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DM is stable over the age of the Universe, � .


(if DM decays into SM states, � )

τ ≳ 1018 s
τ ≳ 1026 s

Symmetry (fundamental or accidental) guarantees their longevity.

It influences the structure of the model and therefore the phenomenology.
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Efficient elastic scattering equilibrate temperature of SM and DM.

�  until �  .Tχ = T T/mχ × nsm ⟨σv⟩el ≃ H

�  symmetryZ2

T. Binder et. al., JHEP (2018)

T. Bringmann et. al., JCAP (2008)

�  oddZ2

�  evenZ2
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Pair annihilation/creation changes DM number and redistribute DM energy.

DM number density freezes when  �  .nχ ⟨σv⟩ann ≃ H

�  symmetryZ2

(observed relic abundance when ! , ! )mχ = 𝒪(100) GeV ⟨σv⟩ann ≃ 10−few × 1 pb



semi-annihilation

χ χ

χ ϕ

It is realized when DM is stabilized by a larger symmetry.

When do two sectors kinetically decouple?
What happens to the freeze-out?

T. Hambye, JHEP (2009) F. D’Eramo, J. Thaler, JHEP (2010) A. Kamada et. al., PRD (2017)



semi-annihilation

χ χ

χ ϕ

If �  is guaranteed for some reason, 
the freeze-out proceeds as usual.

Tχ = T

F. D’Eramo, J. Thaler, JHEP (2010)



semi-annihilation    +    self-interaction of DM:

χ χ

χχ

χ χ

χ ϕ

Semi-annihilation produce hot DM particles.
Kinetic energy of hot DM is redistributed to others through self-interaction.

DM temperature redshifts as �   
even when they are non-relativistic.

Tχ ∝ 1/a

mχ ≫ mϕ

(Semi-annihilation is special; 3 to 2 self-annihilation do not exhibit this feature.)

fχ =
nχ

neq
χ (Tχ)

exp(−Eχ /Tχ)

Γself > H

: DM temperatureTχ



the era of self-heating

freeze-out of self-interactionkinetic decoupling of �freeze-out of �

(��)(���)(�semi or ���)

time

(�self = H)(���!�� = H)(���!�� = H or �semi = H)

self-heating

decoupling of self-scattering

Self-heating (� ) takes place between  
kinetic decoupling and decoupling of self-interaction.

Tχ ∝ 1/a

Strong self-interaction prolongs the self-heating.

Warmness and self-interaction are interrelated!



Let us have a look at the simplest case.
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χ
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≫ ≫

d
dx

Yχ = −
λ
x2

Yχ [Yχ − Y eq
χ (xχ)𝒥(xχ, x)]

σ2
Eχ /mχ

d
dx

xχ =
3
x

1
xχ

+
λ̄
x2 [Yχ − Y eq

χ (xχ)𝒦(xχ, x)]

Eχ [ ∂
∂t

− Hpχ
∂

∂pχ ] fχ = Cself [fχ] + Csemi [fχ]
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Freeze-out proceeds as if “usual � ”.(Tχ = T )

But…

we follow the co-evolution of DM number density and temperature.

freeze-out of DM
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�  after the freeze-out! Tχ ∝ 1/a

the era of self-heating

freeze-out & kinetic decoupling of �
(�semi)

freeze-out of self-interaction

(��)

time

(���!�� = H) (�self = H)(�semi = H)

self-heating

decoupling of self-scattering

freeze-out of DM

Self-heating will continue until �  :Tself

Tself

Tself ≃ 1 eV ( 1 cm2/g
σself /mχ )

2/3

( mχ

1 GeV )
1/3

(
Tχ

T )
−1/3

asy

Warmness of DM particles : predictions?



mwdm = 4.09 keV

mwdm = 5.3 keV
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suppression of density perturbation below �  at the matter-radiation equality:k−1
J

mχ = 0.1 GeV

mχ = 1 GeV

mχ = 10 GeV

kJ ≃ 220 Mpc−1 max 1,
Tself

Teq ( mχ

1 GeV )
1/2

(
Tχ

T )
−1/2

asy

σself /mχ = 1 cm2/g

implications on small-scale structures



thermal motion of DM particles : sub-galactic scale structure formation is suppressed

kJ ≃ 220 Mpc−1 max 1,
Tself

Teq ( mχ

1 GeV )
1/2

(
Tχ

T )
−1/2

asy

alleviates the missing-satellites problem.

such sub-galactic scale suppression is realized for � . σself /mχ ∼ 1 cm2/g

alleviates the core-cusp problem.

warmness �  self-interaction↔

the same self-interaction flattens the potential well of galaxies.

