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Neutrinos are the most enigmatic particles in
the Universe

Associated with some of the long standing
problems in astrophysics

Solar neutrino deficit

Formation of structure in the Universe
Supernovae Il (SNe Il)

Stellar/Neutron Star core cooling

Dark Matter/Dark Energy

Intensities in excess of 103° W/cm?2 and
luminosities up to 10°3 erg/s
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“ Kamiokande

S 1st observation
MEY of neutrinos
o } from outside
i + | + solar system
1987

energy (MeV)

Robert Bingham

Rutherford Appleton Laboratory,
Space Science & Technology Department
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A supernova releases 5 x10°3 erg
(gravitational binding energy of the original
star)

® neutrinos 99 % e
e kinetic energy+light ~ 105! erg o

How to turn an implosion
into an explosion?

— Neutrino-plasma
scattering instabilities
in dense plasmas

Neutrino-plasma
heating



Science & Technology Facilities Coundil

Rutherford Appleton Laberatory

Neutrino Refractive Index

The interaction can be easily represented by neutrino refractive index.

. . : 2
The dispersion relation: (EV — V) — pfcz — mfc4 =0 (Bethe, 1986)
E is the neutrino energy, p the momentum, m, the neutrino mass.

The potential energy V = \/EGFne
G is the Fermi coupling constant, n, the electron density
= Refractive index r 2 2
c C
NV — |4 — pV
a)l/ EV
N ~1 2\/§GF . Note: cut-off density €y
v hkvc e g, heutrino energy 2\/§GF
Electron neutrinos are refracted away n, =
from regions of dense plasma - Vn

similar to photons.
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Neutrino Ponderomotive Force
R

For intense neutrino beams, we can introduce the concept of

the Ponderomotive force to describe the coupling to the
plasma. This can then be obtained from the 2"d order term in

the refractive index.

L N -1

Definition Foornp = TV(S [Landau & Lifshitz, 1960]
where € is the energy density of the neutrino beam.
J2G,n
N=1—2\/§GF71 = I:Pond:_ Fevé:
&, ¢ &,
n, is the neutrino number density.

|:Pond = TV ZGFI’leVI’lV

Bingham et al., 1997.
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Mﬁ”& Neutrino Dynamics in Dense Plasma
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Dynamics governed by Hamiltonian (Bethe, ‘86):

G;. - Fermi constant
n, - electron density

H, = \/picz +m>c* +2G,n,(1,t)

9| Effective potential due to weak

interaction with background electrons
Fpond = _‘/EGFV’% (r,f ) 9| Repulsive potential

Force on a single electron 1

due to neutrino distribution
, ) F =—2G,.Vn (r,{)
Ponderomotive force due to e,

neutrinos pushes electrons to Force on a single neutrino due
regions of lower neutrino density to electron density modulations

“ ponderomotive force derived from Neutrinos bunch in regions of

semi-classical (L.O.Silva et al, “98) or lower electron density
quantum formalism (Semikoz, ‘87)
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S Neutrino Ponderomotive Force (2)
S

Force on one electron due to electron neutrino collisions f_,

2
f =0 5 GFkBTe g,. is the neutrino-
coll Ve o, = > o electron cross-section
27th°c
Total collisional force on all electrons is
|:COII = NoJeon = negveé:
3 3
Fog V27 1% [yg
o 22
|:coll GFkBT kv

K.oql is the modulation wavenumber.

For a 0.5 MeV plasma Foong ~ 10
F

coll

0, = collisional mean free path of 10'® cm.
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To form a neutron star 3 x1053 erg must be
released
(gravitational binding energy of the original star)
e lightt+kinetic energy ~ 103! erg o
e gravitational radiation < 1% e
e neutrinos 99 % e

9] Electron density @ 100-300 km: n,, ~ 10%° - 10%2 cm3
91 Electron temperature @ 100-300 km: T, ~ 0.1 - 0.5 MeV

1 v, luminosity @ neutrinosphere~ 10° - 5x10% erg/s
1 v, intensity @ 100-300 Km ~ 10%° - 1030 W/cm?

