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Neutrino DM? Tremaine-Gunn bound

In 1979 when S. Tremaine and J. Gunn published in Phys. Rev. Lett. a
paper \Dynamical Role of Light Neutral Leptons in Cosmology"'

The smaller is the mass of Dark matter particle, the larger is the
number of particles in an object with the mass Mg,

Average phase-space density of any fermionic DM should be
smaller than density of degenerate Fermi gas
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Objects with highest phase-space density — dwarf spheroidal galaxies

— lead to the lower bound on the fermionic DM mass

Mpwm & 300 400 eV [0808.3902]

More stringent bounds based on Lioville theorem are
model-dependent [Boyarsky, Bondarenko, Fairbain, Read, ...]
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Neutrino Dark Matter: Tremaine-Gunn bound

Are neutrinos with such a mass are excluded?

I We can compute contribution to DM density from massive
neutrinos
I The number density for neutrinos is given by
d3p
2 )
I So the contribution to DM is
=< P
1 m eV

h°=——— mnge=——
oM ¢;100 0 94 eV

no= fr(p) T3(t) ~ 112 cm 3

I For mpy =300 eV one gets pyh? 3 (wrong by a factor of
30!)

I Sum of masses to have the correct abundance

Massive neutrinos cannot be simultaneously “astrophysical”’ and
“cosmological” dark matter
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Neutrino Dark Matter: Structure formation

I Next blow to neutrino DM came around 1983-1985 when M. Dauvis,
G. Efstathiou, C. Frenk, S. White, et al. “Clustering in a
neutrino-dominated universe”

I They argued that structure formation in the neutrino dominated
Universe (with masses around 100 eV) would be incompatible
with the observations

http: //www.adsabs.harvard.edu/abs/1983ApJ...274L...1W

Abstract

The nonlinear growth of structure in a universe dominated by
massive neutrinos using initial conditions derived from detailed linear
calculations of earlier evolution have been simulated ... The
conventional neutrino-dominated picture appears to be ruled
out.
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Two generalizations of neutrino DM

I Dark matter cannot be both light and weakly interacting at the
same time

I To satisfy Tremaine-Gunn bound the number density of any dark
matter made of fermions should be less than that of neutrinos

I Neutrinos are light, therefore they decouple relativistic and their
equilibrium number density is / T3 at freeze-out

First alternative: WIMP

Consider heavy dark matter particles in the thermal equilibrium. Their
number density is Boltzmann-suppressed (n / e ™=T) at freeze-out

Second alternative: super-WIMP

One can make dark matter interacting super-weakly so that their
number density never reaches equilibrium value
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Example of super-WIMPs: sterile neutrino DM |

I Consider a massive particle, N (“sterile neutrino™), that interacts
with the SM particles like neutrino, but the interaction strength is
#Gg, where # 1

I The# 1 issosmall that N never enters thermal equilibrium. The
interaction rate n  #2GZT® — similar to neutrino, but suppressed
by #2

I Their number density slowly builds up from interaction with the SM
particles (inverse process of DM particles converting into the SM ones is not
effective while there are too few DM particles, much less than equilibrium)

I As a result their total number density: Ny /Z #2n  and their
abundance n Z mn#2. For sufficiently small # particles of any
mass can produce the correct DM abundance
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Example of super-WIMPs: sterile neutrino DM Il

Ve Vp, Ve Vp_
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I Sterile neutrinos should explain observable neutrino oscillations
I States that propagate (mass eigenstates) do not have a de nite
weak charges { oscillations

I Neutrinos are light because I active-sterile mixing angle
Mp M:
Mp
U=—— 1
. (Mb)® — UM M
M

I Two quasi-degenerate sterile neutrinos may generate masses of
active neutrinos even if U2 m =M { ne-tuning
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Example of super-WIMPs: sterile neutrino DM 111

I Sterile neutrino is produced in the primordial plasma via processes
like

L

q q

o

e

1 v N
S
@ +
I Let us check first whether sterile neutrinos entered thermal
equilibrium: compare the reaction rate § with the Hubble

eXpanS|0n ate
N F M

I Naively, one may conclude that HNLs were in equilibrium > H
up until the temperature

1=3 10 5

Teee M GZ#? 90 MeV — 2)
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Example of super-WIMPs: sterile neutrino DM IV

