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WDM candidate: keV-mass sterile neutrinos

In the early Universe: production via neutrino oscillations

v, )=+cos9 v )+singv,)
_ Described by two parameters: m_ & 9
v,)=-singv,)+cosgv,)

Boltzmann equation: distribution function of sterile neutrinos

0 d
gp o) —Hp o fo(p:1) S T(va = vaip, 1) [fa(, 1) — fu(p; 1)

Matter effects: primordial lepton number asymmetry
(Am?/2p)? sin® 26
(Am?2/2p)? sin® 260 + (Am?/2p cos 260 — Vy — Vr)2

sin’ 26, ~

Non-resonant case: Dodelson, Widrow, 94’ Resonant case: Shi, Fuller, 99’

O h?~0 sin® 9 ( m, )1'8 om0l M L
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Pulsar velocities: asymmetric emission of sterile neutrinos
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X-ray observations: to discover keV-mass sterile neutrinos

Normalized Counts/sec/keV
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Various constraints on keV-mass sterile neutrinos
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Standard energy-loss arguments

NeutrnoiGCooing If new weakly interacting particles

53 PPN can be produced in the supernova
ARSI LR ([ IRl (e, they will steal energies from
T neutrino bursts, which reduces the

duration of neutrino signals.

Volume Emission of New Particles £new <30x10% erg cm>s™

G.G. Raffelt, Phys. Rept. 198 (1990) 1

... Axions, Majorons,
P ™ Ppye=3%10* gem3
T=~30MeV 8




Sterile Neutrinos in a SN Core

Production of sterile neutrinos:

Low matter density: neutrino flavor oscillations with matter effects

High matter density: production & absorption via scattering processes
Occupation-number formalism: EE{RETIIACE

Pij = <bi+bj> Diagonal terms: just the usual occupation numbers
D = <dj+di> Non-diagonal terms: encode the phase information

Equations of motion:

P, =1[p,, ] +Z (Ii —%{Ii,pp}j‘;i _%{h,pp}ag} Neutral-current interaction

3 -
o3 o o (679,600 ) + e - (9,67 - )6 +h)




Sterile Neutrinos in a SN Core

Two-flavor mixing case

1
%72

1
QpZE

(np + Pp 'T)

(Ep T Bp 'T)

Py :i[pp’Qp] — If)p :Bpxpp

I Flavor polarization vectors rotate around magnetic fields I

2
B, = Am
2E

2

sin 2%, O,

Ar; COS 29—V 4 j

Matter Effects

Wolfenstein, 78’; Mikheyev, Smirnov, 85’

sin® 293, =

sin® 29

sin” 29+ (cos29F ()E/E, )’

where the resonant energy is

_Am?

2V

maximal mixing if E~ E, cos 20

10



Sterile Neutrinos in a SN Core

Weak-damping limit

ilation length Ao =75 <O7cm( E j 10 \(10keV )
Oscillation lengt 0s¢ A2 ' 30 MeV ) sin 29 m,
1 30 MeV \’(10%gcm™
Mean free path Amip = N, o lescm( E ) ( D

/losc << ﬁ“mfp




Sterile Neutrinos in a SN Core

Ep :%[np +(Pp 'épxép T)]

Two independent parameters: Pp = ( v JJrl(f - fpS)t (O lj

occupation numbers f* & f°_ o fy) 2°° \1 0

averaged over a period of oscillation

Simplified equations of motion:

fps - 285{[(1_ fps)t(l:)a B fpsapa]+2(g ) p'p fp (1 f ) u%?) fp (1 f )]}
_

S 1 Do a d3 a £«
A :435{‘4} +Z(ga)2,[(27:))3 uy, fp’} setfp =

Lepton-number-loss rate .V, j d’ F; fS Energy-loss rate ¢ = f d’ F; EfS 12
7Z'



Sterile Neutrinos in a SN Core

Neutrino matter potentials

[ R ks:
=V2G_N,| Y, —%Yn r2V, +Y, +YVT} smaris

1. degenerate electron neutrinos;
the equation of state involved;

:\/§GFNB —EY +Y, +2Yv +Y, charged current interactions;

2 " ¢ H : so we consider tau neutrinos
for simplicity;

\/76 N [ +Y +Y +2Y, } . we assume the SN core to be
2 homogeneous and isotropic.

