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Plasma wave instabilities induced by neutrinos
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Quantum field theory is applied to study the interaction of an electron plasma with an intense neutrino flux.
A connection is established between the field theory results and classical kinetic theory. The dispersion relation
and damping rate of the plasma longitudinal waves are derived in the presence of neutrinos. It is shown that
supernova neutrinos are never collimated enough to cause non-linear effects associated with a neutrino reso-
nance. They only induce neutrino Landau damping, linearly proportional to the neutrino flu@Zand

PACS numbegps): 13.15+g, 14.60.Lm, 97.60.Bw

I. INTRODUCTION waves. This allows one to study not only kinetic instabilities
but also the possible existence of hydrodynamic instabilities
Binghamet al. [1] have studied the interaction of a neu- and non-linear phenomena.
trino beam with an electron plasma and concluded that the Next section we calculate the neutrino contribution to the
neutrino fluxes produced in supernovae are intense enough &ectromagnetic polarization tensor and the dispersion rela-
cause plasma instabilities with large growth rates. If true thigion of longitudinal photons. In Sec. Il we establish a rela-
would provide a physical mechanism of energy transfer fronfionship with kinetic theory and in Sec. IV the dispersion
the neutrinos to the plasma that might explain the supemovléglatlon and r_lature of neutrino _mduced mstablll_tles are ana-
explosions. The interaction between neutrinos and plasmiZ€d in detail. In the last section we summarize the main
was described with a ponderomotive force acting on the elecr_esults.
trons and a neutrino wave function obeying a naive Klein-
Gordon equation modified with a matter induced external !l ELECTROMAGNETIC POLARIZATION AND
potential. This non-standard treatment was not well estab- LONGITUDINAL WAVES
lished from the standard model of electroweak interactions |5 g medium the Maxwell equations are modified by po-
and originated some controver$g,3]. More recently[4], |arization effects. The electromagnetic waves obey the fol-
classic kinetic theory was applied to study the neutrinojoying equation:
plasma system where both neutrino and electron particles
suffer each own ponderomotive force. Again the lepton spin (—k2g*"+kFK"+ 7#7)e =0, 1)
and chiral structure of the weak interactions remain unno-
ticed. The dispersion relation derived for the plasma wavesvheree is the wave polarization vectdk,the linear momen-
differed from the one previously obtained fi]. Yet, the tum and#*” is the polarization tensor. The purely electro-
authors reiterated the claim that the neutrinos produce normagnetic contributiongr£y,, is well known for an electron
linear effects for certain resonant modes of plasma waveglasma in first order of approximation and can be identified
causing instabilities with large growth rates proportional, notwith the Feynman diagram of Fig. 1. At finite temperature
to Gﬁnv, but to a smaller power of this quantity. the one-particle propagators possess additional terms related
The aim of the present work presented here is to obtain & the one-particle distribution functions of the background
formulation of the problem based on field theory and stanmatter. In the real-time formalisif12,13,14, adopted here,
dard model of electroweak interactions, an effort initiated inthe electron propagator in a homogeneous and unpolarized
[5]. We confine to isotropic plasmas and longitudinal photonplasma is given by
excitations(also called plasmons or Langmuir waye$he
Cerenkov emission of longitudinal photons imasslesstan-
dard model neutrinos in an isotropic plasma has been studied (p+m)
along the year$6—10]. This is a single neutrino decay but
not a collective neutrino process. Hardy and Melr¢3¢
gave one step more by extending the work to spontaneous + 0(—p0)fj—p))1, (2)
andstimulated emission and absorptiohplasmons to study
the so-called kinetic instabilitieésee alsq11]). They ob- e
tained an expression for the dec&growth) rate of the
plasma waves induced by a neutrino flux. However, because v y
the derivation was based on single neutrino processes the
result is necessarily proportional @E excluding a priori
any possible non-linear effects. In the present paper we de-
rive the neutrino contribution to the photon self-energy and FIG. 1. Electron plasma contribution to the photon self-energy,
obtain a modified dispersion relation for the longitudinalimgy,.
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FIG. 2. Neutrino-plasma contribution to the photon self-energy, FIG. 3. Neutrino electromagnetic coupling induced by an elec-
iy . tron plasma.

wheref,, fg are the electron and positron distribution func-  The neutrino loop gives a tensor,
tions respectively.

