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Warm Dark Matter

What does this mean?

The name seems to indicate two things:

® not too cold or too hot, no precise definitions

e it’s really the temperature that matters
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Warm Dark Matter

What does this mean?

The name seems to indicate two things:
® not too cold or too hot, no precise definitions

e it’s really the temperature that matters

Actually, the definition of WDM is pretty precise.

The DM candidate that gives the required relic density while
having the free-streaming length comparable to the size of the
region which subsequently evolved into a dwarf galaxy.
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The free-streaming length

The distance a particle can travel until it becomes non-relativistic.

keV/ 4/3 0 h2 1/3
Ars ~ 0.1 Mpc (e) ( X )
my 0.2

For 2 ~ 0.2 and A\gs ~ 0.4 Mpc, m, ~ keV

Cold DM has a small A\gs, which gives a bottom up formation

® may allow too many small galaxies

* may leave a DM “cusp” at the center of halo
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Candidates for WDM

Some plausible candidates: Gravitino, Axion, Sterile neutrino...

Like active-, WDM particles remained relativistic when they
decoupled

Q, ~ (m,/94eV)

3
QR ~ (F) (mow/94V) = (Z4755) (mom/94 &)

To produce the sterile-v:

e Thermal production: need entropy dilution

e Non-thermal production: late decay or oscillation
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Non-thermal production of the sterile-v

Dodelson-Widrow mechanism (93):

Sterile neutrinos can be produced through neutrino oscillations.

sin 6 ms \18
flp ~ 02 (3 X 10—9> (3 kev>

e Q)p is fixed by the mixing angle sin # and the mass m,

¢ simplest model has been ruled out by the X-ray and Lyman-a
searches!

e can still be valid with the presence of lepton-number
asymmetry Shi and Fuller (01)
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Experimental Constraints
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Boyarsky, Ruchayskiy and Shaposhnikov (09)

6
/|3‘

Yuhsin Tsai yhtsai@ucdavis.edu WDM and Composite Neutrinos



VWDM and
Composite Neutrinos
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Composite Neutrino Scenario
Arkani-Hamed and Grossman (99)

Active neutrinos can be naturally light if the right-handed neutrino
is a composite state of a hidden sector.
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Composite Neutrino Scenario
Arkani-Hamed and Grossman (99)

Active neutrinos can be naturally light if the right-handed neutrino
is a composite state of a hidden sector.

. _M_ e~ Gc 2 GF hidden sector with

v-color and flavor
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Composite Neutrino Scenario
Arkani-Hamed and Grossman (99)

Active neutrinos can be naturally light if the right-handed neutrino
is a composite state of a hidden sector.

~--M-—— X Gc® GF

hidden sector with

v-color and flavor

A confine Ge i (el
chiral bound states 3 massless ng by
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X" ~ G
EFT x" — A3(=D/2pp

WDM and Composite Neutrinos

G{ anomaly match-

ing
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Composite Neutrino Scenario
Arkani-Hamed and Grossman (99)

Active neutrinos can be naturally light if the right-handed neutrino
is a composite state of a hidden sector.

- _M_ --lx ~ G ® G hidden sector with

v-color and flavor

A lconﬁne Ge i (el
chiral bound states 3 massless ng by
X" ~ G} Gf anomaly match-
EFT x" — A3(=1/2p, ing

Light Dirac masses after confinement.
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The anomaly compensator &

e ¢ is a ‘v-color’ singlet but carries a Gg charge
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The anomaly compensator &

e ¢ is a ‘v-color’ singlet but carries a Gg charge

* |t gets a mass by coupling to the condensate (x™) in the hidden
sector

——exmg YN BmAR2E ¢

MGBm— 2)/2
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The anomaly compensator &

e ¢ is a ‘v-color’ singlet but carries a Gg charge

* |t gets a mass by coupling to the condensate (x™) in the hidden
sector

——exmg YN BmAR2E ¢

MGBm— 2)/2

e ¢ couples to SM just like ng

1

A L HX"E— €M TH .

e m: number of perons need to form ng.
n: number of perons need to form the condensate.
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¢ as keV WDM: Non-thermal production

When m = n — 1, we can parametrize the mixing angle and DM mass in turns

of the physical quantities (v, m,).

log, sin®(26,)

® solid curve: lower bound from the X-ray constraint
® black dots: lower bounds on my from Lyman-«

e AY ~107°

® forn=3and m=2: A ~ TeVand M ~ 10* TeV.
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¢ as keV WDM: Thermal production

For n = 3 and m = 2, these all occur at the TeV scale:

e ¢ freeze out
e Hidden sector confined

e Bound state & SM particles decouple

¢ freeze out relic density with entropy dilution

Qd Y mgys 1.1 x 10* my
= o Skev,) |12

Qom  pcfom gfs.
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¢ as keV WDM: Thermal production

For n = 3 and m = 2, these all occur at the TeV scale:

e ¢ freeze out

¢ Hidden sector confined <— Source of entropy dilution ~y
e Bound state & SM particles decouple

¢ freeze out relic density with entropy dilution

Q Y, 1.1 x 10*
d ~ Emd50 _ X <5nlzzv) , v 102

Qom  pcfom gfs.
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Entropy Dilution from Confinement

Super cooled confinement can produce sufficient entropy for
WDM
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Summary

Warm DM particles did two things:

® gave QDM
e participated the structure formation

Elementary keV sterile neutrinos are natural ingredient of
composite neutrino scenario.

They can be generated through
e non-thermal production with neutrino oscillations

e thermal production with an entropy dilution
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