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Motivation

Problems with collisionless Cold Dark Matter
Simulations of the structure formation with collisionless Cold
Dark Matter fit to large-scale structure oberservations (galaxy
clusters, . . . ) but ’fail’ on subgalactic scales:

• Substructure problem

• Cusp vs. core problem
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Motivation

Problems with Cold Dark
Matter
Simulations of the structure
formation with collisionless
CDM fit to large-scale structure
oberservations but ’fail’ on
subgalactic scales:

• Substructure problem

• Cusp vs. core problem

Substructure problem

bottom-up scenario

Moore et al. 1999, ApJ 524
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Motivation

Problems with Cold Dark
Matter
Simulations of the structure
formation with collisionless
CDM fit to large-scale structure
oberservations but ’fail’ on
subgalactic scales:

• Substructure problem

• Cusp vs. core problem

Cusp vs. Core problem

̺(r) ∝ 1
r
rs

“

1+ r
rs

”2

Salucci et al. 2007, MNRAS 378

dark matter self-interactions 2Rainer Stiele Heidelberg University



Motivation Core sizes Evaporation Ellipticity Cluster collision SI en ergy density Conclusions

Motivation

Problems with collisionless Cold Dark Matter
Simulations of the structure formation with collisionless CDM
fit to large-scale structure oberservations (galaxy clusters, . . . )
but ’fail’ on subgalactic scales:

• Substructure problem

• Cusp vs. core problem

Self-interacting Cold Dark Matter

Self-interacting CDM: large scattering cross-section

• Colder subhalo in larger halo → heated
→ spallation or evaporation

• Heat transfer from hotter outer regions to colder center
→ smoothing from cusp to core
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Motivation

Self-interacting Cold Dark Matter

Spergel & Steinhardt 2000, Phys. Rev. Lett. 84

Self-interacting CDM: large scattering cross-section

• Colder subhalo in larger halo → heated
→ spallation or evaporation

• Heat transfer from hotter outer regions to colder center
→ smoothing from cusp to core

In addition:

• Isotropization of velocity distribution in dense regions
→ spherical centers

0.45 cm2/g ≤ σSI/mDM ≤ 450 cm2/g
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CDM halo cores

Cold Dark Matter halo core sizes
Heat transfer from hotter outer regions to colder center

→ smoothing from cusp to core

Yoshida et al. 2000, ApJ 544

Davé et al. 2001, ApJ 547

σSI/mDM . 0.5 − 5 cm2/g
dark matter self-interactions 4Rainer Stiele Heidelberg University
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Evaporation

Evaporation of galactic halos

Colder subhalo in larger halo → heated
→ spallation or evaporation

Galactic halos have to survive
heating from hot cluster halos
at least for a Hubble time:

σSI/mDM . 0.3 cm2/g

Gnedin & Ostriker 2001, ApJ 561

dark matter self-interactions 5Rainer Stiele Heidelberg University
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Ellipticity

Cluster halo ellipticity

Isotropization of velocity distribution
in dense regions
→ spherical centers

Ellipticity of cluster halos
at radii ∼ 100 kpc

σSI/mDM . 0.02 cm2/g

Miralda-Escudé 2002, ApJ 564
Yoshida et al. 2000, ApJ 544
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Ellipticity

Cluster halo ellipticity

Isotropization of velocity distribution
in dense regions
→ spherical centers

Ellipticity of cluster halos
at radii ∼ 100 kpc

σSI/mDM . ’0.02’ cm2/g

Miralda-Escudé 2002, ApJ 564
Yoshida et al. 2000, ApJ 544
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Galaxy clusters collision

Bullet cluster

No offset between galaxies
and mass peaks:

σSI/mDM < 1.25 cm2/g

Unchanged subcluster
mass-to-light ratio:

σSI/mDM < 0.7 cm2/g

Randall et al. 2008, ApJ 679

Clowe et al. 2006, ApJ 648

Clowe 2007, Paris Cosmol. Colloq. 2007
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Outline

1 Motivation

2 Halo core sizes

3 Subhalo evaporation

4 Halo ellipticity

5 Galaxy cluster collision

6 Self-interaction energy density

RS, T. Boeckel, J. Schaffner-Bielich
arXiv:1003.2304 [astro-ph.CO]
accepted for publication in Phys. Rev. D
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Self-interaction energy density

Self-interaction energy density

L = ψ̄
(

i /D − mψ

)

ψ − 1
4VµνVµν + 1

2m2
v VµVµ

Dµ = ∂µ + igvψVµ ; Vµν = ∂µVν − ∂νVµ

⇒ ̺SI = αSI

m2
SI

n2
SIDM = pSI
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Self-interaction energy density