Gauge invariance implies thatis defined up to a vector N
proportional tok andk , "= 0= 7"k, . On the other hand, —i (k)= _J’ (2
for an isotropic, homogeneous and unpolarized plasma the
tensormgy, is symmetric and can be written in terms of the whose vacuum contribution is to be ignored. Only the con-
metric tensor, momenturk and vectoru defining the time  tributions from the electron and neutrino loops that are linear
direction in the plasma rest franj&3]. As a result, in the respective particle densities will be retained. The elec-
tron loops are directly related to the neutrino electromagnetic
coupling. Writing thevvy vertex in Fig. 3 as

d4

F; TH7eGo(p+K)75G,(P)}. (®)

7T4

. ok’
Tem= 3 Tem ©)

1_
Yo T(K), ©

in the plasma framed=k°) and the wave Eqg1) admit a !

purely electrostatic solutios;*= (1,0)=u* in the Coulomb

gauge. The dispersion relation of these longitudinal waves i]g:v_herelg is _the incoming photon momentum, the diagram of
ig. 2 is given by

o2, 00 _

Ko+ mem=0. @ iy =i F““(—k)wgﬁ(k)l“ﬁ”(k). (10

In the low energy limit of the standard model of elec- i )
troweak interactions the electron and neutrino interactiond "€ V¥ Vertex separates in a pseudo-tensor proportional to

(both charged and neutral currengse described by the ef- Ca and a tensor that is proportional togy;, as follows

fective Lagrangian [15,16:
_ A _ o ’ ’ 1

Lin=e A, ey"e— 2 Gg (v y,v) e y*(C, —Ch 75)9,(5) NG E\/EGF(C\'/W’ELI\VA_ cams e” Pk ug). (1)
where e denotes the positron chargere?/4m), Gg the  For future reference let us write the expressions of the sus-
Fermi constant and ceptibility tensors,

cL=Cp+2 sirtb,, 6 3 _
v=Ca w (6) w’éh’)=—282f d°p fo+fs
with ¢, equal to +1/2 for v, and —1/2 for v, ,v,. The (2m)? Ee
neutrino flux contributes to the electromagnetic polarization vt v 2y
through the diagram of Fig. 2. The diagrams with fermion ><(k p"+p“k"—k-p g“")k-p—k°p“p (12)
self-energy corrections either in vacuum or in matter will be (k-p)2—(K3/2)? '
neglected as well as the weak interactions between electrons
or nucleons of the medium. The expression of thepropa- d®p f+f;
gators is similar to the electron propagator of E): af” —J .
(2m)?® E,
1- Vs I 2 0 v v v 2 v
Gup)=——P E_ZW a(p)(6(p™)f.(p) , (KEPTH PPk k- p gk p—kTp”p
(k- p)?= (K*/2)?
+0(—p)f(—p)) |- (7) i d*p f,—f, k?
- _SMVaBkapr .
2 (2m)® Ev (k-p)2—(k?2)?

The only differences are that the masses are taken to be (13)
zero, there is only one spin degree of freedemor vy, and
the neutrino and anti-neutrino distribution functioris,and If the neutrino distributions were isotropic the polariza-
., are not thermal, as they move along a privileged direction tensorm,, would satisfy a relation like Eq3) and the
tion. longitudinal photons could still be described with a scalar

013004-2



PLASMA WAVE INSTABILITIES INDUCED BY NEUTRINOS PHYSICAL REVIEW D61 013004

potential i.e.,s“=(1,5) in the plasma rest frame. That is not ZGEC\’,Z w2\ ?

strictly the case in the presence of a neutrino flux but since = 2 mew)?| 1- = ™ (21)

the plasma is isotropic, as considered here, the vector com- e

ponentse' are expected to be suppressed with respeef’to . , . .

by a factor ofGZk*. We now prove that the components The outcome s tha_t the, couplmg does not _contnt_)ute o
We dispersion relation of longitudinal waves in an isotropic

are in fact suppressed and their contribution to the dispersio lect | On the other hamd? i h ller f
relation only comes & order. First, note that the assumed electron plasma. On the other hary,” is much smaller for

plasma isotropy implies not only the relatié8) but also the V.., 7-(cy~—0.04) than forve(cy~0.96) so onlyv, and v,
structure[13] will be taken in consideration.