B. Moore et. al., APJ (1999)

W.J.G. de Blok, Adv. Astro. (2010)

B. Moore et. al., MNRAS (1999)

A.V. Kravtsov, Adv. Astro. (2010)



decoupled sector of pion-like particles (� ) + an axion-like particle (� )χa ϕ

�  confines and pions emerge : �SU(NH) SU(Nf )V

ℒd ⊃
1
2 (∂μϕ)

2
+ N†

i iσ̄μDμNi + N̄†
i iσ̄

μDμN̄i − (mNN̄iNi + h . c . )

−
1
4

Ha
μνHaμν +

ϕ
f

g2
H

32π2
Ha

μν H̃ aμν

�  and �  : � -flavored vector-like pairsNi N̄i Nf

�  : ALP,  �  : ALP decay const.ϕ f

ℒd ⊃
1
2 (∂μϕ)

2
+ ℒchiral

ℒchiral ⊃
f 2
χ

16
Tr (∂μU∂μU†) + μ3Tr (mN Ũ + h . c . )

� , �  : pion decay const.Ũ = Ueiϕ/(Nf f ), U = e2iχaTa/fχ fχ

stability of 
pions (� )χ

A. Kamada et. al., PRD (2017)
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≫ ≫

ℒchiral ⊃ [−
1

6f 2
χ

rabcd (∂μ χa) (∂μχb) χc χd +
m2

χ

12f 2
χ

cabcd χa χb χc χd] +
m2

χ

6Nf fχ f
dabc χa χb χcϕ +

m2
χ

4N2
f f 2 (χa)2 ϕ2

DM interaction hierarchy is realized for �f ≫ fχ

decoupled sector of pion-like particles (� ) + an axion-like particle (� )χa ϕ

the era of self-heating

freeze-out & kinetic decoupling of �
(�semi)

freeze-out of self-interaction

(��)

time

(���!�� = H) (�self = H)(�semi = H)

self-heating

decoupling of self-scattering

our benchmark : �f ≃ 300 GeV , fχ ≃ 40 MeV , mχ ≃ 50 MeV

(Nf = 4 , NH = 3)



decoupled sector of pion-like particles (� ) + an axion-like particle (� )χa ϕ

BBN, CMB : dark sector should never be in thermal equilibrium with SM.

dark sector is produced through a feeble Higgs portal coupling.

�ℒd ⊃ λHΦ Φ
2

H
2

( TDR

TSM )
ew

≃ 0.5 ( λHΦ

2.2 × 10−6 )
1/2

( 106.75
g*, SM, ew )

1/8

( 83.5
g*, DR, ew )

1/4

(SSB of PQ : � )Φ =
vΦ + ρ

2
eiϕ/vΦ

indirect detection, CMB : �  should not couple to SM.ϕ

χ χ

χ ϕ

ℒd ⊃
g2

X

32π2

ϕ
f

Xa
μν X̃ aμν

instead, �  couples to dark radiation �  :ϕ SU(NX)

where � ’s form a thermal bath of � .X TDR

A. Kamada et. al., PRD (2017)



Summary

When DM particles semi-annihilate and self-interact, 
self-heating takes place in the early universe.

the era of self-heating

freeze-out of self-interactionkinetic decoupling of �freeze-out of �

(��)(���)(�semi or ���)

time

(�self = H)(���!�� = H)(���!�� = H or �semi = H)

self-heating

decoupling of self-scattering

During the self-heating, � .Tχ ∝ 1/a

Stronger self-interaction means warmer DM particles.

For � , sub-galactic scale structure formation is suppressed.σself /mχ ∼ 1 cm2/g

Such strong self-interaction also flattens the inner density profiles of galaxies.

It would be interesting to think about implications on late time structure formation.
X. Chu, C. Gracia-Cely, JCAP (2018)



Backup slides
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d (ρχV) = dQχ − pχdV + mχdNχ



χ χ

χχ

χ χ

χ ϕ

d (ρχV) = dQχ − pχdV + mχdNχ

→ d ((mχ +
3
2

Tχ) Nχ) = dQχ − nχTχdV + mχdNχ

fχ =
nχ

neq
χ (Tχ)

exp(−Eχ /Tχ)

Γself > H

Tχ : DM temperature



χ χ

χχ

χ χ

χ ϕ

d (ρχV) = dQχ − pχdV + mχdNχ

dNχ ≃ −
Γsemi

H
d ln a

→ d ((mχ +
3
2

Tχ) Nχ) = −
mχ

4
dNχ − nχTχdV + mχdNχ

Eχ =
5
4

mχ

mχ ≫ mϕ



χ χ

χχ

χ χ

χ ϕ

d (ρχV) = dQχ − pχdV + mχdNχ

→ d ln Tχ ≃ (−2 +
1
6

mχ

Tχ

Γsemi

H ) d ln a

solution exists when �Tχ ∝ 1/a

∝ 1/a

(Semi-annihilation is special; 3 to 2 self-annihilation do not exhibit this feature.)



