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Astrophysical probes:  
Structure formation 

 
Bake it! 
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Dark matter self-interaction Dissipation of energy in form of 
bremsstrahlung 

Dunkle Materie und Strukturbildung

Elastische Streuung Inelastische Streuung

Energietransport Energieverlust

(Spergel et al. 2000) (Semmelrock, Diplomarbeit 2016)

Lukas Semmelrock Bremsstrahlung selbst-wechselwirkender Dunkler Materie 5

χDM 

γD 

χDM 

χDM χDM 

Dunkle Materie und Strukturbildung

Elastische Streuung Inelastische Streuung

Energietransport Energieverlust

(Spergel et al. 2000) (Semmelrock, Diplomarbeit 2016)

Lukas Semmelrock Bremsstrahlung selbst-wechselwirkender Dunkler Materie 5

χDM 

γD 

χDM 

χDM χDM 

γD 

What is self-interacting dark matter 
and how does dissipation matter? 
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Dark Matter and Structure Formation

N-body simulations of structure formation
discrepancies on small scales

(Del Popolo 2009)
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Self-interactions introduced to solve 
small structure problems 

What is self-interacting dark matter 
and how does dissipation matter? 
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Dark Matter and Structure Formation

N-body simulations of structure formation
discrepancies on small scales

(Del Popolo 2009)

Lukas Semmelrock Dissipative Losses in Self-Interacting Dark Matter Collisions 3

Self-interactions introduced to solve 
small structure problems 

Self-interactions naturally come with 
bremsstrahlung: 
 

•  suppressed for heavy mediators 
•  non-negligible for light mediators  

DISSIPATION ALTERS 
DENSITY PROFILE 

?

Influence on structure formation 

What is self-interacting dark matter 
and how does dissipation matter? 
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Can dissipation in dark matter collsions  
influence structure formation? 
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Compare relevant time scales for structure formation in the universe to 
estimate importance of bremsstrahlung 

Can dissipation in dark matter collsions  
influence structure formation? 

Cooling time Hubble time Gravitational time 

t
cool

= 3n�T
✏̇

t0 = H�1
0 tgrav =

q
3⇡

8m�n�G
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Compare relevant time scales for structure formation in the universe to 
estimate importance of bremsstrahlung 

Can dissipation in dark matter collsions 
influence structure formation? 

Cooling time Hubble time Gravitational time 

t
cool

= 3n�T
✏̇

t0 = H�1
0 tgrav =

q
3⇡

8m�n�G

Parameter space with three regions 

tcool > t0 tcool < t0 tcool < tgrav  

No inelastic scattering event 
within the age of the universe 

Inelastic scattering can 
influence structure formation 

Inelastic scattering is a 
dominant process	
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Free parameters: 
interaction strength   αD

dark matter mass   mDM 
mediator mass    mmed 
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Free parameters: 
Models

Mediator:
Scalar boson

Mediator:
Vector boson

Dark matter:
Fermion

Dark Matter:
Scalar boson

Assumptions

v� ⌧ 1 | mV < m�v
2
� | ↵

v�
⌧ 1
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Leading order process in multipole expansion 
(one particle dark matter) Models
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Perturbative vs. Non-perturbative 
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Laufende Forschung: nicht-perturbative Effekte

Born’sche Näherung

) V(1)
fi = h (1)

f | Ôrad | (1)
i i

Volle Wellenfunktion

+ + + . . . ) Vfi = h f | Ôrad | ii

Schwierigkeiten

• Keine analytische Lösung der Wellenfunktion für Yukawapotential

• Multipolentwicklung führt auf nicht konvergente radiale Integrale:R1
0 dr r2 r� Rkl(r)Rk0l0(r) (numerisch schwierig!)
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valid for                 or  
↵

v
⌧ 1

↵mDM

mmed

⌧ 1

Increase domain of validity by taking non-perturbative effects into account 

Perturbative calculations 

V(1)
fi =

⌦
 
(1)
f

�� Ôrad

�� (1)
i

↵

1st order Born wave function 

Vfi =
⌦
 f

�� Ôrad

�� i

↵

Coulomb wave function 

Laufende Forschung: nicht-perturbative Effekte

Born’sche Näherung

⇒ V(1)
fi = ⟨ψ(1)

f | Ôrad |ψ(1)
i ⟩

Volle Wellenfunktion

+ + + . . . ⇒

Schwierigkeiten

• Keine analytische Lösung der Wellenfunktion für Yukawapotential
• Multipolentwicklung führt auf nicht konvergente radiale Integrale:∫∞

0 dr r2 rλ Rkl(r)Rk′l′(r) (numerisch schwierig!)
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Non-relativistic quantum mechanics 



Te
m

pe
ra

tu
re

 [M
eV

]

Ve
lo

ci
ty

 d
is

pe
rs

io
n 

(is
ot

he
rm

al
 s

ph
er

e)
Dark matter density [GeV/cm3]

mDM = 1 GeV     α = 0.05

10-8

10-7

10-6

10-5

10-4

10-3

10-2

10-1

100

100 102 104 106 108 1010

10-5

10-4

10-3

10-2

m m
ed

 =
 0

mmed = 10 keV

mmed = 100 eV

mmed = 1 eV

Preliminary Results 
Fermionic dark matter dipole radiation 

Alps	2017	-	20.04.2017	 Lukas	Semmelrock	 7	

tcool < tgrav  

Inelastic scattering is a 
dominant process	

tcool > t0 

No inelastic scattering event 
within the age of the universe 

tcool < t0 

Inelastic scattering can 
influence structure formation 
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Preliminary Results 
Fermionic dark matter dipole radiation 
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Preliminary Results 
Fermionic dark matter dipole radiation 
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Constraints on the SIDM-Models 
(to be looked into) 
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Assuming the dark sector is decoupled from the SM sector 
 
•  No detection constraints 
•  DM not in thermal equilibrium with SM in early universe 

But constraints for 

•  Elastic self-interaction cross section (e.g. Bullet cluster, halo triaxiality) 

•  Neff (effective relativistic degrees of freedom at CMB decoupling) 
a light mediator would contribute to Neff altering the time of BBN and therefore the abundance of 
light elements in the universe 

•  Dark acoustic oscillations 
a light mediator would cause radiation pressure in the dark sector before CMB and distort the 
CMB spectrum 