The expressions of the response functions are

y 0 w? KK . Lo
WéM:_’ZTTPij'f"ZTEME F’ (14 00 _ _5g2 d®pe 4 E k?—(K-Vvg)?
TEM e s(fetf)Ee——g——"—,
(27) (K- pe)*—(k/2)
whereP is the projector over the plane orthogonall&o (22)
i 3 2 VY4
k'kJ 00__ f d Py R k _(k'VV)
-5 =—| ——(f +f)E,—————, (23
Pij_éij EZ . (15) N (277)3( ) (k_pV)Z_(k2/2)2 ( )

Because of gauge invariance only three of the wave Bgs. whereE andv denote in each case the energy and velocity of
are linearly independent. Working in the Coulomb gaugethe particle. The factor of 2 in front of the electromagnetic
k-e=0, the application of the projectd? on the left of the susceptibility stands for the number of electron spin states.

last three Eqs(1) gives The normalization of the distribution functions is fixed by
the propagator$2) and (7) as follows: the number of par-
(KP—mp)e'= Pij 77{,(,’ €,. (16) ticles (e~,e",» or v) per unity of volumeandspin degree of
freedom is
The factork?— 777 vanishes for transverse photons but not
for longitudinal waves: in a non-relativistic gasy is equal d3p
to w3, the square plasma frequency, akfd=w?—k>2 The n:f (27r)3f' (24)

above equation can be used to calculaten an iterative

way, as follows: Next section we seek a connection between field theory
and classical kinetic theory in the limit of small frequencies

- w{,\(} 0 and wavelengths. In Sec. IV we study the dispersion relation
& =Pjj k2—7TT8 RRRE 17 and possible neutrino induced instabilities.
It is clear thats' are suppressed b@Z with respect tos®. lll. KINETIC THEORY

When substituted in the first of the wave Eg8), The Feynman diagrams in Figs. 1 and 2 are a conse-

- 00 00 0 _Oi i quence of a certain field dynamics that couples boson fields
(k*+ 7ey + 7Tw0)8 TTwE (18 with fermion densities. The electroweak interactions in par-
. ) . ticular only involve vector fields and currents. The ones rel-
it becomes evident that the vector componesntsnly reflect  oyant here are the electromagnetic field and curseptand

in the dispersion relation & order and can thus be safely ju  pius the neutrino and weak electron currents defined as
neglected. The dispersion relation of longitudinal waves is so

K2+ 7% + 70— 0 (19 IN=veyH o, (25)
b= e vi(e! —c!
at G2 order. It remains to evaluate?, and =% . Jie=2Gre y*(c}, —cj ys)e. (26)
F EM W

The electroweak interactions conserve the electric ChargEehind those Feynman diagrams there is a set of equations

and Igpton numberse,L L. This implies that at energies relating the current fluctuationg#(k) in momentum space,
considered here, far below the muon mass, the eIectrorﬂ0 each other:

ve,v, and v, numbers are separately conserved which ma-
terializes in the conservation laws

JIILELM: - 71-;ELII\}/I( k) AV+JNaFaM( - k), (27)
k,78"=k, I#*"=0=n{"k,=I"*"k,. 20
S e 20 Ina= = (k) He, (28)
Using repeatedly these relations together with Bj).one )
obtains from Eqs(10),(11) Ie=TP"(K) A, + 1 o(K) Iy, - (29
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Here, mye is an electron loop, suppressed B¢, that  write down the interaction Lagrangian for a classical electron
couples the weak electron and neutrino currents. One obtair® neutrino particle respective[p],
from this a relation between the electromagnetic current and

A,. Using matrix notation and the definitiol “9(k) Le=(e A“~2Gec| J)X, , (37)

=MF‘“‘(—k) one gets

L,=—(\2Ggc| J4)x,, . (38)
Jem=— (men+ T my(1+ myemy) 1T A (30
They are symmetric to the positron and anti-neutrino
=—(mgnt " 7\) A, (3D Lagrangians. Notice that the vector currdfjtcouples to an

electron particle in exactly the same way as the electromag-
where the corrections db¢ order associated withry,, are  netic potentialA, and in turn the neutrinos interact with a