91 Duration of intense v, burst ~5 ms
(resulting from p+e—n+v,)

9| Duration of v emission of all flavors ~1-10s

Feb. '94 Sept '94 Mar. ‘95 Feb ‘96

Supernova 1987A HST .WFPC2

PRCS7-03 « ST Scl OPO « January 14, 1997
J. Pun (NASA/GSFC), R. Kirshner (CfA) and NASA
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The shock exits the surface of the proto-neutron star and begins
to stall approximately 100 milliseconds after the bounce.

The initial electron
neutrino pulse of

5x10°3 ergs/second is
followed by an “accretion”
pulse of all flavours of
neutrinos.

This accretion pulse of
neutrinos deposits energy
behind the stalled shock,

Lumnosity

Neulring luminosities for a 20 solar mass staf
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increasing the matter pressure sufficiently to drive the shock
completely through the mantle of the star.
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Neutrinosphere

(proto-neutron
* How to turn an implosion into an explosion star)
: : Plasma pressure
— New neutrino physics J
— Ay, for ev collisions ~ 10" cm

in collapsed star
— Ay fOI COHC.CUVC
plasma-neutrino

coupling ~ 100m

e How?
— New non-linear force —
neutrino ponderomotive

force A

— For intense neutrino flux Neutrino-plasma Shock
collective effects important coupling

— Absorbs 1% of neutrino

energy

=> sufficient to explode star Bingham et al., Phys. Lett. A, 220, 107 (1996)
Bingham et al., Phys. Rev. Lett., 88, 2703 (1999)
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Two stream instability
Neutrinos driving electron plasma waves v¢~c
Anomalous heating in SNe Il

Collisionless damping of electron plasma waves
Neutrino Landau damping
Anomalous cooling of neutron stars

Electroweak Weibel instability
Generation of quasi-static B field
Primordial B and structure in early Universe
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Kinetic equation for neutrinos
(describing neutrino number density conservation / collisionless neutrinos)

%+vv 9. —«EGFLVne(r,t)nL 12 ALY Yoy, Je(r’t)j' .
ot or ct o c c op,

Kinetic equation for electrons driven by neutrino pond. force
(collisionless plasma)

%4‘ v, '%—\/EGF[VHV(F, 1) + 12 A0 Ve y v x g, t)J . —e(EJr&xBj-%:O
ot or c ot c c op, c op,

_|_
Maxwell’s Equations

(Silva et al, ApJ SS 1999)



Two stream instability driven by a
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Usual perturbation theory over kinetic equations + Poisson’s equation

n,=ny+n, fe:feo(pe)*'fd
Ve=WV1 fo=1o(P,)+ fia

Dispersion relation for electrostatic plasma waves

l+Ze(a)L’kL)+Zv(a)L’kL) =0

Electron susceptibility  Neutrino susceptibility

2 k -—afvo
2k3 M,0M,0 a)z ’ apv
7@, k,) = 2Gi =008 1= |y [dp,—
mea)peO ¢ kL L _kL .VV

(Silva et al, PRL 1999)



Instability Regimes: hydrodynamic vs
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If region of unstable PW modes
overlaps neutrino distribution
function Kkinetic regime becomes

\/(I), A important

V
-
Unstable PW modes (o ,K;) -7

N, =102 cm3 <E > =10 MeV

L,=10%2erg/s T,6=3MeV NP - 2 s &—v << O
R, =300 Km m. = 0.1 eV Kinetic instability y oc G~ if v0 v

. o,
‘ Hydro instability y o« G.23if |7— —V,| >~ O,

O'VV/czl(T16

| a)L vVo

= 2 = 2 202 204\ 1/2
< Vmaxﬂ ~10%_102 where v = p, c?/E = p, c?/(p,2c?+m 2c*)

@ . ¢ - form, — 0, c — 0 hydro regime -
pe

|ckL c



Estimates of the Instability
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n,=10%* cm3
L, =105 erg/s
R, =300 Km

<E >=10 MeV

Growth distance ~1 m
(without collisions)

< 0.1
_ MeV

Growth distance ~ 300 m
(with collisions)
- 6 km for 20 e-foldings -

Mean free path for
neutrino electron single scattering
~ 10 km

Single v-electron scattering o« G2

Collective mechanism much stronger
than single particle processes
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Neutrino streaming instability saturates by electron Landau damping

kP k, ~ @ ./c cos © O, ~ arcos(vy/c)