I Equation of motion for neutrinos propagating in thermal medium
gets changed

I Neutrinos are an intermediate
state in any process with Ng. A
change of properties of
neutrinos lead to the

Ik corresponding change of any
N matrix element with Ng
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Example of super-WIMPs: sterile neutrino DM V

I Averaging over the particles from the bath, the mixing angle
becomes temperature dependent:

#o
TGGZ (3)
14—
N

#(T)
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Example of super-WIMPs: sterile neutrino DM VI

| The reaction rate y(T) #2(T)G2T? is strongly suppressed at
high temperatures

I The production is the most e ective at

M N 1=3
1 keV

Tpeak 150 MeV Mn 4)

for My in keV{MeV range. Because of the suppression it may turn
out that always N . H
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Example of super-WIMPs: sterile neutrino DM VII

| Namely, for HNLs with mass in GeV range, the total interaction rate
is It = c#2G2 T°, wherec = O(10). Then the condition It . H
is always satis ed for angles

u?. U2,' 10 121 GevV (5)
Mn
I ...and indeed, HNLs have phase-space distribution
2
fn(pit) (6)

exp(+m) +1
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Main sterile neutrino DM signatures

I It is warm (born relativistic and cool down later)

I It is decaying (via small mixing with an active neutrino state)
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Sterile neutrino + Okkam razor |

MSM: 2 quasi-degenerate GeV-scale Majorana neutrinos Ni., +
light keV-scale DM
Sakharov: To generate baryon asymmetry of the Univer3econditions
should be satis ed

1. Baryon number should not be conserved
2. C-symmetry and CP-symmetry must be broken
3. Deviation from thermal equilibrium in the Universe expansion

Two quasi-degenerate HNLs with massag & 1 GeV may provide all
Sakharov conditions:

I They may never enter thermal equilibrium

I They violate the lepton number, which then may be transferred to
the baryon number via sphalerons

I They introduce additional complex phases to neutrino mass matrices
and hence CP violation
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Sterile neutrino + Okkam razor |11
Sterile neutrinos can explain. . .

I Neutrino MassSesSBilenky & Pontecorvo'76; Minkowski'77; Yanagida'79; Gell-Mann
et al.'79; Mohapatra & Senjanovic'80; Schechter & Valle'80

| Baryon asymmetryFukugita & Yanagida'86; Akhmedov, Smimov & Rubakov'9s;
Pilaftsis & Underwood'04-05 ;

| Dark matter: podelson & Widrow'93; Shi & Fuller99; Dolgov & Hansen'00

A minimal model of particle physics and cosmology: MSM

Sharing success of the Standard Model at accelerators and resolving major
BSM observational problemsagaka & Shaposhnikov'05; Review: Boyarsky+09
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Sterile neutrino + Okkam razor |11

{ GeV-scale Majorana neutrinos may be explored at colliders (large
masses) and beyond collider experiments (e.g. SHiP)

Bondarenko et al. 2023
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Sterile neutrino + Okkam razor IV

| Sterile neutrinos may also generate primordial magnetic elds

In preparation
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Production through resonant mixing
Shi & Fuller [astro-ph/9810076]; Laine & Shaposhnikov [0804.4543]

Conversion of to N is
enhanced whenever \levels"
cross and virtual neutrino goes
\on-shell" (analog of MSW e ect
but for active-sterile mixing)
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Resonantly produced sterile neutrinos

In the presence ofarge lepton
asymmetry the MSW

resonance can take place and
production of sterile neutrinos
becomes much more e ective

The condition for resonance
occurs only for speci c values
of momentump and during
limited period of time

The resulting sterile neutrino

velocity distribution is a mixture
of cold and warm components
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I Primordial magnetic eld may in uence the formation of dwarf
galaxies

Sanati et al. 2020, Katz 2021
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Sterile neutrino as warm dark matte



Warm dark matter

I Particles are born relativistic) they do not cluster

I Relativistic particlestee stream out of overdense regions and
smooth primordial inhomogeneities

{ Particle velocities means
that warm dark matter has

e ective pressure that
prevents small structure from
collapsing
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What is \warm dark matter" observationally?

Warm dark matter:

I Same structures as in
CDM Universe at scales
of Mpc and above
no signatures in CMB or
galaxy counts

| Decreasing number of
small galaxies around
Milky Way

| Decreasing number of
small satellite galaxies
within Milky Way halo

I Can help with \too big
to fail* or \missing
satellites" problems
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