. X ) . u
neglected in the last equation. When this electromagnetioector potential as well, proportional tif . Therefore, the
current is put in the Maxwell equations, electroweak forces are a straightforward generalization of the
) electromagnetic Lorentz ford&]. The total force acting on
(—k“g""+ kK" A, =gy, (320  an electron is
they give rise to the wave equatiof® with a polarization Fo=—e(E+V/\B)+V2Gkc, (Ex+Ve/\By) (39

tensor given by the Feynman diagrams of Figs. 1 and 2.
We have seen in the previous section that for an isotropigvith weak-electric and weak-magnetic fields given by
plasma the, coupling and electron axial-current do not play

a significant role. If that current is dropped out of E(&7)— R = o ajN e . o
(29) they reduce to En=—VIv— Bn=V/AJy. (40)
Je= EW v(—eA,+2Gc! Iy, (33  The positron force is- Fe. In a similar fashion, the neutri-

nos suffer a weak force

1 F,=\2Ggc| (Ee+V,/\By), 41
(— va for anti-neutrinoy where
which now have a classical counterpart in the sense that the R
fermion polarization does not appear explicitly. This is the - - dJe O,
- : . X i T E=-VJ0— —° B,=VAJ (42
kind of relations also obtained in classical kinetic theory, a e e o e e
framework that has been used by some authéyk7]. That

fact motivated us to formulate our own classic theory in or-Above, the velocity and linear momentum are related to each

der to better understand the differences between the resulg, o, by v =p/ /52+m2 with a zero mass in the neutrino
based on quantum field theory and their works.

o : : ... . __case.
In kinetic theory a system is described by distribution These weak forces differ from the ones employed before
functions on the phase space of the partlcles in partlculat1

4,17. In particular, the ponderomotive forces considered
the single particle distribution function&(t,x,p). In low  in [1,4] only contain the terms proportional to the gradients,

dense plasmas the collisions are less important than the ¢ Jo andVJ° of the neutrino and electron densities but not
lective interactions and the time evolution of the distribution i - -
the terms that go with the vector curredig andJ.. In the

functions is given by the Viasov equatiofs]: case of the longitudinal waves, the weak-magnetic forces are

suppressed by an additional powerGs# but the time deriva-

—+v-—+F.-—=0. (35 tives of Jy and J, still contribute at the same level as the

density gradients. This fact will manifest in the dispersion

- R relation itself.

The functions velocityy, and force F, have to be specified The proper modes of a system are usually investigated by

for each of the particles species. expanding the distribution function around a static and uni-
If one ignores the electron polarization aof coupling,  form functionf®: i.e.,

the effective Lagrangian of Ed5) reduces to

f(x,p)="f(p)+ &f(x,p). (43)

The Vlasov equationé35) are then approximated to the lin-
It clearly admits a classical limit where the neutrino vectorearized form

currentJy; is equal to the difference between teand v
current densities)§ =% — %, andJ5=j4— L is the analo-
gous current for electrons and positrons. The next step is to

L= A,JE—\2Ggc) Iy, IE . (36)

. off
Sf+F. —=0, (44)

p

J c?
—+v
at 0’0)(
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which becomg 18] dp f°
p
- Lot (2m)
—i(o—k-v)8f(k,p)+F(k,p)-—==0 45 ” ” Y Y
) (k-p)?

after Fourier analysis, wher&*=(w,k) denote the fre- (53)
guency and wave vector components. It is convenient to
write this in a relativistic covariant notation. In terms of For instance, to obtain the electromagnetic polarization

tensor it suffices to makég,,=q j* andV,=qA, for each

u_ odp* charged particléchargeq) in the relationdgy=— wEyA, .
Fi=p dt ! (46)  The result is a sum over all particles and spin states of the
termsg?m*”. For the electron plasma in particulé spin
that transforms as a 4-vector, the equation above reads asState$
. =27 o+ fel. (54)
—ik-pof(k,p)+F4(k,p) —=0. (47) It can be extended to the neutrino-plasma system simply by
ap*

taking the vector potentials indicated by Ed87), (38
N namely, —eA“+ \2Ggc), J¢ for electrons andy2Ggc), J#

It does notzmattgr whethéP depends op” oritis evaluated o heytrinos. In this way, one obtains the same relations as
on-shell p“=m") becauseF; d/Jp* is a total derivative Eqs, (33), (34) but with classic theory susceptibilities given
when applied on functions that do not depend on the spacgy

coordinates.