L = ψ̄
(

i /D − mψ

)

ψ − 1
4VµνVµν + 1

2m2
v VµVµ

Dµ = ∂µ + igvψVµ ; Vµν = ∂µVν − ∂νVµ

[

i /D − mψ

]

ψ(x) = 0 → ωψ =
√

~k2 + m2
ψ + gvψV0

⇒ ̺SI = αSI

m2
SI

n2
SIDM = pSI
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Self-interaction energy density

L = ψ̄
(

i /D − mψ

)

ψ − 1
4VµνVµν + 1

2m2
v VµVµ

Dµ = ∂µ + igvψVµ ; Vµν = ∂µVν − ∂νVµ

[

i /D − mψ

]

ψ(x) = 0 → ωψ =
√

~k2 + m2
ψ + gvψV0

m2
vV0 = gvψ ψ̄γ0ψ = gvψ nψ; nψ = J0 = ψ̄γ0ψ

⇒ ̺SI = αSI

m2
SI

n2
SIDM = pSI
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Self-interaction energy density

Self-interaction energy density

L = ψ̄
(

i /D − mψ

)

ψ − 1
4VµνVµν + 1

2m2
v VµVµ

Dµ = ∂µ + igvψVµ ; Vµν = ∂µVν − ∂νVµ

[

i /D − mψ

]

ψ(x) = 0 → ωψ =
√

~k2 + m2
ψ + gvψV0

m2
vV0 = gvψ ψ̄γ0ψ = gvψ nψ; nψ = J0 = ψ̄γ0ψ

̺ψ = ψ̄γ0 (i∂0 − gvψV0)ψ + 1
2m2

vV2
0 = ̺free

ψ +
g2

vψ

2m2
v

n2
ψ

pψ = 1
3 ψ̄

[

γ0 (i∂0 − gvψV0) − mψ

]

ψ + 1
2m2

vV2
0 = pfree

ψ +
g2

vψ

2m2
v

n2
ψ

⇒ ̺SI = αSI

m2
SI

n2
SIDM = pSI

dark matter self-interactions 9Rainer Stiele Heidelberg University



Motivation Core sizes Evaporation Ellipticity Cluster col lision SI energy density Conclusions

Self-interaction energy density

Self-interaction energy density

L = ψ̄
(

i /D − mψ

)

ψ − 1
4VµνVµν + 1

2m2
v VµVµ

Dµ = ∂µ + igvψVµ ; Vµν = ∂µVν − ∂νVµ

[

i /D − mψ

]

ψ(x) = 0 → ωψ =
√

~k2 + m2
ψ + gvψV0

m2
vV0 = gvψ ψ̄γ0ψ = gvψ nψ; nψ = J0 = ψ̄γ0ψ

̺ψ = ψ̄γ0 (i∂0 − gvψV0)ψ + 1
2m2

vV2
0 = ̺free

ψ +
g2

vψ

2m2
v

n2
ψ

pψ = 1
3 ψ̄

[

γ0 (i∂0 − gvψV0) − mψ

]

ψ + 1
2m2

vV2
0 = pfree

ψ +
g2

vψ

2m2
v

n2
ψ

mSIDM ≡ mψ(φ), mSI ≡ mv; αSI ≡ g2
vψ/2

⇒ ̺SI = αSI

m2
SI

n2
SIDM = pSI
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Self-interaction energy density

Self-interaction energy density

• ̺SI = αSI

m 2
SI

n 2
SIDM

For comparison:
mweak√
αweak

∼ 300 GeV,
mstrong√
αstrong

∼ 100 MeV

• pSI = ̺SI ⇒
̺SI ∝ a−6

⇒ Epoch of self-interaction domination
prior to radiation-dominated era.

dark matter self-interactions 10Rainer Stiele Heidelberg University
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Self-interaction energy density

Scaling arguments

̺SI ∝ n 2
SIDM; ̺SI ∝ a−6 ⇒ nSIDM ∝ a−3

⇒ Warm self-interacting dark matter

Energy density evolution

WSIDM particle parameters:

• nWDM = gWDM

π2 T3
WDM exp

(

µWDM
TWDM

)

• TWDM(a) =
(

gth eq(a)
gWdec

th eq

)1/3
T(a)

• ̺0
WDM = mWDM n0

WDM

• F0
WDM = Ω0

WDM /Ω0
DM

mWDM = 1 keV, gWDM = 2, µWDM/TWDM = 0, F0
WDM = 1

dark matter self-interactions 11Rainer Stiele Heidelberg University
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Self-interaction energy density