T,T = 6,,, { = Instability Shutdown

V’s
Modes with Simplified Model
maximum growth ratc QIE |2
£, =B 0l O h T oy f B0 f KoKy
aWEPW e

T =h, & Sﬂr' athIE | kmax= pc(}/vth(Te)
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0.45
n,=10”° cm atg .:
Lv =10" erg/s |.:|.3 .
R_ =300 Km TeMeV) 525 |
<E >=10 MeV DC;': |
T,,=0.1 MeV 01l ‘ ” 5
including e-i collisions o Ei?ime%i 9 ©o

Y Preliminary results indicate strong heating up to 0.5 MeV:
¥ Further analysis is necessary to include relativistic corrections on electron
Landau damping - present model overestimates eLD;

¥ Initial v, burst (~ ms) can heat the plasma efficiently:
J Detailed quasi-linear theory for v’s and e’s will give signatures of v-driven
instabilities and more accurate results — information to be included in

supernovae code
9 Stimulated “Compton” scattering must also be considered



Supernovae explosion and neutrino driven
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Neutrino emission of all flavors =
L,~10>%erg/s,t~1s k

drives plasma waves through

e-Neutrino burst neutrino streaming instability

L, ~4x10% erg/s , T ~5 ms

]

plasma waves are damped
(collisional damping)

Due to electron Landau dampg\ng,
plasma waves only grow in th

]

. Stimulated
lower temperature regions Plasma heating “«Compton”
Supernova EXplOSiOll! @ 100-300 km from center scattering

]

LB

Less energy lost by Pre-heating of outer layers
shock to dissociate iron by short v, burst (~ms)
Revival of stalled shock in

supernova explosion .Anomalous Pressure
(similar to Wilson mechanism) increase behind shock




Neutrino play a critical role in
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 Neutrino spectra and time history of the fluxes
probe details of the core collapse dynamics and
evolution.

* Neutrinos provide heating for “delayed” explosion
mechanism.

e Sufficiently detailed and accurate simulations
provide information on convection models and
neutrino mass and oscillations.



Plasma waves driven by electrons,
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2
Electron beam (8 +a)pe0 e = "D ,00M e peam
2
Photons (a + W _wpeo sz K *tNy
pel 3
2m, (27[) Wy
: x/En G
N rn = v
eutrinos (8 +0)peo = n; Vin,

Ponderomotive force

6116 Perturbed electron plasma density
physics/9807049, physics/9807050

Kinetic/fluid equations for electron beam, photons, neutrinos
coupled with electron density perturbations due to PW

Self-consistent picture of collective e,y,v—-plasma interactions
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In different astrophysical conditions involving intense
neutrino fluxes, neutrino driven plasma instabilities are
likely to occur

Anomalous heating in SNe I

Electroweak Weibel instability in the early
universe

Enhanced Mixing by Turbulent structures

Challenge: reduced description of neutrino driven
anomalous processes to make connection with
supernovae numerical models
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What if the source of free energy is in the plasma?
Thermal spectrum of neutrinos interacting with turbulent plasma

Collisionless damping of EPWs by neutrinos moving resonantly with EPWs

:V, =V

Physical picture for
electron Landau damping
(Dawson, ‘61)

General dispersion relation describes not only the neutrino
fluid instability but also the neutrino kinetic instability

(Silva et al, PLA 2000)
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AE,|  ~|F|L, ~8V2G,en,,

7, =10
=107
ing n,=10%cm™

L, = 2,7 =3x107cm

dE, | dL = 8\/§GF8neo /(/’tp}/j) ~200elV [cm

Equivalent to physical picture for RFS of photons (Mori, ‘98)
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Neutrino Landau damping Il
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Neutrino Landau damping reflects contribution
from the pole in neutrino susceptibility

k,(of,/0
2(@,.k,) o< [ dp, ;(_fvlz 5)
L L 14

EPW wavevector k, =k, defines parallel direction
neutrino momentum p, =p,, +p,,

arbitrary neutrino distribution function f

Landau’s prescription in the evaluation of y,

For a Fermi-Dirac neutrino distribution

2 2.
kC G|: H,oM, 0 1 (l)i LIZ(—expEF/TV)

~—— 7T o :
Y Landau 2 mc kBTv Czkf L|3(—eXpEF/7:/)
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Intense fluxes of neutrinos in Supernovae