Under an external perturbation the current densities = m f,+ 1] (55)
d3 and the tensotrfy, above. The differences between this and
j“(x)zf f(x,p) p* (48)  the field theory result$12), (13) only appear, vacuum cor-

(2m)°E rections apart, in the particle propagators and parity-violating

terms. However, in the limit of frequencies and wavenum-
(E is the kinetic energysuffer fluctuations equal to bers much lower than the electron and neutrino energies,
field theory delivers the same results as classical kinetic

d®p  af° Fi(k,p) p* theory. The dispersion relation of the longitudinal waves will

i“(k)= —if — (49)  be analyzed next section.
(2m)%E 9p* kP

IV. WAVES AND PLASMA INSTABILITIES
To compare with the field theory results it is convenient to ) . ]
integrate by parts obtaining Binghamet al. [1,4] conceived a mechanism of energy

transfer from a neutrino beam to an electron plasma in which
certain plasma wave modes acquire large growth rates as a
; ; d*p d (FZ p”) result of a neutrino resonant effect. In order that those reso-
jH(k)= J 0 : (50) '
(2m)3E  ap”\ k-p nant waves be not electron Landau damped the electron
plasma has to be in a non-relativistic regime. Iaeg,(IZ)
It must be kept in mind that hereF}/ap” identifies with ~ designate the frequency of the longitudinal waves as a func-
E gF/ap after setting the on-shell conditiop’=E. In the tion of k in a plasma without neutrinos. In the case of a
cases of interest to us the particles interact with a vectoMaxwellian distributionwy, is given by[18]
potential,V,,, and the 4-force is

2
> Wy
w2 (K)= w3+ 3—K? (56)
Fi=("V"—a"V*)p,. (51) k3

Equation (49), (50) yield a linear relationj”=— 7#"V, , for wave numbgrs much smaller th&g, the Debye wa;/e
with susceptibility given by number. o, is the plasma frequency andwy

=477ane/me,k%=47rane/Te for an electron density and
temperature equal to, and T, respectively. More impor-

d3p ﬂfo kapv_k'p gav . .
w“”[f°]=f Pt (52 tant to what follows is that fok<kp (either degenerate or
(27)%E 9p® k-p non-degenerate gathe frequencyw,, does not vary much
with k and m,/k? is approximately equal te- w5 /w?, as
or, after integrating by parts, long asw/k is much larger thaw = \T./m,, the electron
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thermal velocity. Using this relation in Eqél9), (21), (23)  conservation. Altogether, it makes a factor of ®2/k2, one
one obtains the diSperSion relation in the presence of neutri‘or neutrinos and one for e|ectronsy as can be learned from

nos as Egs.(33), (34).
The kinetic instability is analogous to the electron Landau
2_ 2 (F)e GZcl? w? 2 2)2.,00 5 damping [18] and takes place if the neutrino spectrum
™= wpi(k)= 27 |22( @) N (57) crosses from one side to the other of the resonaﬁec;y(
=w). Then, the integral in Eq61) separates into a principal
up to terms ofG¢ order (recall thate?=4ma), with part and an imaginary quantity that is evaluated with the
so-called Landau prescriptiofil4] in this case, withw
3p k2—(k-v,)2 —k-v,+i0" in the denominator. The neutrino contribution
= —J Vg(fv+f;)EV2—V22. (58 to the damping rate comes then as
(2m) (k-p,)*=(k72)
The expressions above put the real impact of the neutrino Gicy’ o -5 oo d°p, - -
) . . . yw=——7—"=(k"—w)| —=8(w—k-v,)
flux in perspective. Keeping only the main factors, 4a |2 (2m)3
Gen, . = of, of,\ .
0’ = wp= o, Gek? (59 =+ Q) k. (62)
v ap  JIp

clearly indicates that the neutrino contribution is severely ) ) .
suppressed b2. The only potential exception is a strong Hardy and Melros¢3] obtained this result starting from the

neutrino resonance effect. The poles in the neutrino propdd€c@y rate of single neutrinos into longitudinal photons.

gators represent kinematic conditions for a massless neutrifd®WeVver, by the very nature of such calculation the full neu-
with momenturrp to emit or absorb a plasmon with momen- trino contribution to the dispersion relation was not derived,

tumk: (p=k)2=0=p2. A necessary condition for such a which might be important to investigate possible reactive
Cerenkov process is tha be a space-like vector, i.eq instabilities. Before going to that we just note that contrary to
<|K|. That is quite possible for modes that are not LandaJl® interpretation i3], the factor of (- 0*/k?)? is not due
damped |E|<k because the Debye wavenumbgy of a to the chiral nature of weak interactions but rather to particle
, D, they . . !
non-relativistic plasma is much larger than the plasma frenumber conservation and plasma_isotropy, as discussed

above.
uencywy,. 2 . .
| Theyfrpequency and wave numbers of interest are much . /W 993 asGi and is exceedingly small when compared