ℒd = ∂μΦ
2

− V( |Φ |2 ) + N†iσ̄μDμN + N̄†iσ̄μDμN̄ − (mNN̄N + h . c . )

+Q†iσ̄μDμQ + Q̄†iσ̄μDμQ̄ + L†iσ̄μDμL + L̄†iσ̄μDμL̄ − Φ (yQQQ̄ + yLLL̄ + h . c . )

−
1
4

Ha
μνHaμν −

1
4

Xa
μνXaμν + θH

g2
H

32π2
Ha

μν H̃ aμν + θX
g2

X

32π2
Xa

μν X̃ aμν



cosmological linear perturbations

mχ = 0.1 GeV

mχ = 1 GeV

mχ = 10 GeV
mwdm = 4.09 keV

mwdm = 5.3 keV
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correspondence to WDM mass:

mwdm

5.3 keV
≃ α ( mχ

1 GeV )
3/8

max 1,
Tself

Teq

3/4

( 1cm2/g
σself /mχ )

1/4

(
Tχ

T )
−3/8

asy



suppression of density perturbation below �  at the matter-radiation equality:k−1
J

the era of self-heating

freeze-out & kinetic decoupling of �
(�semi)

freeze-out of self-interaction

(��)

time

(���!�� = H) (�self = H)(�semi = H)

self-heating

decoupling of self-scattering

Tself

Tself ≃ 1 eV ( 1 cm2/g
σself /mχ )

2/3

( mχ

1 GeV )
1/3

(
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T )
−1/3
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sub-galactic scale structure formation is suppressed for � .σself /mχ ∼ 1 cm2/g

kJ ≃ 220 Mpc−1 max 1,
Tself

Teq ( mχ

1 GeV )
1/2

(
Tχ

T )
−1/2

asy

implications on small-scale structures



CDM simulations predict ‘cusp’ (steep) inner density profile of halos. 

 However, observations show ‘cored’ (less steep) profile.

Small-scale issues

Missing satellites problem:

CDM simulations predict ~O(100) number of sub-halos with 
                                 in the Milky way-sized halo. 

 However, we observe only ~O(10).

Vmax = 10 − 30 km/s

Core-Cusp problem:

∼ 𝒪(10) kpc

∼ 𝒪(1) kpc

Too-big-to-fail problem:
CDM simulations predict ~O(10) sub-halos with                        . 

 However, we have not observed such massive sub-halos. 
 - “too-big-to-fail to form stars?”

Vmax > 30 km/s

∼ 𝒪(10) kpc

∼ 𝒪(1) kpc

⇢DM (r) / r�↵Inner profile :                          ;
↵ = 1

↵ < 1

: Cusp (ΛCDM)
: Cored (observation)

V 2
circ =

GM( < r)
r

Vmax = max
r

[Vcirc(r)]
M( < r) = 4π∫ ρ(r)r2 dr

!26



Small-Scale issues I: Missing-satellite problem
N-body simulations in the ΛCDM model:  
predicts O(10) times more dwarf satellite galaxies than the observed number.

∼ 𝒪(10) kpc

∼ 𝒪(1) kpc

Kratsov, Advances in Astronomy (2010)

V2
circ =

GM( < r)
r

Vmax = max
r

[Vcirc(r)]

M( < r) = 4π∫ ρ(r)r2 dr



Small-Scale issues II: Core-Cusp problem

N-body simulations for DM halos in the ΛCDM model: 
predicts universal cusp(NFW) profile of halos;

observation shows a cored inner profile rather than cusp.

⇢DM (r) / r�↵Inner profile :                          ;
↵ = 1

↵ < 1

: Cusp (ΛCDM)
: Cored (observation)

NFW profile : 

⇢NFW(r) =
⇢s

r/rs(1 + r/rs)2

S.-H. Oh et al., Astron. J. (2015)



Small-Scale issues III: Too-big-too-fail problem

∼ 𝒪(10) kpc

∼ 𝒪(1) kpc

V2
circ =

GM( < r)
rBoylan-Kolchin et al., MNRAS, 2011 

N-body simulations in the ΛCDM model:  
~10 of the most massive Galactic sub-halos have no observational counterparts.

Common ground with the core-cusp problem: 
Massive sub-halos do host galaxies,  
but their density profile is much shallower than the one predicted in ΛCDM.


