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Instabilities in neutrino-plasma density waves
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One examines the interaction and possible resonances between supernova neutrinos and electron plasma
waves. The neutrino phase space distribution and its boundary regions are analyzed in detail. It is shown that
the boundary regions are too wide to produce nonlinear resonant effects. The growth or damping rates induced
by neutrinos are always proportional to the neutrino flux @ﬁd
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I. INTRODUCTION
212 Nen,
I'=2Ggc)—, ()
The study of the interactions between neutrinos and meE,

plasma waves has received a great deal of attention. Earl% . 20 — . .
works of Binghamet al. [1,2] claimed that an intense neu- Wherecy=1/2+2 siéy=0.96 forve (ve), G is the Fermi

trino flux passing through a plasma is capable of producing®nstantne, n, are the electron and neutrino number den-
unstable modes of electron density waves causing a signife!li€S, respectively, and

cant transfer of energy from neutrinos to the mantle of a 2\ 22
supernova. If true, this could constitute a sort of realization A=l 1-2 v
of the Wilson explosion mechanism. However, their descrip- k2 wgn,,

tion of the weak interactions in the neutrino-electron system
. 2__ 2
was not satisfactory. e f, ke—(k-v,)
More recently[3,4], the full standard model quantum field X pVE_V (0—K-V,)2— (02— k?)2/4E>
theory of electroweak interactions was applied to establish Y v
the dynamics of the excitations of the electromagnetic fields a dimensionless quantity, is the neutrino or antineutrino

and electron and neutrino current density distributifégs.  distribution function in momentum spacéf,d®p,=n,,

(27)—(32) of Ref.[4]]. From that we derived the modification and EV is a typical neutrino energy. Finally,wz

on the dispersion relation of electron density waves due to & 4ran./m P
e (S

neqtrino f_Iow. Our analysis of the condition's of neutrino 11 expressior admits in general a classical approxima-
emission in supernovae led us to the conclusion that they dg,, pecause the frequency and wave number are much
not satisfy the necessary requirements to generate the Ugqqjier than the single particle enerd,. In fact o is
stable waves and growing rates predicted by B'”g"?ﬂ“a"- around the magnitude of the plasma frequengy, andk is
[1,2]. Subsequent work$,6] gave some support to this con- limited above by the Debye wave numbkE,:wp\/m

clusion. However, the controversy seems to persist on thi T .
specific issug¢7]. We report here a detailed analysis concern-glt atemperatur, [8]. In the classic limitA is approximated

ing the neutrino phase space distribution and implications for

()

plasma waves. w2\ 2 k?E, f k2= (k-v,)2
A={1-—>] — J’d3pyE— —, 4
II. NEUTRINO INDUCED INSTABILITIES k @p Ny v (@=k-v,)
The dispersion relation of electron density waves, alsd’ after integrating by parts,
called plasmons, is modified by weak interactions when a w2\ 2 K2E k-of, 19p
neutrino flow passes through the plasma. bgi(k) desig- A=—|1— ) Vf 3p, v (5)
nate the wave frequency as a function of the wave vector k?) w?n w—k-v,

the absence of neutrinos and in the plasma collisionless limit. i i " L
We assume the background medium to be staticspadially an expression d|rect_ly related to cla_ssm kmenc th[tsm].
homogeneous within the time and length scales characteristic 1 n€ frequency shift due to Wgak interactions is in general
of the plasma waves of interest. The momentum distributiorfXtréemely small. The factoiGgnen,/mcE, is about 3
is assumed isotropic for electrons but not for neutrinos, as< 10~ *® for electron and neutrino densities as highras
they have an almost unique direction at far distances fronF 10°°cm 2 andn,=L /47r?E,=1.8x 10 cm? at radius
the supernova core. The electron plasma is considered non=300 km for a neutrino energy luminosity,=10>? erg/s
relativistic. In these conditions a stream of neutriri@s- andE,,=10 MeV. The claim has be€i,2,7] that the shift
tineutrinog modifies the dispersion relation as follof&4]  on the imaginary part of the frequency= IM{w—wp}, is
(h=c=1): not suppressed b2 but rather by a smaller power G

