gauge-dependent

....... cf. [J. Papavasilliou, A.

. h . —> + vertex, box diagrams Pilfatsis et al, 1997]



Problem in unitary gauge

) 92 -27-
p° > mg,mi, |M(gh— VV)|? ~ T p* in unitary gauge.
1%
| q'zmz p4
2-bod ¢, — 2V Im[l'“ (p oy A V. .
4 P n[ L 8T 4m ‘{
4.body ¢, =4V : .
gbp e |/
v
6, .2 4 \ 2
- (.2) 9 o g m V D
Inl [F (p )](ﬁp—}-ﬂ 87T(47T2)2 (4]’2"6' )

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

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

== | Breakdown of perturbative expansion!




Goldstone equivalence

_28_

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



Other processes

3-body process for vector DM: -29-

o — V'V Gy oo

2 4

VDM part: M,z ~ vgg (3— L+ 2 ) Mosyz ~ vg5(Ag +29%)

7nv @nv

—_— [ (p2)

~ p* M| ~ )\2+29 ),  p?>v;
¢&+¢VV
cf. 2-body process: Imf(2)(p2)‘ ~ | M|?
p° > v : 3-body process dominant for vector DM!

Higher order processes for DM: &, ¢,, = XsXs, XrXf: VYV

- LAY — Suppressed for p° ~ miy > v
Dp, ™ 02 PP p DM é



Back-reaction issue ;.

Energy density of particles can be comparable to latent heat:

dp? ~ 472
Eow = 4n82 [ S pr (7@ (0?) ~ ST RIAV
70

—» Bubble dynamics & DM production subject to corrections.

F(p?) ~ 1 (Elastic collisions)

p4
(p*)°, (scalar, 2-body) ;p°, (scalar, 3-body)
p°, (fermion, 2-body)

’M|2N 4 EM X |} Bacl : . '

(p*)?, (vector, 2-body) : »p?, (vector, 3-bod
Y Y

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



Conclusions

Bubble dynamics in the Ist-order phase transitions is
an interesting testing ground for DM and GWVs.

Non-relativistic bubbles: if DM receives mass from SSB,

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

Relativistic bubbles: if DM mass is not related to SSB,

—» “Bubble collisions” produce DM with masses
much larger that T & vy .

1
mDMf,Z—N
w

YwUep ~ Yold's Y >1

cf. wall-plasma: mpm < 7wl

Vector dark matter is subject to gauge dependence: a
practical solution with GET is provided.