Neutrino dynamics in dense plasmas (making the
bridge with HEP)

Plasma Instabilities driven by neutrinos
Supernovae plasma heating: shock revival
Neutrino mode conversion (Neutrino oscillations)

Neutrino Landau damping

Neutron star cooling

Solar neutrino deficit

Gamma-ray bursters: open questions
Conclusions
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Free energy in particles (e, I, e*) transferred to the
fields (quasi-static B field)

Fundamental plasma instability
laser-plasma interactions
shock formation
magnetic field generation in GRBs

Signatures: B field + filamentation + collisionless drag

Free energy of neutrinos/anisotropy in neutrino
distribution transferred to electromagnetic field
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Usual perturbation theory over kinetic equations + Faraday’s and Ampere’s law

Cold plasma

Ok f-on s ot Kote

¢(J,}V0 ): J‘dp Vi C052 9{ @Fvo + k v, @Fvo . k v @FVO}
Yo — kvlz @?VJ_ @ @vz @ @VJ_

Monoenergetic v beam (m =0) Jro :fVO(pVJ_’pvz)
2 2 2 \ 2 .
(a) —kc {1 A~ onj — O R IV yeipen & |7/Weibel << |k|
k*c?

1/2
7/Weibel — ﬂvxo 2 2 2 AV oC GF
‘/k C”+ W,

(Silva et al, PFCF 2000)
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The graphic shows a slice through
the core region of a supernova 50
ms after the bounce. Each arrow
represents a parcel of matter and
the length and direction show
velocity (colour represents entropy,
S). Regions of higher entropy
indicate heating. The shock front is
apparent from the position where
yellow arrows meet green ones
(about 300 km from the core). Low
entropy, high velocity material
(blue arrows) is the rest of the star
raining down onto the core.
Neutrinos are present in the blue-
green region about 40 km from the
core where they are being
absorbed in the quasi-static layer
which then becomes heated
(yellow).

Detailed Simulations

Stalled shock front

-~

High-entropy
bubble

s

"Cold" downdraft

Proto-neutron star

Inner core
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MSW - Matter Effect

All neutrinos interact through
neutral currents, Z boson.

Probability
o

Only electron neutrinos interact
through charge current, W boson.
Refractive index for all flavours ”
\/_ Pr]?babitlLty of de;cﬁctingghatﬁatl‘)tic#larfftlﬁv%lr of nleuirino as tth_ey m(ove olut)
rom ecor_‘e rou e Do y_o € Sun:- electron neutrinos (purpie),
N/l = 1—|— f (ne , np , nn ) muon neutrinos (red), tau neutrinos (yellow).
P
N \/_GF £ (mm,m, )~ V26, . Conversion probability: L
ve — Moy 1), 11 e ; : C=1-exp|-4 -
)25 )25 Neutrino oscillate [ G }
Resonance coupling for p, =P,,,
L Amt=ml_ —ml = 242G n,E
S P Solar data Am? ~ 8.9x10°5 eV?

e.g. ina plasma density gradient
I :( 1 @)1 Atmospheric data Am? ~ 2.4x10* eV?

n dx



The MSW effect - neutrino flavor
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Flavor conversion - electron neutrinos convert into another v flavor

Equivalent to mode conversion of waves in inhomogeneous plasmas

Ez 2.4 14
2' +ki2'7”i:0 k.2= i m;c eff i 1=1,2,3(eachv
dx : c’h? flavor)

Mode conversion when k; =k,, E; = E,

dzl/ll 2 1 Am®c E, .
_dx2 —I—kl l//lz;lll//z /11'25 72 D, sin2¢
2
d W, 4 Ky = A Fully analytical MSW conversion
2 Yo = AW probabilities derived in unmagnetized

plasma and magnetized plasma

(Bingham et al., PLA 97, 2002)
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Typical Density Profile
S

Typical density profile for a SN model
at 0.15s after the core bounce (Fuller

F'E‘ et al., 1992).
3] lﬂlﬂ
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; , Length scales
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< Compton Scale Hydro Scale —»
HEP Shocks
Plasma scale

Aoy Apy T

Can intense neutrino winds
drive collective and Kkinetic
mechanisms at the plasma
scale ?

