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Introduction



Beginning of Hot Universe?

e Cosmic inflation (accelerated expansion)
- Solves Horizon/Flatness problem

- Provides the origin of density fluctuations

@ Dilutes everything including baryons, dark matter...
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e Big Bang Nucleosynthesis

e Cosmic Microwave Backgrouna
Dark BEhergy
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Reheating and Thermalization

Turbulent thermalization

g o Bose condensation Qt = 160
V ((P) »a‘ \\“ far from equilibrium Qt = 240
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Reheating and Thermalization
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Heavy Long-lived Matter in the early Universe

e Candidates are ubiquitous in BSMs
Inflaton Moduli BSM particles Primordial Black Hole (PBH) ...
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* |[mplications?
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- (possible) matter domination
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Heavy Long-lived Matter in the early Universe

e 7/

e Production of “energetic’ particles
- Planck-suppressed decay of Inflaton/Moduli | - Evaporating PBH w/ 10° g > M > My,

Thermal plasma w/ Tj.. Thermal plasma w/ Tj..




Heavy Long-lived Matter in the early Universe

Dark Matter production?
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Heavy Long-lived Matter in the early Universe

Dark Matter production?
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In-medium Cascade of Energetic Particles

e Cascade via multiple splittings

Thermal plasma
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In-medium Cascade of Energetic Particles

e Bethe—Heitler v.s. Landau—Pomeranchuk—Migdal (LPM)

- Bethe—HeitIer formula - LPM suppression [Landau, Pomeranchuk; Migdal]

p > T almost collinear 3

Interference

coherent multiple scatterings
Scale-independent splitting
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In-medium Cascade of Energetic Particles

e Bethe—Heitler v.s. Landau—Pomeranchuk—Migdal (LPM)

- Bethe—Heitler formula

Scale-independent splitting

1—WBH

3
112
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- LPM Suppression [Landau, Pomeranchuk; Migdal]

p>>T

/s ff

coherent multiple scatterings
o-dependent splitting, i.e., LPM suppression

I
Cipm ~ @ tiog(P) ~ @°T X 4 [ —
\

[Arnold, Moore, Yaffe '01,/02,03; Arnold, Dogan '08]



In-medium Cascade of Energetic Particles

e Cascade via LPM-suppressed multiple splittings

Thermal plasma

p>>T

bottleneck 1st splitting ~ FLPM(p)



Effective Kinetic Theory of SM

[KM, Yamada 2208.11708:

® I_P M -Su p p reSSGd Sp ‘ |tt| N g fu N Ct|O N fo I S M Arnold, Morre, Yaffe ‘01,02,03; Arnold, Dogan "08]

- Kinetic equation

g]ﬁ;(x,p, t) - CSD + ng(_)z[f;] + %//1(_)2//[];] W/ S = efa Lf9 l/tf, dfa Qfa ¢9 Ba W9 g
Source  Elasticscat. = LPM-suppressed
e.g., inflaton, PBHs Sp“tting

- Splitting function for effective “1 to 2" processes

(27)° g - .
Gl f] D — Z dk ¥, ol Ps ks p — k) f.(P) Splitting function
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Effective Kinetic Theory of SM (cont’d)

[KM, Yamada 2208.11708:

® I_P M -Su p p reSSGd Sp ‘ |tt| N g fu N Ct|O N fo I S M Arnold, Morre, Yaffe ‘01,02,03; Arnold, Dogan "08]

- SM splitting function

ot P AX) o, . vacuum DGLAP
ysés’s”(p;xpa (1 o .X)p) — - XSSS --------- X//tjz_ (19-x9 | = X, 8,8,8 ) Sp||tt|ng function

SM gauge + top Yukawa LPM suppression
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s N0, s

l.e., self-consistent equation for vertex func.
U5 = i Oy % @0, = Y2/ (47) )



Effective Kinetic Theory of SM (cont’d)

. . [KM, Yamada 2208.11708;
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- SM splitting function
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[KM, Yamada 2208.11708]

Effective Kinetic Theory of SM (cont’d)
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Reheating after Inflation

(i.,e., Homogeneous source)



[KM, Harigaya 1312.3097; KM, Yamada 1506.07661, 2208.11708, 2402.14054]

Suppression of Maximal Temperature

* |nstantaneous v.s. Finite-time thermalization for inflaton = gluon + gluon

- |nstantaneous thermalization

AL R D
1 IR al /Oinfcxa_3
Iatetimg\
107
' T | > Time

inflatién end Tﬁ

| 1/4
rlinst) (m¢T§MP1) > Ty

[Giudice, Kolb, Riotto hep-ph/0005123]



[KM, Harigaya 1312.3097; KM, Yamada 1506.07661, 2208.11708, 2402.14054]

Suppression of Maximal Temperature

* |nstantaneous v.s. Finite-time thermalization for inflaton = gluon + gluon

- Finite-time thermalization

early time 3

late time

» [Ime

inflation end Tf{

Copilmy) <H  Tgy(my) > H

T

[KM, Harigaya 1312.3097] max




[KM, Harigaya 1312.3097; KM, Yamada 1506.07661, 2208.11708, 2402.14054]

Suppression of Maximal Temperature

* Attractor for 'y, (my) 2 HZ 1,

N/

early time

late time

Time
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Copic(my) < H  Tgy(my) > H
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[KM, Harigaya 1312.3097] [ KM, Yamada, 2402.14054]




Universality in the Spectrum KM, Yamacia 208,170

e Hardtail composition irrespective of inflaton-SM coupling

Inflaton = gluon + gluon Inflaton = Higgs + Higgs
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Universality in the Spectrum
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Implications of Suppressed /. & Hardtail?