. : . with the plasma collisional damping for instance. If however

smaller than the electron and neutrino single particle ener- !
. . . all neutrinos were on the top of the resonance they could

gies. Therefore, it makes sense to neglkttin front of enerate an hydrodynamic instability. The claim viast]

k- p in the neutrino propagators so that g Y y Y.

that this occurs in the conditions of supernova neutrino emis-
Ep f i IZZ—(IZ~\7 )2 sion causing much larger growth rates, proportionaﬂ;éﬁ2
Wﬁf): _f Py Ty — (60) rather thanG2, or to G if electron-ion collisions are taken
27 E, (w—k-v,)? into consideration. The question we raise is, in the end one
has to check whether or not the entire neutrino flux lies in the
This is nothing but the classic theory result contained in th@esonance, i.e., whethfn — Q.JV| is confined to the calcu-
Egs.(53), (55), which gives also, taking E452) in account,  |ated resonance widthy|. If that is not so one falls in the
Landau damping case and res(@p).
00 d®p, 1 of, of, c The hydrodynamic limit is obtained by assuming that
™ f (2m)° w—k-v,\ dp " ap o ®D  _ k-v, is approximately constant over the neutrino spectrum
in Eq. (60) and then solving the dispersion relation for a
Together with Eq(57) it constitutes the dispersion relation COMPplexe. A solution with positive imaginary part repre-
predicted with classical kinetic theory. Our result differs SENts a reactive instability. From EdS.7), (60) one writes
from others[4,17] simply because the forces assumed there

to account for the weak interactions are different from the G2 /n 2 K2— (K- )2
. . . . 2 > F 14 w —’2 2\2 ( VV)
Lorentz kind of force we derived in Sec. lll. Binghaen al. wz—wpl(k):z E = (k"= %) ==
in particular[1,4], only considered the terms proportional to Ta Byl k w—k-v,)
the electron and neutrino density gradients and so obtained a (63)

factor of (1- w%/k?)? less in the dispersion relatigd]. This

factor comes from the time derivatives of the curref])tand wheren, means the joint, and?e flux and we have made
J, in the forces(39) and (41): J= wkJ®/K? for longitudinal ~ Cy=1. The largest growth rates ({m}=—y>0) are ob-

waves and the same type of relation holds for the polarizatained for resonant modesk(v,~wp) with magnitudes

tion tensor, Eq(3), as a result of plasma isotropy and currentaround
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Gen, Gen 1/3422_(02I for Cerenkov neutrino emissiorbecomes vanishing small
v e . . > . .
1ﬁ=w|o|[ Em, ] w4’3R2’j3' (64 thus suppressing the relative factor{&?/k?)? in the dis-

v pl persion relation. On the other hand, the collisional damping

. .- ) ) in a non-relativistic plasma is many orders of magnitude
But this assumes thak-v, covers an |nterva|_9f Width  |arger than the neutrino Landau damping. To conclude, it
Ak-v, not greater thanl’. The neutrino velocities only |ooks that the neutrinos are not capable of transferring any

spread in direction. Far away from the neutrinosphere of rasignificant energy to the medium through plasma wave insta-
dius R, they essentially move in the radial direction yet, thepilities.

velocity cone at a radius has a finite apertured,~2R,/r.
Hence,
Lo ) V. CONCLUSIONS AND DISCUSSION
Ak-v,~0,ksind =~ 0, oy |tand| (65) _ _ o _
We applied the techniques of finite temperature field
for the resonant modes, wheteis the anglek makes with ~ theory to study the longitudinal modes of the electromag-
the radial directionI increases with tdf86 so the best netic waves in a plasma crossed by an intense neutrino flux.
chance of satisfying the requiremd?11>AlZ-\7 is to have an It is shown that for an isotropic plasma the electron axial-
angled as close as possible t&/2. It must h(V)wever not get vector couplings and polarization effects are suppressed by
. N G,‘i in the dispersion relation. Only the electron vector cou-
any closer thanm/2=+ 0, otherwiseAk-v, becomes larger

than w,, and neutrino Landau damping cannot be avoided.plmgs(weak and electromagneticontribute aG order. In