Bingham, Bethe, Dawson,
Su (1994)

;;-i_'.;- @ Anglo-Australian Observatory |«
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The graphic shows a slice through
the core region of a supernova 50
ms after the bounce. Each arrow
represents a parcel of matter and
the length and direction show
velocity (colour represents entropy,
S). Regions of higher entropy
indicate heating. The shock front is
apparent from the position where
yellow arrows meet green ones
(about 300 km from the core). Low
entropy, high velocity material
(blue arrows) is the rest of the star
raining down onto the core.
Neutrinos are present in the blue-
green region about 40 km from the
core where they are being
absorbed in the quasi-static layer
which then becomes heated
(yellow).

Detailed Simulations

Stalled shock front

-~

High-entropy

bubble g

"Cold" downdraft

Proto-neutron star

Inner core



Anomalous heating by neutrino
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Rutherfz:ardgAppletaﬂ Laboratory Streammg mstablllty

3
( Af" ]zl.leOl ( R )( I JX
107" erg 500Km /) \2MeV

n (T ’
{0.145(103ocm-3j I K2M6V>}

Neutrino heating to re-energize stalled shock (155#} ~1-0.1
erg

Sufficient neutrino energy deposited into electron energy to

restart the stalled shock and explode the star.
(Silva et al., PoP 2000)
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A massive star exhausts its fusion fuel supply relatively
quickly.

* The core implodes under the force of gravity.

* This implosion is so strong it forces electrons and protons
to combine and form neutrons - in a matter of seconds a
city sized superdense mass of neutrons is created.

* The process involves the weak interaction called “electron
capture p+ te >n +v,

* A black hole will form unless the neutron degeneracy
pressure can resist further implosion of the core. Core
collapse stops at the “proto-neutron star” stage - when
the core has a ~10 km radius.

* Problem: How to reverse the implosion and create an
explosion? o

HST -WFPC2
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N Neutrinos in the Standard Model
s

Tau t
Tau neutrino v,

Electron e
Electron neutrino v,

Muon p

Leptons .
P Muon neutrino vy

An electron beam propagating through a plasma generates plasma
waves, which perturb and eventually break up the electron beam

Electroweak theory
unifies electromagnetic
force and weak force

Electrons and neutrinos interact via the weak force

In a plasma neutrinos acquire an induced charge - dressed particle
87

ev = k T GF neo eelectron
BT e
A similar scenario should also be observed for

iIntense neutrino bursts



P

Plasma Heating by \
Neutrino Streaming Instabilit

1 N

Cooling by
eutrino Landau damping

Stalled Shock Neutron Core

V.

Collapsing material 1

30 Km 300 Km
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1E0657-56

Chandra 0.5 Msec image




Neutrino Beam-Plasma
EE??@EQF?EE?@E?L& boratory I nSta bi I it

Monoenergetic neutrino beam fo=n,0P,—P,o)

Dispersion Relation

2 4 2
moc cos 8 .
@ = 20+( — +sm2(9j
pe E
v0 (

Nk'c* 0=k, "p,,

2
Pyl | i
w, —k,ccosd Ei) j e 2Gn 4n,,
11 If m,— 0 direct forward scattering is absent
I Similar analysis of two-stream instability:
* maximum growth rate for k; v,q =k ccos 6~ e
*®= Oyt =K Vg + 3

pe0

) 1/3
J3 (tan ij OCGé,Q,

Weak Beam (6/ 0,0<<1)  Growthrate 7max =75 Pra| 7 p
Strong Beam (8/ @yeo>>1) Yy ¢ G2

pe0

; Single v-electron scattering oc G2

Collective plasma process much stronger than single particle processes
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 The “Big Bang” Model of cosmology predicts that neutrinos

should exist in great numbers - these are called relic
heutrinos.

 During the Lepton era of the universe neutrinos and electrons
(plus anti particles) dominate:
e ~108% neutrinos in the universe
* Current density n ~ 220 cm- for each flavour!

* Neutrinos have a profound effect on the expansion of the
universe:

- Galaxy formation in the early
- Magnetic field generation universe

- Dark matter

- Dark energy Shukla ez al., 1998.
Semikoz et al., 2004.



