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Cosmology
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* Too much HDM energy density at CMB (m, AN “M5)

ANG” =n, Inf  n =22 [dp pf,(p)

¢ Too heavy for large scale structures (m, )
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The sterile neutrino is coupled to a new light pseudoscalar (m, << 1eV)

Lys ~8,0V,YsV,

Limits:
SN bounds:
Veve — ¢
g, =4x 107’
Farzan, PRD (2003)
OvBP decay g =g /sinf =3x10" Model dependent

Bernatowicz et al. (1992) )
sin” 260 =0.05
Kopp et al., JHEP (2013)
Giunti et al. (2013)



T> ¢ particles are thermally produced

T~ (g,~10-%) v, and ¢ in thermal equilibrium
4

V.V, <> 09 <(7 |V|> = SiSTZ in the relativistic limit

one single tightly-coupled fluid

T> the dark sector decouples

1/3

(T,

T¢=( g(1(Tyx)/)) TS 0.465T "
g.(1Te

T~ neutrino oscillations become important



Density matrix

1 F. F-if
P=2% pvip P
QKEs: Potentials:
: 2
P =VP+T,[2-P], y 4 Azms sin26.
: [ T ] D
po—vp+r |2JesTet) b , .
S X"y ) f ) Am ‘ 14.77: GF A
L 0 1 V.= . scosZHs‘— \/—PMZT’%‘*‘VS
P =-V.P -DP, p 45\2° M,
8 d 107! 2T
: vV —_Os + f)~10"
Py=‘éPx—le(Pa—Ps)—DPy (P 87r2psfp Pls+ 1) &sts

l I' = 8 n
Damping: D=§(ra+rs) Collisions: T', = CG;pT* ~* 4nT?



Sterile neutrino production

Resonant production

To prevent sterile
neutrino
thermalization, we
need to suppress
the mixing angle in

matter, 1.€.
V sm Am’
Standard 2p
neutrino prior to standard
decoupling neutrino
&~ decoupling

n/p freeze-out

Maria Archidiacono TEXAS Symposium 2015, Geneva



When sterile neutrinos are produced,
they will create non-thermal distortions
in the sterile neutrino distribution, and
the sterile neutrino spectrum end up
being somewhat non-thermal.

MA, Hannestad, Hansen, Tram, PRD (2014)
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The transition between
full thermalization and no thermalization
occurs for coupling
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* Too much HDM energy density at CMB (m, AN “M5)

ANS™ =n, In™  n, = 2i2 [dp p*f.(p)

» Too heavy for large scale structures (m, ;)
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Late time phenomenology (1):
Ve — ¢ m@ractlons
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Expansion in Legendre polynomials of the

Boltzmann equation in Fourier space
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Expansion in Legendre polynomials of the
Boltzmann equation in Fourier space

i, -k, LI,
£ 6 dlng

Annihilation processes
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f(Z,q.7,7) = fo(@)[ 1+ W(X,q,7,7)]

Scattering
processes

T = (n<(7‘v‘>)'1
Relaxation time

approximation
Hannestad, JCAP (2005)
Hannestad & Scherrer, PRD (2000)
see
Oldengott,Rampf,Wong, JCAP (2015)
for the exact analytical solution



Expansion in Legendre polynomials of the
Boltzmann equation in Fourier space

i, -k, LI,
£ 6 dlng

Annihilation processes
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f(Z,q.7,7) = fo(@)[ 1+ W(X,q,7,7)]

Scattering
processes

T = (n<(7‘v‘>)'1
Relaxation time

No free streaming
No anisotropic
stress



Sterile neutrinos at CMB

L——— Fully Each value of g, corresponds to one
| thermaljzed value of N_.
|Pseudo- N.~3 = g, >107?
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Late time phenomenology (2):
Ve — O ar@hilations
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Late time phenomenology (2):
Ve — ¢ ar©hllat|ons
As soon as sterile neutrinos go non-relativistic, they start annihilating into
vV, — : : e :
P selusdoscalars g Sterile neutrino annihilations will
' 0o1ev N heat up the scalars
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Sterile neutrino mass and Iss

' ) ' i " MA, Hannestad, Hansen, Tram (2015)]
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Drawback of the MeV-scale
vector boson Mirizzi et al., PRD (2014)

Maria Archidiacono TEXAS Symposium 2015, Geneva




(Slightly) Too many neutrino species at BBN (AN_;28N)
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Too much HDM energy density at CMB (m, AN “MP)
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Coupling to DM

O

) MA, Hannestad, Hansen, Tram, PRD (2014)
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g, <2x107 e’
MeV

Overproduction of ¢ from y-annihilation.
B No effect on Large Scale Structure.
[ Dark Matter is too hot.

—14 !
—4 -3 -2 -1 0 1 2 3
ACDM small scale problems logy(m, /MeV)
v “too big to fail” . Loeb & Weiner, PRL (2010)
13 99 DM - DM § -
V" *‘cusp vs core $om
3 “missing satellites” DM - DR

Chu & Dasgupta, PRL (2014)




can accommodate one additional massive sterile state in cosmology without
spoiling CMB measurements and, at the same time, evading mass

constraints

“Secret” interactions might also solve the of the

paradigm
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Active neutrinos must be free streaming after z~5000

13(1+1)C/(2n) [10°mK?]

MA, Hannestad, JCAP (2013)
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The interaction is confined to the sterile sector
The pseudoscalar coupling is diagonal in mass basis
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Galactic Dynamics:

.. 2R’ _ _22R o 1 v M
= - B = scat X
Tdyn 3NXO “ 4 n<O|V|> mX
. 2 1 2 (04 g2
Hard scattering o ~4b —m v = d - a, = Sd_
2 mXb 47

The condition for having observable consequences on galactic dynamics is that the
scattering time scale of DM self interactions is less than the age of the Universe.

Milky Way:

9/4
m
>6x107° 4
o (MeV)

It is just a
It requires further
ivestigation



Sommerfield enhancement

The effect of Sommerfeld enhancement can be safely neglected for all reasonable
values of g,
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