, 2 ) for certain wave modes that are resonantly enhanced by pow-
o= wp=TAwy, D) ersof @w—k-v,) 1~ y > w,*. That would be the case if
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all the neutrinos had exactly the same velocity vectgr,  another way, if there is a resonance fgrparallel tok, the
Then Eq.(4) would giveA~cu§|/y2 for the resonant modes energy spectrum is always too broad to prevept—kv,
and the dispersion relatiail) complex solutionso(k) with from changing sign and departing from the resonance width.
growth ratesy~T""3w,,, around 18 s for the parameters The other phase space boundary is the upper limit on the
shown above. This corresponds to the reactive instability puangle & betweenv, and the radial directiony,=R/r (R is
forward by Binghamet al.[1,2]. the neutrino sphere radius amdis the distance from the
However, that calculation is not realistic because the neusupernova centgrlf the resonance lies ofi=«,, i.e., oy,
trinos do not have exactly the same direction of motion. As=k cosa,,, thenw,—k-v, is essentially negative over the
emphasized in Ref§3,4], no matter how far the neutrinos neutrino angular distribution. However, the distribution does
are from the core, there is always an angular spread proponot fall abruptly to zero at the polar angle, . There are two
tional to the neutrinosphere radiuR, 2a,=2R/r. This reasons for this. First, the neutrino sphere radius depends on
causes a variation @b—Kk-v, proportional toa,w,,,, orders  the v energy: the interaction cross sections increase with the
of magnitude higher than any conceivable value for ther energy and consequently more energetic neutrinos suffer
width |y| of a resonance due to neutrino interactions. Thisthe last scattering in regions of lower density, farther from
means thatw, —k-v, changes sign over the neutrino mo- the center. Second, scattering is a statistical process by na-
mentum distribution and only a vanishing small fraction of ture. Particles with the same energy suffer the last scattering
the neutrinos lie on the resonance. Such a situation is similat different radii according to a certain statistical distribution
to Landau dampind8,9] in an electron plasma and the dependent upon the particular chemical and density profile of
imaginary part ofA can be calculated by replacingoCk  the medium(see the Appendijx Both factors imply that the
'v,,)‘1 with —i7é(wp—k-Vv,). It yields a neutrino contri- neutrino sphere has a considerable thickness and so has the
bution to y proportional toGE given by Eq.(15), first ob- neutrino angular aperture. This fact changes the way the dis-
tained by Hardy and Melrosgl0] through other methods. tribution function depends of.
The only possible exceptions, that we want to analyze here, Let Rg and ARg be the average neutrino sphere radius
are resonances located at some boundary of the phase sp&yl statistical uncertainty for neutrinos with well-defined en-
occupied by neutrinos. ergyE,=E andag=Rg/r, Aag=ARg/r the respective an-
One kinematic boundary is the velocity direction parallelgular aperture and uncertainty. Assuming axial symmetry
to k (whenk lies inside the neutrino velocity cohet cor- around the radial direction, the distribution function only de-
responds to the minimum angle betwaenandk and mini-  pends on the energy and polar andle=f,(E,6). Its de-
mum value ofw, —k-v,. The other boundary is the upper rivative with respect ta&d can be modeled as
limit on the angle between, and the radial directionf

<a,=RIr, due to the finite size of the neutrino sphere. Ide- ¢9fu(E 6)=— g(E) o [(6-ag)?i23a] @
ally, the distribution function would be discontinuous ¢t a0 "’ V2mAag '

= a, but that is not true as we will see.

Consider first the case of a resonance gaparallel tok,  with g(E)=f,(E,0). It corresponds to a distribution function
i.e., wy=kv,. Then, the factor (¥ w?/k?)? in A vanishes practically constant in the interval< e —2A ag and drop-
unless the neutrinos are massive in which case=1 ping to zero ath> ag+2A ag . In addition toA g, the dis-
—m?%/2E2. Letv,= wp/k be the exact resonant speed. Thentribution function is also smoothed by the dependenceof
(1- 0?/k?)=m?/E3 and wp—K- Vg is positive throughout 0N the neutrino energy, which makes a total angular width
the neutrino angular distribution. The problem is, the veryAa,=Aag+dag/dE,AE,, centered on the polar angle
mass that makes-1w?/k? different from zero also causes a @, The consequence of this is thaf,—k-v, may change
neutrino speed variation over the energy spectrum and 8ign and depart from the resonance still within the angular
Change of Sign im)pl—k.\/y_ In fact, wpl_kvy is negative boundary O~a,x ZAa,,, if the resonance is not wide
for energies larger thark,. Only energies obeyingoy, enough. _