Neutrinos from the Sun - Super-
Kamiokande
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f@ande @Xﬁé{lrﬁe%pt b1 Iafge . A
fp"OdI“f.I”ewd»WIth Oltra=purde ™ " !
d‘ T«QOO rﬁ;‘tfe& b"e’lov€ groundl \
& S+ -

J-

'i Ly

“[ I ms:.“fj'

Super-Kamiokande obtained

this neutrino image of the

the resulting shockwave caused about GG%fof thel 7 - P Sun!
other PMTs to implode also. The “shock” in the tani§

was so large that it was recorded on oné of Japan’s

gar hquake monitoring stations 8.8 km a'wgy"!
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Solar Neutrinos
The p-p chain

4p+2e” —> He' +2v, +2y+26.7MeV

3% of the energy is carried away by neutrinos
One neutrino is created for each ~13 MeV of thermal energy
The “Solar Constant”, S (Flux of solar radiation at Earth) is S =1.37x10° erg/cm®s

Neutrino flux at Earth, ¢ ,

@, =S/13 MeV =6.7x10" neutrinos/cm?s

These are all electron neutrinos (because the p-p chain involves electrons).
PROBLEM: Only about one-thirds of this flux of neutrinos is actually observed.
SOLUTION: The MSW Effect

Neutrinos interact with the matter in the Sun and “oscillate” into one of
the other neutrino “flavours” - Neutrino matter oscillations - electron neutrinos get
converted to muon or tau neutrinos and these could not be detected by the early
heutrino detectors!




Three Types of Evidence for

Science & Technology Facilities Coundil - u L]
Ru therfz:ardgAppletaﬂ Laboratory Neutrino Oscillations

150 million km

et NG

1) Solar neutrinos — a disappearance experiment. -
The flux of electron neutrinos produced in the Sun’s core was

pt+tp— D +e" + V, measured in large underground detectors and found to be lower

than theory predicted. Neutrino oscillations can explain the result —

electron neutrinos oscillate into other flavours.

Underground
v, detector

Primary neutrino source

ray between high energy cosmic rays in the upper atmosphere can create pions. These pions
decay into muons which decay into electrons. These decays produce twice as many muon
neutrinos as electron neutrinos. However, underground detectors sensitive to both types of
neutrinos see a much smaller ration than 2:1. the oscillation of muon neutrinos into tau
neutrinos could explain the deficit

Atmosphere /cosmic 2) Atmospheric neutrinos — a disappearance experiment. Collisions

Underground
v, V, v, _V/J 3) LSND — an appearance experiment. Positive pions decay at rest into positive
detector muons, which then decay into muon neutrinos, positrons and electron neutrinos. Negative

pions decay and produce electron antineutrinos, but the rate is almost negilible. A giant
liquid-scintillator neutrino detector located 30 metres downstream looks for the appearance
of electron antineutrinos as the signal that the muon antineutrinos have oscillated.

Water target  pions muons and & neutrinos v, v, and

Proton > 7
-—' ; >
beam >
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Cooper beam stop



Rutherford Appleton Laboratory

S Neutrino Astrophysics
Y

Neutrino Landau Damping - resonance between neutrinos &
plasma turbulence

Neutrino Cooling: Stellar Evolution, Neutron Star Cooling

- In dense stellar interiors escaping neutrinos carry off excess
energy.

Kinetic Theory of Neutrino Plasma Coupling

I» Neutrino Landau Damping

2» Turbulent Plasma; Relativistic Electron VAVAY NAVAVAVAVAVAVA
Plasma Waves are resonant with IV. i ¥
neutrinos s neutrinos damp waves.

Neutrino Luminosity: L, = 104 ergs/sec

Interacting with Plasma: T, = 10 keV, n, = 1028 cm-3

Neutrino Landau Damping Cooling Time: T. = 10° Yrs

Compton production of neutrino pairs + photon-neutrino scattering:
T, = 107 Yrs
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Rutherford Appleton Laberatory

Magnetic Field Effects: Breaking up of uniform
> Filamentation Instability  Peam of neutrinos

» Transverse photon emission
> Yy-rays \"
\/

Y Pulsar driven bow
shock in the interstellar
medium
> New asymmetric ponderomotive force <P -B
> Radially uniform emission of neutrinos —" —
> Exerts a macroscopic force

> The force is in the opposite direction to the
magnetic field

> Can contribute to birth velocity of pulsars
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