- [KM+ 1402.2846, 1901.11027;
e Non-thermal Dark Matter production of mpy\; > T Dreest; Garciat)
fSM(p)l F.g.WW — DM DM

a’ T3
(Ov) = —= ' PDM - 0.11a2,,—2

2
mDM S mDM

“Universal” production

----------------------------------------------------------------------------------

Thermal + Thermal * Thermal + High-E tail High-E tail + High-E tail
[Giudice, Kolb, Riotto ‘01] : [KM+ 1402.2846; Drees, Najjari '21] [KM+ 1901.11027; Garcia, Amin ‘18] !
SM .» DM . SM SM
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~ |
§~ :
SM ‘DM | SM SM

-----------------------------------------------------------------------------------



Implications of Suppressed /. & Hardtail?

e Non-thermal Dark Matter production of mpy > Ty

; s
s

s

SM “~DM

[Hamada, Kawana 1510.05186, ...]

e | eptogenesis of My, > Ty L> oo Higgs

e Phase transition ...

F.g.WW — DM DM

ODM

KM+ 1402.2846, 1901.11027;
Drees+; Garcia+]

3
TR

(o) =

~ 2

2
Mpm

“Universal” production



Evaporation of PBH

(i.e., Inhomogeneous source)



[He, Kohri, KM, Yamada 2210.06238, 2407.15926]

Formation of Hotspot

 Energy injection v.s. Diffusion

Energy injection

Thermal plasma Energy deposition
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Formation of Hotspot

 Energy injection v.s. Diffusion

Energy injection Diffusion

Thermal plasma




[He, Kohri, KM, Yamada 2210.06238, 2407.15926]

Formation of Hotspot

 Energy injection v.s. Diffusion

Energy injection Cored T-profile Diffusion

Thermal plasma




[He, Kohri, KM, Yamada 2210.06238, 2407.15926]

Formation of Hotspot

e Fvolution towards the attractor

T(r,t)! Tgy
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[He, Kohri, KM, Yamada 2210.06238, 2407.15926]

Formation of Hotspot

e Cored temperature profile from the LPM suppression

o 3/3 o 19/3
T..~7%x107° ( ) Ty S 107 GeV ( )
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- Potential impacts on physics of T'if T
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[KM, Harigaya 1312.3097; KM, Yamada

su mmary 1506.07661, 2208.11708, 2402.14054]

In-medium cascades (LPM) Implications
V() Suppressed T ..« & Universality - DM production
f(p) "KM+ 13 16,22 24] [KM+ 1402.2846, 1901.11027; Drees +; Garcia+]

Thermal + Thermal

SM ¢ DM

SM

\

w/ small coupling
to radiation

¢

- Baryogenesis

- Cored T-profile
T/ Ty

12 X107°F

- Local DM/baryon production
[IKM+2210.06238, 2407.15926; Turner+ |
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Inflaton Decays into Pure YM

o Attractor forI’

f(p) '
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[KM, Yamada 2208.11708]

More on splitting functions

e Splitting channels in the SM

Sinj 5()/) y_1/2 y() y1/2 yl y3/2 yz Sinj 5()/) y—1/2 _)/0 y1/2 yl y3/2 J/2 Sinj 5(_)/) y—1/2 yO y1/2 yl y3/2 y2
Uus — - doublets+ B —
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More on splitting functions

e |R divergence in the splitting kernel?

«1_, ol (2]‘[)3 ( 7'[)3
(gsl 2 f dk')/&_,s S”(p’ k k)fS(p)_I_ f deS <—>ss”(l9+k p, )fS (p—|—k)
pvsss” stSSu
Ysoss (D, p—k) ox k3% for k< p

e The collision term is IR safe!

Ep ep
fo dkyg(_,gg(p;k,p—k)fg(p)—fo dkygege(p+k;p k) fo(p+k) w/ fe(p+ k)= fo(p)+ kfé,(p)

"~/

ep ep
fg(p)fo dk|yg—ge(ps ks p—k) = Ygogelp+ Kk k)] —fé(p)fo dkkygegs(p+k;p, k).



Non-thermal DM Production

e Non-thermal DM production via SM SM to DM DM

2 S
a % n
DM o 1 E
(ov) = — Q (ov) = —N
DM 5 ] Mn+2
5 :
= |
S
2 my=10"GeV
; Br(DMs)=0.02 |
2 3 4 5 6 71 8
loglo (mDM/GeV)

KM+ 1402.2846] KM+ 1901.11027]



Some details after: 2 7.,

e Comparison of time scales during the hotspot formation

fn~a 2T N TalT S tg~a 2T N Tu/T) S tev~Mp /Ty

* Whatis rgec? — diffusion length @t ~ tey:  rgec ~ 10cm(0i1)

— |ocal thermal eq. w/in r < rgec
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