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Observational Evidence, Exhibit A: Bullet Cluster

• The two dark matter halos move through each other.

• The visible gas gets shocked and stays behind.

⇒ (Most of) dark matter collisionless!
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Observational Evidence, Exhibit B: Abell 520

• The visible gas gets shocked and stays behind.

• Microlensing: Excess of dark matter on top of the gas.

⇒ (some component of) dark matter collisional after all?
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Observational Evidence, Exhibit C: Abell 3827

• Microlensing: dark matter halos stay behind visible stars.

⇒ Drag force on dark matter from intracluster medium?
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Preliminary Conclusions from Evidence

The observations can be explained if:

• Most of dark matter is collisionless (Bullet cluster)

• A subcomponent (10 - 30 %) of dark matter imitates the
visible gas (Abell 520)

• The interacting component is slowed down and stays
behind (Abell 3827)

⇒ The interacting dark matter is a plasma like the visible gas

⇒ Collisionless Shocks
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Plasma Physics 101

Some characteristic properties of (astrophysical) plasmas:

• Mix of charge carriers, interacting via long range forces.

• Debye shielding length λD =
√

T
4παn

(here ∼ 10 km).

• Physical size > λD (bulk interactions dominate over
surface effects).

• Collective effects dominate dynamics if Λ = 4π
3
λ3Dn� 1

(here Λ = 1019 to 1020).

• Electrostatic interactions dominate over direct 2→ 2
scattering

• Plasma instabilities important (see next slides).
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Collisionless Shocks (12min talk cartoon version)

n0, v0, γ0 n0, v0, γ0 (a)

(b)Unstable

(c)Turbulence, density increases

(d)

Shock Front Shock Front

Counter-streaming plasma ⇒ plasma instabilities

⇒ large EM fieds ⇒ saturation regime (non-linear)

⇒ shock waves ⇒ energy dissipation

Typical time scale: ∼ 100 ω−1
p = 100

(
4παn
m

)−1/2

[1502.00626 [physics.plasm-ph]].
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Are Collisionless Shocks Real?

• Observations of visible astrophysical plasmas:

• Earth’s bow shock
• Expansion of supernova remnants
• Galaxy collisions and cluster mergers

• Numerical Studies:
• Particle in cell (PIC) simulations

• Experimental Studies:
• electron-positron plasmas
• ionized gases produced with laser pulses

• Dedicated numerical studies of dark plamas (in progress).

⇒ YES, and they will affect dark matter dynamics if massless
dark force carriers are present.
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A Concrete Model of Dark Plasma

Details of the model:

• 70% of DM generic WIMP, 30% dark plasma.

• One Dirac fermion charged under an unbroken U(1)
gauge group:

L =
1

4
FDµνF

µν
D + χ̄

(
i /D −mD

)
χ.

• No kinetic mixing term FDµνF
µν (highly constrained).

• Dark matter abundance is produced as thermal relic from
annihilation into dark photons, χ̄χ→ γDγD .
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Observational Constraints (1), BBN

• Big Bang Nucleosynthesis: Neff < 3.38

⇒ Constrains temperature of dark photons during BBN.

• Dark photon temperature

TD = Tγ

(
g∗s,γ(Tγ)g∗s,D(T∗)

g∗s,D(TD)g∗s,γ(T∗)

)1/3

,

(thermal equilibrium assumed at T∗).

• Constrains number of fermions in the dark sector:

ND < 2.35
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Observational Constraints (2), CMB/SSS

• Structure formation suppressed until kinetic decoupling of
the dark matter and dark radiation, which occurs at

Tkin =

(
4π

45
g∗

) 1
4

√
135

64π3

m
3
2
D√

mPαD
.

• If Tkin > 640 eV, only multipoles above l > 2500 are
affected in the CMB, and thus temperatures above this
limit are unconstrained by PLANCK.

• For Tkin ≈ 500 eV the small scale structure is suppressed
for structures below the size of ∼ 109M�, alleviating the
missing satellites problem.
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Exclusion plot: DM mass vs. coupling constant
5

Note that if all fermion masses exceed T⇤, then ND = 0
and eq. (14) is always satisfied.

CMB

Dark matter is usually considered to be pressureless,
so that all primordial DM density fluctuations start to
grow immediately after they enter the horizon. If a sub-
component of DM interacts with massless dark photons,
the growth of structure is suppressed until the DM and
dark photons kinetically decouple. This e↵ect could be
observed in the Cosmic Microwave Background as a sup-
pression of fluctuations at large multipole moments.