Energy density evolution

WSIDM particle parameters:

• nWDM = gWDM

π2 T3
WDM exp

(

µWDM

TWDM

)

• TWDM(a) =
(

gth eq(a)
gWdec

th eq

)1/3
T(a)

• ̺0
WDM = mWDM n0

WDM

• F0
WDM = Ω0

WDM /Ω0
DM

mWDM = 1 keV, gWDM = 2, µWDM/TWDM = 0, F0
WDM = 1

⇒ Only very strong interactions would have an impact on the
very early Universe. → BBN perfect test!

dark matter self-interactions 11Rainer Stiele Heidelberg University
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Self-interaction energy density

BBN constraint

Steigman 2007, Ann. Rev. of Nucl. and Part. Sci. 57

• Nearly all n’s captured in 4He

̺SI ∝ a−6 ⇒ n/p → YP

• Kick-off of BBN freeze-out of
n/p: Γnp < H

• H ∝ ̺1/2

Mukhanov 2004, Intern. Journal of Theor. Physics 43

dark matter self-interactions 12Rainer Stiele Heidelberg University
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Self-interaction energy density

Allowed energy density at n/p freeze-out

̺SI ∝ a−6 ⇒ n/p → YP

̺f.o.
tot = ̺f.o.

SI + ̺f.o.
rad ≡

(

1 + x f.o.
SI

)

̺f.o.
rad , 0 ≤ x f.o.

SI < 1

̺SI increases (n/p)f.o. → increases 4He abundance YP

YP < 0.255 (Steigman 2007, Annu. Rev. Nucl. Part. Sci. 57 )

⇒ ̺f.o.
SI < 0.279 ̺f.o.

rad

dark matter self-interactions 13Rainer Stiele Heidelberg University
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Self-interaction energy density

Allowed energy density at n/p freeze-out

̺SI ∝ a−6 ⇒ n/p → YP

̺f.o.
tot = ̺f.o.

SI + ̺f.o.
rad ≡

(

1 + x f.o.
SI

)

̺f.o.
rad , 0 ≤ x f.o.

SI < 1

̺SI increases (n/p)f.o. → increases 4He abundance YP

YP < 0.255 (Steigman 2007, Annu. Rev. Nucl. Part. Sci. 57 )

⇒ ̺f.o.
SI < 0.279 ̺f.o.

rad

⇔
mSI√
αSI

& 1.70 · 106 eV2 × F0
WDM

mWDM

⇒ Dark Matter particles can
interact with the strength
of the strong interaction
. . . and even stronger!

dark matter self-interactions 13Rainer Stiele Heidelberg University
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Self-interaction energy density

Comparison

σSI ≈ s
α2

SI
m4

SI

s = 4E2
SIDM, ESIDM ∼ TSIDM (∼ mSIDM)

σSI
mSIDM

≈ 4
(√

αSI

mSI

)4
mSIDM

Spergel & Steinhardt 2000,
Phys. Rev. Lett. 84:
σSI/mSIDM = 0.45 − 450 cm2/g

Randall et al. 2008, ApJ 679:
σSI/mSIDM < 0.7 cm2/g

Miralda-Escudé 2002, ApJ 564:
σSI/mSIDM < 0.02 cm2/g

dark matter self-interactions 14Rainer Stiele Heidelberg University



Motivation Core sizes Evaporation Ellipticity Cluster col lision SI energy density Conclusions

Self-interaction energy density

Consequences

→ DM decoupling during self-interaction domination
dark matter self-interactions 15Rainer Stiele Heidelberg University
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Self-interaction energy density

Warm self-interacting dark matter decoupling

Decoupling: ΓA = H ΓA = nDM 〈σAv〉 H ∝ ̺1/2

WDM: ΓA = nWDM σWDM
A

H ∝ ̺
1/2
SI =

√
αSI

mSI
nWDM

⇒ σWDM
A = (8π/3)1/2 m−1

Pl

√
αSI

mSI

≈ 7.45 × 10−7 100 MeV
mSI/

√
αSI

σweak

σweak ≡
T3

0
m3

Pl H2
0

≈ 3.18 · 10−12 GeV−2 ≈ 1.24 · 10−39 cm2

“the elastic scattering cross section cannot be arbitrarily small given a
nonvanishing inelastic cross section” (Hui 2001, Phys. Rev. Lett. 86)

dark matter self-interactions 16Rainer Stiele Heidelberg University
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Self-interaction energy density

Collisionless cold dark matter decoupling (F0
WDM 6= 1)