Tau-sterile neutrino mixing

v, ——Se N_@—v, —2v, —4v, )< ol Mitial conditions:
: J2 ; ‘ Y.=03,Y,,=0.07,Y, =Y, =0

. 9 1. the MSW resonance occurs in the
-2 sin“ 25 antineutrino channel;
sin“ 28, . = '

sin? 2.9 + (COS 29+ E/ Er )2 2. asymme.try be.tween tau neutrinos
and antineutrinos.
13




Energy-loss Rates and SN Bounds

Simple bounds in the ‘vacuum limit’: E >>E

. sin 29
sin“ 23, = —> [|9~8~8
" sin? 29+ (cos29+E/E, ) L

Energy-loss rates

2 2 2
& =2 E2 = (EsinZZSJNBGFE dE = 4N, G T 9°
0 272° exp(E/T)+1\ 4 T
V+v v—N

Supernova Bound

E =4N GT 9 <& =30x10¥ergem®s™”| mmmmm) [92 <10°®

P=Pruc=3 x1014 g cm 3
T =30 MeV




Energy-loss Rates and SN Bounds

>|

onditions for the vacuum limit

2 14 -3
E, =3.25 MeV(/ i (10 J
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yo,

| Y,=(1-Y,-2Y,)/4=0.14

m, >100 keV <>/ Y, Y

Is the simple bound also valid

Abazajian, Fuller, Patel, 01’
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sin® 26

"' ."N\ L > 4

for the small-mass range?

A Stationary State?
Yv, —>Y, » 19‘/ zlgv ~ 9

fre = 1
exp|E/T —7n]+1
~ fvr _ 1
= explE/T +7]+1

15



Energy-loss Rates and SN Bounds

Criterion for a stationary state

o _| Mixing angle Population of Neutral-current
’ AIESIE 1 |- inmatter |® | active neutrinos R interactions
» ’ Neutrino Emission Rate | — ’ Antineutrino Emission Rate |
Evolution of the degeneracy parameter
: 1« E°dE ’ZdE’ y 1
N =-= sin 29 —UL for ([T =
-4 g explE/T —n]+1
: 1« ¢ E°dE ’ZdE’ _
N, =—= sin2 29, [ — U2 L for = 1
47 27° ' explE/T +n]+1

Sterile neutrinos with mixing angles 3, < 3_= 10 can escape from the core.

16



Energy-loss Rates and SN Bounds
Evolution of the degeneracy parameter
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Feedback effects | Initial condition: t=0,n =0
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Energy-loss Rates and SN Bounds

Evolution of the degeneracy parameter Raffelt, Zhou, 11’

mg (keV)

d N G?Zs2,T
dt 47

[JL ) -Fme™ ()

my (keV)

10712 10719 107 107 107* 1072 1 o™ 1w 1w® w0 Jgt 1= 1
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Energy-loss Rates and SN Bounds

The stable point n* can be either negative or positive, depending on the sterile
neutrino mass and vacuum mixing angle;
The values of n* are negative for large vacuum mixing angles, because more

antineutrinos than neutrinos are trapped in the SN core;

m, (keV)
m, (keV)

1072 107 107 10® 107* 10 1 1072 1071° 107 107° 10™* 1072 1
sin® (26) sin” (20)




Energy-loss Rates and SN Bounds
Energy-loss rate Raffelt, Zhou, 11’

&(t) = NBC;;:? ‘9T

1-B(x, x.e,X.&" )d
T 4+1 82, +(c,y — X/ X, )

Averaged energy-loss rate
_ [
(&)=75"] " &)t

Supernova bound

5

%)=

Energy loss

my (keV)

10}

(&)<3.0x10%ergcm~s™

1
0= 1670 7% 107 10 107=¢ 1

sin” (26)



Sterile Neutrinos and SN Explosions

Mixing with electron neutrinos n
e +p @ ) (U

@ escape from f
the SN cores Equatlon of state

How to constrain sterile neutrinos?

My, F My~ ﬂp+5m

Remarks:

If the lepton-number loss is not significant, one can simply apply the standard
energy-loss argument to the v_-v, mixing case;

For the warm-dark-matter mass range (1 keV to 10 keV), the MSW resonance
may be present and amplify the lepton-number-loss rate;

Sterile neutrinos have already done something important during the collapsing
phase, such as reducing the electron number fraction Y,and thus the size of the
homologous core, and the energy of the shock wave.

21



Sterile Neutrinos and SN Explosions

Sterile neutrino assisted SN explosions? S IEICRTIETA

One-zone model of the collapsing core: the EoS & resonant v_-v, conversion,...

To include the neutrino trapping and diffusion, shock-wave propagation, ...
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