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Cold Dark Matter

I Exotic, i.e. non-baryonic
I Non-relativistic, i.e. cold
I Required to explain cosmological expansion; dynamics of

galaxies, clusters, . . . ; the existence of structure itself.



Thermal relics



The WIMP miracle

For 10 GeV . mχ . 10 TeV weak-scale interactions produce
observed abundance from thermal decoupling:

Ωχh2 = 0.1
3× 10−26 cm3 s−1

< σv >

The same interactions make it potentially detectable:
I χχ→ γγ, π0, e±, . . .
I χN → χN
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Indirect detection of DM



Φ =
Ni

8πm2
χ

〈σv〉︸ ︷︷ ︸
# collisions/volume giving SM particles

×
∫

line of sight
ds ρ2

︸ ︷︷ ︸
Amount of DM2

I Sensitive to the annihilation cross-section, which sets also
the relic density.

I Requires knowledge of the dark matter density profile (and
velocity distribution in some cases) at the local, galactic,
. . . level.
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Simulations



N-body simulations (DM only)

I Follow about 1014 particles, each weighting
103M�/109M�/1012M�, using > 106 CPU-hours.

I DM halos follow a universal profile:

ρNFW =
ρ0a3

r(a + r)2

ρEinasto = ρ0 exp
(
−2
γ

[( r
a

)γ
− 1
])

I Substructure down to Earth mass clumps

dN
dM
∝ M−2
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Stadel et al. 09

Einasto provides a slightly better fit to DM only simulations,
c ≈ 6− 18, α ≈ 0.08− 0.32, ∆M(r�) ≈ 4.



Observations
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Baryonic effects

Several physical processes can modify the structure of DM
haloes:

I Smooth and slow accretion: adiabatic contraction, rM(r) =
const.

I Dinamical friction: expansion. Satellite/clumpy accretion,
galactic bars, . . .

I Gas outflows: expansion. Strong mass outflows cause
rapid perturbations to potential, particles gain energy on
average.

Different hydrodinamic simulations do not generally agree on
the shape of the MW halo. Challenge: select a good MW host.
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Fit to MW stellar mass, rotation curve and galaxy shape instead
of total virial mass.
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The ten selected galaxies exhibit consistent DM profiles inside
the solar circle. Baryonic effects make the halo shallower than
required to explain the Fermi GeV excess.



Direct detection



Expected recoil events at a DD experiment:

R = E ·
∑

i

∫ ∞
0

dER ε(ER)
ξiρloc

mAi mDM
×∫

v≥v (DD)
min,i (ER)

d3v vf (~v + ~vobs(t))
dσi

dER
.



Probes the DM scattering cross section with nuclei:

dσi

dER
=

mAi

2µ2
Ai

v2
(σSIF 2

i,SI(ER) + σSDF 2
i,SD(ER)) ,



Astrophysical inputs required:
I Local DM density ρloc

I Local velocity distribution f (~v + ~vobs(t)).
I Minimum DM velocity to trigger a recoil event

vmin =

√
mT ER

2µ2
T



The Standard Halo Model
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For an NFW profile
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The velocity distribution from simulations
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Halo independent methods

η (vmin, t) ≡
ρσref

mχ

∫ ∞
vmin

dv
f (v , t)

v

dR
dER

=
NT MT

2µ2 η (vmin, t)
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A halo-independent bound

Inputs:
I Neither direct detection experiments nor neutrino

telescopes have detected dark matter.
Assumptions:

I The dark matter density and velocity distribution at the
position of the Sun and the Earth are identical and
constant over 10− 100 million years.

Output:
I An upper bound on the DM-nucleon scattering cross

section that is independent of the velocity distribution.
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Neutrino telescopes



The neutrino flux is determined by the capture rate:

C =
∑

i

∫ R�

0
4πr2dr ηi(r)

ρloc

mDM
×∫

v≤v (Sun)
max,i (r)

d3v
f (~v)

v

(
v2 + [vesc(r)]2

)
×

∫ 2µ2
Ai

(v2+[vesc(r)]2)/mAi

mDMv2/2
dER

dσi

dER
,



DM as a superposition of streams

We can view the DM velocity distribution in the solar system as
a superposition of hypothetical streams with fixed velocity ~v0
with respect to the solar frame:

f (~v) =

∫
|~v0|≤vmax

d3v0 δ
(3)(~v − ~v0)f (~v0) ,

We can express the expected scattering events R in a direct
detection experiment and the capture rate in the Sun C as:

R =

∫
|~v0|≤vmax

d3v0 f (~v0) R~v0
,

C =

∫
|~v0|≤vmax

d3v0 f (~v0) C~v0
,
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By construction,
R~v0
≤ Rmax

This gives a limit on σχ̃N .
For a given v0 ≡ |~v0| find the weakest limit amongst all angles
between ~v0 and the fixed Earth velocity ~vE . By construction,

R~v0
(σ) ≥ Rmax for σ ≥ σDD

max(v0).
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Similarly, for every stream there is an upper limit on the
scattering cross section which is allowed by a neutrino
telescope:

C~v0
≤ Cmax.

The most conservative upper limit, σNT
max(v0), for a given stream

speed v0 satisfies

C~v0
(σ) ≥ Cmax for σ ≥ σNT

max(v0).
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Knowing σDD/NT
max (v0) we can calculate limits for a general f (~v).

Since

R~v0
(σ) =

σ

σDD
max(v0)

R~v0
[σDD

max(v0)] ≥ σ

σDD
max(v0)

Rmax,

we have

R(σ) ≥
∫
|~v0|≤vmax

d3v0f (~v0)
σ

σDD
max(v0)

Rmax.

Requiring R(σ) ≤ Rmax, we deduce

σ ≤
[∫
|~v0|≤vmax

d3v0
f (~v0)

σ
DD/NT
max (v0)

]−1

.



A halo-independent upper limit on σχ̃N

DD experiments are insensitive to slowly moving WIMPs. But,
these can be efficiently captured in the Sun.
They probe the WIMP population in a complementary way: for
every stream speed v0 there is a finite upper bound.
We can use this fact to our advantage. Consider the largest
value allowed between 0 and vmax:

σ∗ ≡ max
{
σDD

max(ṽ), σDD
max(vmax)

}
,
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Defining

δf ≡
∫

ṽ≤v0≤vmax

d3v0 f (~v0) ,

we obtain
σ ≤ σ∗

δf
. (1)

An analogous calculation for the neutrino telescope limit gives

σ ≤ σ∗
1− δf

, (2)

Together, they imply:

σ ≤ 2σ∗ (3)
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ṽ≤v0≤vmax

d3v0 f (~v0) ,

we obtain
σ ≤ σ∗

δf
. (1)

An analogous calculation for the neutrino telescope limit gives

σ ≤ σ∗
1− δf

, (2)

Together, they imply:

σ ≤ 2σ∗ (3)



Defining

δf ≡
∫
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Comparison with model dependent limits
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In case of a positive signal
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Conclusions

I Knowledge of the density profile and velocity distribution is
a crucial ingredient for dark matter searches.

I There is very little information about the inner region of the
MW. Hydrodynamic simulations suggest a ∼ kpc core that
seems at odds with a DM interpretation of the Fermi GeV
excess.

I Null results from direct searches and neutrino telescopes
imply a robust upper bound on the DM-nucleon cross
section that is independent of the velocity distribution.



f (v) also matters
If there are new light particles mediating long-range forces
between the dark matter,

σ → σ × πα

v

the indirect detection fluxes will depend on f (v). Instead of:

Φ =
Ni

8πm2
χ

〈σv〉︸ ︷︷ ︸
# collisions giving SM particles

×
∫

line of sight
ds ρ2

︸ ︷︷ ︸
Amount of DM2

We should be doing:

Φ =
Ni

8πm2
χ

×
∫

line of sight
〈σv〉 ds ρ2

︸ ︷︷ ︸
Robertson, Zentner 12; FF, D. Hunter 13
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Obtaining the phase-space distribution

Assume that dark matter satisfies the colisionless Boltzmann
equation,

df
dt

= 0

Very hard to solve! Only a few exact solutions known, found
finding integrals of motion (singular isothermal sphere,
Hernquist, Jaffe, . . . ).
Use Eddington’s formula:

f (E) =
1√
8π2

∫ E
0

dΨ√
E −Ψ

d2ρ

dΨ2 . (4)

Caveats: we are assuming β = 0.
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Velocity distribution: Eddington
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