Decoupling: ΓA = H ΓA = nCDM 〈σAv〉 H ∝ ̺1/2

〈σAv〉 ∝ σCDM
A

(

T
mCDM

)1/2
H ∝ ̺

1/2
SI =

√
αSI

mSI
nWDM

⇒ nCdec
CDM σCDM

A

(

mCDM
TCdec

)−1/2
∝ nCdec

WDM

√
αSI

mSI

conditional equations for decoupling:

mCDM
TCdec

≈ 20.8 + ln

[

gCDM

gCdec
th eq

F0
WDM

mWDM
1 keV

√
mSI/αSI

100 MeV
σCDM

A
σweak

]

+ ln
(

mCDM
TCdec

)

σCDM
A
σweak

∝
(

mCDM
TCdec

)1/2 F0
WDM

1−F0
WDM

mCDM
mWDM

√
αSI

mSI

dark matter self-interactions 17Rainer Stiele Heidelberg University
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Self-interaction energy density

Collisionless cold dark matter decoupling

σCDM
A ∝ F0

WDM
1−F0

WDM

1
mWDM

mCDM

√
αSI

mSI
σweak

set mCDM gCDM mWDM F0
WDM

[TeV] [keV]
1 10 2 1 0.1
2 10 3 1 0.1
3 10 2 10 0.1
4 10 2 1 0.9
5 0.1 2 1 0.1
6 0.01 2 1 0.1

no Z → χ χ ⇒ mCDM . mZ/2 ≈ 45.6 GeV ruled out

for σCDM
A ≥ σweak

dark matter self-interactions 18Rainer Stiele Heidelberg University
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Self-interaction energy density

Collisionless cold dark matter decoupling

〈σAv〉 ≈ 2.77 · 10−23 cm3 s−1 × mCDM/10 TeV
mWDM/1 keV

1 MeV
mSI/

√
αSI

F0
WDM

1−F0
WDM

set mCDM gCDM mWDM F0
WDM

[TeV] [keV]
1 10 2 1 0.1
2 10 3 1 0.1
3 10 2 10 0.1
4 10 2 1 0.9
5 0.1 2 1 0.1

radiation domination:
〈σAv〉 ∼ 3 × 10−26 cm3 s−1/(1 − F0

WDM)

ub: unitary bound 〈σAv〉 ≤ 4π
m2

CDM v

νb: neutrino constraint; Yüksel et al. 2007, Phys. Rev. D 76

dark matter self-interactions 19Rainer Stiele Heidelberg University
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Self-interaction energy density

Collisionless cold dark matter decoupling
Fermi-LAT: cosmic-ray electron-plus-positron spectrum
PAMELA: excess in the positron fraction

radiation domination:
〈σAv〉 ∼ 3 × 10−26 cm3 s−1/(1 − F0

WDM)

set mSI√
αSI

gCDM mWDM F0
WDM

[MeV] [keV]
A 1 2 1 0.1
B 1 3 1 0.1
C 1 2 10 0.1
D 1 2 1 0.9
E 10−3 2 1 0.1
F 100 2 1 0.1

νb: Yüksel et al. 2007, Phys. Rev. D 76
PAMµ, Fermiµ: Bergström et al. 2009, Phys. Rev. Lett.

103
PAM e, PAM W: Catena et al. 2009, arXiv:0912.4421

[astro-ph.CO]
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Self-interaction energy density

Consequences

→ Structure formation in self-interaction dominated era
dark matter self-interactions 21Rainer Stiele Heidelberg University
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Self-interaction energy density

Structure formation

δ′i =
3(wi−c2

si)
a δi + k

aH ψ̂i − 3(1+wi)
a α

ψ̂′
i = 3wi−1

a ψ̂i − c2
si

k
aHδi − (1+wi)k

aH α

α = −
3
2(1+3c2

s)

( k
H)

2
+ 9

2 (1+w)
δ

single fluid w = 1, subhorizon (kph/H ≫ 1):

δSIDM(a) ∝ a ·
(

A cos(a2 − 3π/4) + B sin(a2 − 3π/4)
)

Hwang 1993, ApJ 415

damping scales:

l2sd ≈
∫ tsdec

0
v2

WDM(t) dt
ΓSI(t) a2(t) self-damping

lfs ≈
∫ tcollapse

tsdec

vWDM(t) dt
a(t) free-streaming

Boehm et al. 2005, A&A 483
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Self-interaction energy density

Structure formation (F0
WDM 6= 1)

subdominant CDM:
wCDM = c2

s CDM = 0, w ≈ wSI = 1, c2
s ≈ c2

s SI = 1

δCDM = a ·
(

C/ain
k

2
)

+ D

Transfer function T(k):

T(k) = Aeq(k)/Ain(k)