—kv,=| 9| can participate in the resonance of wiglf. The Let vy be a particular vector of the resonance surfatse
standard deviation E,, in the energy spectrum of supernova fined byk-v,=w,) situated in the angular boundary, i.e.,

neutrinos[11,17 is comparable to the average eneiy, with polar angled, close toa, , and azimutal angle. The
AE ~E /2.5 which implies a deviations ~2m2/SE2. In angular coordinates of a generic velocity veatpiand wave

S : vector k are denoted as and (0y,dy), respectively.
order that a significant fraction of the energy spectrum CONyyjithout loss of generalityﬁ(ﬁz)o Tht(a l;:)r(gé)uck-vlo and it)s/
tributes to the resonance it is necessary ma;s|y|/wp| , Koo g

variation fromv, are given by

but that puts an upper limit on the neutrino mami/Ef
55|y|/wp,, and, quite remarkably, on the factor k-v,=kv (cos#, cosf+sin b, sinfcose), (8)
m]2} 5|,y| 5k'VV: k@U050+ k¢U0 sin 005¢, (9)
1- 0¥k~ <"1 () N
E;  @pl where Kk,=K(—cos#sin y+sin 6, cosb, cosgy) and K,=

—k sin g, sin ¢, represent the components lofalong the di-
That simply washes out the resonance because the numeratectionse, and e,, respectively. Withk,=k-vy/v, they
(1-w?/k?%? in A becomes suppressed by. To put it in  obey the identityk;+k3+k>=1. The angular displacement
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y cosp More important than the growth rate is to know the en-
0= * s, (10 ergy transferred from neutrinos to the plasma. Keeping in
Vk“vg— (K- Vo) mind that the overall wave growth is shut down by electron-
ion collisional damping, the energy transferred per unity of
sin time to a single mode is 2,(k k). Assuming that the
sinfydp== ysing (12) g 2(K) 0pi(K) g

m' p[asma waves obey a thermal equilibrium Bose—Einstein dis-
tribution, cutoff at the Debye wave numbkp, the total

with tanB=k, /k,, causes a variationk-v,=*vy. Notice = €nergy transferred per unity of time and volume is

thatk- vo=wy and sinfy=sine, . If that displacement satis-

fies|80|<Aa, and|d¢|<m, thenw, —k-v, goes away to - f d*k 7y, (K)o,

both sides of the resonance for velocity directions well inside (16)
the rangef~a,+2A «, and therefore well inside the neu-
trino distribution. Of coursew, —k-v, would have a defi-

nite sign if 6,>a,+2A«a, but then, the resonance would Integrating in time and volume and dividing by the total

exist where the neutrino distribution function drops to zero,neutrino energy, #r?n E At, one obtains the fraction of
i.e., there are no neutrinos. total energy transferred per neutrinbE/E,= [drp/E,n, .

Our estimates of the neutrino sphere defstee the Ap- For the sake of argument let us assume that some new
pendi¥ give Aa, varying between 0.1d, and 0.0%, at interaction produces a contribution lik& in Eq. (4), but
different stages of supernova evolution ang=R/r be-  without the factor (1w} /k?)?, so that a resonance is pos-
tween 0.1 and 0.03 at=300 km. On the other handj’}/| is sible fork para||e| tOVV (wplz k) mak”quoc ’)/_1. The col-
orders of magnitude below 18w, . This implies that the |isionless dispersion relatioril) gives a growth ratey
displacements calculated above satisfy OcFl/zwpl that is proportional tdGy rather thanGE. How-

(277)3 evpl ITe_ 1 '

. ever, these resonant modes are limited to the very thin shell
|56/Aa, =10 Ni(wpisinby,), (12 k=wp =y in k space. That makes an extra factoryoh the
|64|/7=10) 7|/(wp| siné,.), 13) integration of Eq(16) and the transferred energy goes)ds

proportional toGﬁ not to G . Taking only the main factors,
and therefore are well inside the neutrino angular boundaryone obtainsAE/E,~GET.wp E, *r, about 108 for the
The contrary would require a very small angle betwéen same numbers used before ahg=100 KeV. This is very
andvy, 6,,<10 8 for |y|/w, <10 % which leads to a huge far from the few percent needed for a supernova explosion. It
suppression factor (% wZ/kf 2~ g‘k‘v in A, which in turn fur-  discourages the application of nonstandard weak interactions
ther suppresses the valuesyfnd so on, in other words, it Seeking for nonlinear resonant effects.
falls in the casev, parallel tok treated above in the first
place.