The kinetic decoupling of the dark fermions and the
dark photons occurs when the Compton scattering rate
in the dark plasma drops below the Hubble rate [33]. The
Compton scattering rate for the dark plasma is

�C =
64⇡3↵2

DT 4
D

135m3
D

, (16)

and the Hubble rate in the radiation dominated epoch is

H =

r
4⇡3

45
g⇤

T 2
�

mP
, (17)

where g⇤ is the e↵ective number of relativistic degrees of
freedom in the visible sector, with g⇤ = 3.36 at tempera-
tures well below the electron mass, and we have neglected
the subdominant contribution of the colder dark sector.
Setting �C = H we obtain the temperature of kinetic
decoupling

Tkin =

✓
4g⇤
45⇡3

◆ 1
4
p

135

8⇣2
kin

m
3
2

Dp
mP↵D

, (18)

where ⇣kin is the ratio of the dark and visible photon
temperatures at the time of kinetic decoupling. The de-
termination of the exact e↵ect of the DM/dark radiation
coupling on the CMB is beyond the scope of this let-
ter. Here we will simply require that decoupling happens
above Tkin > 640 eV, so that the DM/dark radiation cou-
pling only a↵ects multipoles above l > 2500 and is thus
unconstrained by the Planck data. This will lead to a
more conservative limit than what would be allowed by a
more detailed analysis, but will be used here as a robust
constraint.

It should be noted that values near the lower end
of this limit, or slightly below it, can help to allevi-
ate the missing satellites problem [33, 34]. The cut-o↵
on the size of the gravitationally bounded DM struc-
tures due to kinetic coupling with the dark radiation
is given by ⇠ 10�4(Tkin/10 MeV)�3M� [35], so that for
Tkin ⇡ 0.5 keV the cut o↵ is at ⇠ 109M�, as required to
ease the missing satellites problem. However, in our case
only a subdominant part of DM is coupled to the dark
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FIG. 1: The constraints on the parameter space of the dark
pair plasma model. The black contours show the relic abun-
dance of the dark plasma, as a fraction of the total DM abun-
dance. The orange shaded region is disfavored by the kinetic
decoupling constraint, and the lower limit of that region is fa-
vored for alleviating the missing satellites problem. The blue
shaded region is excluded, in absence of a UV completion, if
we require that the Landau pole of the dark U(1) coupling is
above the Planck scale.

radiation and thus the cut-o↵ will only a↵ect the inter-
acting fraction of DM, so that structures smaller than
the cut-o↵ will still exist, only in fewer numbers.

Figure 1 depicts the kinetic decoupling constraint on
the (mD, ↵D)-plane, as well as the parameter space re-
gion compatible with the relic abundance. Restricting to
the region that produces the desired relic abundance, the
kinetic decoupling limit gives a lower limit on the mass
of the DM particle. For ⇠ = 0.3 this limit is roughly
mD

>⇠ 5 MeV. We show also the upper limit from requir-
ing that the Landau pole of the dark U(1) lies above the
Planck scale, which for ⇠ = 0.3 corresponds to roughly
mD

<⇠ 2 TeV.

It should be stressed that the constraints for dark mat-
ter self interactions, including the kinetic decoupling con-
straint depicted in the figure, are in reality functions of
⇠, naturally vanishing as ⇠ goes to zero. For simplicity
we only show the conservative limit, requiring that no ef-
fects are generated at observable scales in the CMB. On
the other hand, due to the constraints from the Bullet
Cluster discussed above, values of ⇠ much larger than 0.3
are excluded for the complete range of ↵D shown in the
figure.

In the case of atomic DM, there is an additional con-

• orange:

disfavoured
by kinetic
decoupling
(CMB)

• blue:

Landau pole
Λ < MP

• black lines:

fraction of
observed DM
density
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Outlook: Where to go from here?

• Conflicting observations of different cluster mergers, low
resolution of weak lensing mass reconstruction

⇒ More observations required!

• Effects of dark plasma dynamics on galactic and cluster
halos, structure formation etc.

⇒ More simulations required!

• Natural explanation for the partially interacting dark
matter scenario, e.g. partially ionized dark atoms?

⇒ More modelbuilding required!
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The Minimal Take Home Message

1. Collisionless shocks dictate the dynamics of rare
astrophysical plasmas.

2. Dark matter coupled to dark radiation behaves
the same way.

3. Considering only 2→ 2 scattering is in this case
not adequate.

For the full story: 1504.04371
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