T(k) =
√

k
Heq , keq

sd > k > Heq

M . 10−3M⊙
µWDM/TWDM = 0, F0

WDM = 0.1

MACHO / EROS sensitivity limit: ∼ 10−7M⊙
Alcock et al. 1998, ApJ 499;
Afonso et al. 2003, A&A 400

dark matter self-interactions 23Rainer Stiele Heidelberg University



Motivation Core sizes Evaporation Ellipticity Cluster col lision SI energy density Conclusions

Summary

Bounds on Cold Dark Matter self-scattering cross-section

σSI/mDM
ˆ

cm2/g
˜

Halo cores . 0.5 − 5
Galactic evaporation . 0.3

Cluster ellipticity . 0.02
Bullet cluster < 0.7 − 1.25

Self-interaction energy density

• Additional energy density contribution dominating in the early universe

• Restrict self-interaction strength by Big Bang Nucleosynthesis

• DM decoupling during self-interaction domination

• Structure formation during self-interaction domination

dark matter self-interactions 24Rainer Stiele Heidelberg University
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Summary

Self-interaction energy density

• Additional energy density contribution dominating in the early
universe: ̺SI =

αSI
m 2

SI
n 2

SIDM ∝ a−6

• Restrict particle parameters by today’s Dark Matter energy
density:
gWDM mWDM
gWdec

th eq F0
WDM

exp
“

µWDM
TWDM

”

∝ Ω0
DMh2

0

• Restrict self-interaction strength by Big Bang Nucleosynthesis:
mSI√
αSI

&∝ F0
WDM

mWDM
⇒ mSI/

√
αSI ∼ MeV allowed

• WSIDM decoupling in SI dominated universe: σWDM
A ≪ σweak

• Collisionless CDM decoupling in SI dominated universe:
σCDM

A ∝ mCDM

√
αSI

mSI
; 〈σAv〉 > 3 × 10−26 cm3 s−1

• Structure formation in SI dominated universe:
δSIWDM ∝ a ; δCDM ∝ a, M . 10−3M⊙

dark matter self-interactions 24Rainer Stiele Heidelberg University
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Thank You for Your attention!

Self-interaction energy density

• Additional energy density contribution dominating in the early
universe: ̺SI =

αSI
m 2

SI
n 2
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• Restrict particle parameters by today’s Dark Matter energy
density:
gWDM mWDM
gWdec

th eq F0
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• Restrict self-interaction strength by Big Bang Nucleosynthesis:
mSI√
αSI
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WDM

mWDM
⇒ mSI/

√
αSI ∼ MeV allowed
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• Collisionless CDM decoupling in SI dominated universe:
σCDM
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√
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Thank You for Your attention!

Self-interacting Dark Matter, thanks to whom?

dark matter self-interactions 24Rainer Stiele Heidelberg University



Motivation Core sizes Evaporation Ellipticity Cluster col lision SI energy density Conclusions

backup
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Galactic satellite population

Disruption of satellite halos

Colder subhalo in larger halo → heated
→ spallation or evaporation

D’Onghia & Burkert 2003, ApJ 568
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WSIDM particle parameters

gWDM mWDM

gWdec
th eq F0

WDM
exp

(

µWDM
TWDM

)

≈ 1.80 eV × Ω0
DMh2

0
0.1143

̺BBN
WDM ≤ ∆Nν ̺BBN

ν

mWDM
F0

WDM
& 22.6 eV × Ω0

DMh2
0

0.1143

gWdec
th eq

−1/3

∆Nν
; ∆Nν ≤ 0.3
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Self-interacting Dark Matter – Structure formation

Structure formation of Self-interacting Dark Matter

Analyse relativistic structure formation of linear perturbations:

̺ = ̺0 + δ̺; δ = δ̺/̺0

• self-interaction domination :
δ ∝ a

• relativistic:
δ = const.

• nonrelativistic:

δ ∝

n ln a during radiation domination
a when matter dominated mSI

√
αSI

=1 keV, mDM =5 keV, gDM =2,
µDM
TDM

=0, gdec
th eq =104

All modes inside Hubble horizon during self-interaction domination
grow already. Concerns only very small, non-cosmological scales
(M . 10−3M⊙). → Washed-out due to free-streaming?
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Coupling constant

̺SI = αSI
m2

SI
n2

SIDM only for mSI > 5 TSIDM

⇒ αSI > 25 αSI
m2

SI
T2

SIDM

BBN (T f.o.
WDM = Tf.o.): αstrong > 1.93 × 10−3

Cdec (TCdec
WDM = mCDM/ (mCDM/TCdec)): αstrong > 2.47 × 108
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