The lesson from all this is that the contributiop,, of
neutrino weak interactions to the imaginary part of the wave We analyzed different instabilities that could possibly
frequencyw(k), is too small to produce resonances whereemerge from the interaction between neutrinos and electron
the quantityA is inversely proportional to some power of plasma waves in a supernova environment. The hypothetical

Ill. CONCLUSIONS

v,. On the contraryA is independent ofy, and neutrino induced resonances are too narrow to embrace the
. total angular spread of the neutrino stream due to the finite
¥,= 31 wp IM{A}. (14 size of the neutrino sphef8,4]. But they are also too narrow

to contain the boundary regions of the neutrino phase space
distribution. When the resonant neutrino velocity vector is
parallel to the wave vector, a neutrino mass is needed and the
(kz_wgl)zf dspyé(wp|—k~vv)k-&, energy sgectrzum ig too broad to keep the neutrino speed,
P, v,=1-—mj/2E7, inside the resonance. When the resonant
(150  velocities are in the boundary of the velocity angular distri-

_ bution, the depth of the neutrino sphere is too large to make
the same as obtained by Hardy and Melrps6] from the 5 angular boundary abrupt enough. In both cases the bound-
study of stimulated emission and azbsorptlon of plasmons byries of the neutrino phase space distribution are too wide to
neutrinos. y, is proportional toGg and suppressed by prevent a departure from the poles to both sides of the reso-
G'énenvlmeE,,, down to~ 1028 even for electron and neu- nances. As a result, nonlinear resonant effects are not pos-
trino densities as high as,=10?°cm 3 andn,~10*°cm™3  sible and the growth or damping rates are always linear in
at 300 km from the supernova center. The other point is, théhe neutrino flux andsZ . They correspond to a balance be-
ratey, does not drive the evolution of plasma waves becauséveen stimulated €renkov emission and absorption of
it is many orders of magnitude smaller than the damping ratplasma waves by neutring$0], analogous to Landau damp-
caused by electron-ion collisiong,, only two or three or- ing. The energy that could possibly be transferred from neu-
ders of magnitude below, for such high density plasmas trinos to plasma waves seems to be vanishing small even for
[8,9]. nonstandard neutrino interactions.

Applying Landau prescriptiof8,9] to Eq. (5), the result is

212
Y, Ggcy

v

Wp| a 4ak?
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Neutrinos like any other form of radiation are not emitted The other source of radial spread is the opacity or cross
from an ideal surface but from a shell with a certain depthsection dependence on the neutrino endfg), typically k
The neutrino “optical” depth at a point of radiuscan be  «g2_ At constant optical depth, the neutrino sphere radius
defined as the Roseland depth(r)=/,dr/A(r), where increases with the energy at a rate that we estimate as
\"*=kp=on is the inverse mean free path, a function of sr/sE =2I/E,In 10. Since the neutrino energy spectrum
the opacityk and densityp, or cross sectiowr and number [11,17 has a standard deviatiohE ~E /2.5 we obtain a
density of target particles). #(r) is a measurement of the radial deviationAR~1/3~R/15— R/éo. TVhe- joint effect of

number of collisions the neutrinos suffer moving from the . . . .
radiusr to infinity. The neutrino sphere can be arbitrarily statistical fluctuations and energy spectrum is a neutrino
sphere depth varying betweedh R~0.23R and 0.0&. This

defined as the surface, of radi&s where 7=2/3, but the >F" - R .
bulk of neutrino last scatterings spreads betweenthd implies a finite width in the boundary of the neutrino angular

and r=1/3 surfaces. The way this translates as a radial dis2Perture at large distances from the supernova core as dis-
tribution depends on the chemical and density profile of th&ussed in the text.

APPENDIX: NEUTRINO SPHERE DEPTH
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