. NN o addition, in the limit of frequencies and wavenumbers much
That puts an upper limit on the ratld Ak-v,, which implies  gmajier than the individual electron and neutrino energies,
the necessary condition

the susceptibility tensors derived from field theory are well

Gen. Gen.) 13 approximated by the results obtained with classic kinetic
;,1:{ F Vﬂ] 0,431, (66)  theory provided that the electroweak interactions are de-
E, me scribed with the appropriate forces. As a result of the vecto-

Anoth limit and diti f th ial nature of the interactions, the weak forces are of the
nother upper limit and necessary condition comes from that, ., type as the Lorentz electromagnetic force. They di-

K must be_s_ma!ler than the Debye wave number. The nece%rge however from the forces employed by other authors
sary condition is

[1,2,4,17 in particular the ponderomotive force of Bingham
A Gen, Geng| ¥3kp et al.[1,4]. That explains the difference between the disper-
722[ k } —>1. (67)  sion relation derived by us and the ones obtainef4irand
0, [17] using classic kinetic theory.
In the early papers of Bingharet al. [1] the neutrinos

Knowing how small the energie@en, and GeNle are oo yreatod with a wave function obeying a sort of Klein-
those conditions look quite disfavored by data. Take a neu: ying

trino luminosity[19] L,=10°3 ergs/sE, =10 MeV, neutri- Gordon eql_Jatlon_ with an external potentlal_ accounting for
o .. the interaction with the medium. The collective effects were
nosphere radiuR,=30 km and a generous electron density _, ~. .

o 50 3 . . -~ . 7 attributed there to a puzzling phase coherence between the
n.=10°" cm 3, barely compatible with the non-relativistic ; f . h : hi ith that |
regime. Recalling thaé, — 2R, /r andn, =L /4T one gets neutrino wave functions. There is nothing wrong with that: it

' v v v simply means that under an external plasma wave of wave
; 2/3 numberk# the neutrino wave function fluctuations share a
y1=1.
! 6(1014 km)

E, me

(68) phase factor, common to all neutrinas (X'X), on top of the
arbitrary initial phases of each neutrino wave function. The

) ) problem was rather that in this Klein-Gordon sort of equation
It means that for an electron density as high a®@m™*a  (which could in principle be derived by squaring the Dirac
strongv resonance effect could only take place at a radius o quation all the terms that might depend on the external
10'* km or larger. That is clearly absurd. The conclusion wepotential derivatives or electron 3-vector current were com-
draw is the neutrinos are never collimated enough to causgletely discarded. That is fine to study problems like neutrino
an hydrodynamic instability. The resonance width is far toopscillations but not for neutrino effects on plasma waves be-
small for that. It slices the neutrino velocity cone in two cause their very nature concerns the variations of the me-
pieces, one above and one below the resondmee=w. dium densities on the time and length scales of the wave
The neutrinos only induce Landau damping with a rate giverperiod and wavelength.
by the expressiori62). This was calculated by Hardy and  The other problem concerns the claimédg4] non-linear
Melrose[3] for an electron density of #& cm 2 and they effects and plasma instabilities induced by resonant neutrinos
found that the growth rates are too small for the time dura(ﬁ.gyzw) on a non-relativistic plasma. We compared the
tion of neutrino emission in Supernovae. When one tries tqalculated dampinggrowth rate of the plasma waves with
push the electron density to increase the growth rates onge phase space occupied by the neutrino flux and concluded
approaches the relativistic regime but then electron Landathat the angular dispersion of the neutrino velocity due to the
damping takes over. In addition, the phase space of plasnfite size of the neutrinosphere exceeds by far the assumed
waves with phase velocity less than one<(|k|, necessary resonance width, at least a factor of Jven in the case of
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the most optimistic growth rate, no matter how large is theln conclusion, wave instabilities induced by neutrinos do not
distance to the neutrinosphere. This is of course due to theeem to be a viable mechanism of substantial energy transfer
severe weakness of the neutrino interactions. As a cons¢rom neutrinos to a supernova plasma.

guence no hydrodynami@eactive instabilities can be in-

duced by neutrinos. What is left is just neutrino Landau

damping, a linear effect proportional @¢. The correspond- ACKNOWLEDGMENTS
ing growth rates are however too small for the time duration _ L .
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