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Clouds over CDM

• Numerical simulations of structure formation with CDM show

• Too many dwarf galaxies
A few hundred satellites of a galaxy like ours — 23 observed so far

• Too low angular momenta of spiral galaxies
• Too high density in galactic centers (“cusps”)

Universal profile ρ ∼ 1/r toward the galactic center —
Observations suggest shallow central density profiles

• Not crisis yet

• But what if one really needs to suppress small structures?

High initial momenta of DM particles =⇒ Warm dark matter
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Ways to quantify

• Free streaming length at radiation-matter equality (beginning
of rapid growth of perturbations),

lfs(teq) ∼ v · teq ∼ 200 kpc · 1 keV

m
,

for thermal-like distribution, with m being dark matter particle
mass.
Perturbations at smaller scales are suppressed.
Mass of less abundant objects

M . ρDM ·
4

3
πl30 ∼ 109M� ·

(
1 keV

m

)3

Cf. dwarf galaxies, Mdwarf ∼ 108 ÷ 109M�.

• Power spectrum of density perturbations P(k) is significantly
suppressed on the scales 1010 ÷ 108M� for
1 keV . m . 15 keV, respectively.
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Warm dark matter: additional argument
Tremaine, Gunn;

Hogan, Dalcanton;

Boyanovsky et.al., ...

• Initial phase space density of dark matter particles: f (~p),
independent of ~x .

Fermions:

f (~p) ≤ 1

(2π)3
by Pauli principle

Not more than one particle in quantum unit of phase space
volume ∆~x∆~p = (2π~)3.

NB: Thermal distribution: fmax = 1
2(2π)3

Expect maximum initial phase space density somewhat below
(2π)−3
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• Non-dissipative motion of particles, gravitational interactions
only: comoving phase space density is conserved due to
Liouvile theorem.

• But during chaotic motion particles tend to penetrate into
empty parts of phase space =⇒ coarse grained distribution
decreases in time;
maximum phase space density also decreases in time.

But not by many orders of magnitude

• Simulations of violent relaxation:
(NB: not directly applicable to warm dark matter)

phase space density indeed decreases,

initial phase space density

present phase space density
=

f

f0
' (10÷ 1000)
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• Observable:

Q(~x) =
ρDM(~x)

〈v2
||〉3/2

ρDM(~x)⇐⇒ gravitational potential
〈v2
||〉⇐⇒ velocities of stars along line of sight.

Assume dark matter particles have same velocities as stars
(e.g., virialized), we can estimate present phase space density:

Q 'm4 n(~x)

〈p2〉3/2
' m4 · f0(~x , ~p)

Mass bounds from primordial phase space distribution:

m4fmax > Qmax
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• Largest observed Q: dwarf galaxies (Coma Berencies, Leo IV,
Canes Venaciti II)

Qmax =
(
3 · 10−3 ÷ 2 · 10−2

) M�/pc3

km/s
=0.2 keV4

. ·m4fmax ' ·m4 #

(2π)3

• If maximum observed Q indeed estimates the largest phase
space density of DM particles in the present Universe, then

m ∼ (1÷ 10) · keV

NB: Independent argument,
works for bosons in somewhat different way.
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Warm Dark Matter candidates

There are a couple of keV scale particles which can serve as WDM:

• Sterile neutrino
e.g. νMSM by M. Shaposhikov et al. Provides also a lot of
“bonuses”, from barion asymmetry to pulsar kicks.

• Gravitino LSP
e.g. theories with low SUSY breaking scale
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Gravitino production

• Decays of the heavier superparticles (Moroi, Murayama; ...)

Production most efficient at T ∼ mass of the decaying
superparticle.
Need light superpartners, M . 300 TeV.

• Scatterings of the heavier superparticles in primordial plasma
(Moroi et. al.; Boltz et. al.; Pradler; Rychkov, Strumia;...)

Maximum production at highest possible temperature.
Need low maximum temperature in the Universe,
TR . 1 TeV.

• Rather contrived scenario, but generating warm
dark matter is always contrived
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To summarize:

• CDM is not flawless, and WarmDM is a possible cure for its
issues

• Phase space density argument can play a crucial role in
determining DM particle

• Gravitinos are still warm dark matter candidates
Constraint on superparticles mass M . 300 GeV make it
possible to test gravitino WarmDM model soon at LHC!
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Free streaming

Free streaming length at radiation-matter equality (beginning of
rapid growth of perturbations),

lfs(teq) ∼ v · teq =
p

T

Teqteq
m

Present size (for relativistic thermal-like distribution at decoupling
with p

T ' 3)

l0 ∼ 200 kpc · 1 keV

m

Perturbations at smaller scales are suppressed.
Mass of less abundant objects

M . ρDM ·
4

3
πl30 ∼ 109M� ·

(
1 keV

m

)3

Cf. dwarf galaxies, Mdwarf ∼ 108 ÷ 109M�.
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Power spectrum of perturbations
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Assuming thermal primordial distribution
normalized to ΩDM ' 0.2.
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Gravitinos

• Mass m3/2 ' F/MPl√
F = SUSY breaking scale.

=⇒ Gravitinos light for low SUSY breaking scale.
E.g. gauge mediation

• Light gravitino = LSP =⇒ Stable

• Two main production sources:
• Decays of the heavier superparticles.
• Scatterings of the heavier superparticles in primordial plasma.

Light gravitinos does not come in the thermal equilibrium in
the early Universe.
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Gravitino production in decays
Moroi, Murayama; ...

• Production most efficient at T ∼ MS̃
= mass of the decaying superparticle.
Lower temperatures ⇒ slower cosmological expansion,
but as soon as T < MS̃ decaying superparticles number
density becomes exponentially suppressed.

• Present mass density of gravitinos

Ωdec
3/2 ' # ·

(
1 keV

m3/2

) (
MS̃

300 GeV

)3

• Need light superpartners

MS̃ ' 100÷ 300 GeV
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Production in scattering
Moroi et.al.; Boltz et. al.; Pradler; Rychkov, Strumia;...

• Maximum production at highest possible temperature:

ΩG̃ = # · g2

(
MS̃

100 GeV

)2

·
(

1 keV

m3/2

)
·
(

TR

1 TeV

)

• Need low maximum temperature in the Universe,
TR . 1 TeV to avoid overproduction in collisions.

• Rather contrived scenario, but generating warm
dark matter is always contrived
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Scenario 1

All superpartners mass are of the same order M.
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Scenario 2

Gluinos and squarks heavier than TR ,
never existed in cosmic plasma.

Electroweak sparticles relevant only
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