INVESTIGACION REVISTA MEXICANA DE FISICA 48(1) 43-47 FEBRERO 2002

Emission of electron density waves by neutrinos in a dense medium
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We study the production of electron density waves by neutrinos propagating through a plasma. We treat this process in field theoretically
as a Cherenkov emission of phonons (quanta of electron density waves) by neutrinos. The energy transferred to a supernova shock wave
phonon emission from neutrinos is a factox 10? times the corresponding energy deposited by plasmon (longitudinal photon) emission.
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Nosotros estudiamos la produgnide densidad de ondas de elentmediante la propagdei de neutrinos a traves de un plasma. Tratamos
este proceso &eico como emigin de fonones Cherenkov (el cuanto de densidad de electrones) por neutrinos. Lateaesferida a una
supernova por medio de ondas de choque mediante@nusifonones de neutrinos es un factoRde10? veces la correspondiente enierg
depositada por la emision de un plasm({fotones longitudinales).

Descriptores:Neutrino; supernova; fam

PACS: 13.15; 97.60.B; 95.30.Q

1. Introduction study the emission gshonongthe quanta of electron density
waves) by neutrinos by the weak interaction process. Such a
High energy particles propagating in a dense plasma cagingle vertex emission of a quanta which is possible only in
loose their kinetic energy by perturbing the particle distribu-a medium is called a Cherenkov process [5-10]. This is kine-

tion of the plasma. The fluctuation in the number densities Of'natica“y allowed when the emitted “partic|es" have a space-
protons and neutrons is small as they are heavy but for elegye dispersion relatiorik? > w?) in the medium.

trons the fluctuations are significant. Neutrinos propagating We show that for a range of freauencies the refractive in-
through a plasma will scatter electrons by weak interactions.ex of the electron densitg waveze{qw) < 1 and therefore
The primary energy transfer process is inelastic scattering g h K . fyh is ki cally all
neutrinos by nucleons/{n — e~ p) which was first studied the Cherenkov emission of these waves Is Inematically aflo-
by Bethe and Wilson [1]. The Bethe-Wilson (BW) processwed' We compute the rate of emission of phonc_)ns and the
was introduced as a mechanism for transfering energy to the 'Y transfer b.y phonon emission frqm neutrinos. It hf”‘s
shock wave of supernova which would enable it to overcomé)een shown earlier [11] that neutrinos in a plasma acquire

the gravity of the supernova core [2]. The energy delivered b;‘?n effective charge. Due to this effective charge the neutrino

the BW process is however not enough to revive the stalle&mits alongitudinal photon by the Cherenkov process, which
shock wave [2] In turn deposits its energy to the plasma. The energy depo-

Binghamet al. [3] have introduced a semiclassical me- sited by the phonon emission process in a supernova shock

chanism analogous to the electromagnetic pondermotive for ave IS larger than the corresponding plasmon process [7-9]

ce where by a inhomogeneous flux of neutrinos passing tH2Y @ factorEynonon / Eplasmon ~ 2 x 102. We see therefore -
rough plasma transfers energy collectively to the mediumthat phonon emission is the domln_ant collective mode that is
The energy transfer by the neutrino pondermotive force ig€nerated by the passage of neutrinos through a plasma.
sufficient for the shock wave explosion of supernovae. Afield  The paper is organised in the following manner. In Sec. 2
theoretic derivations of this concept is not yet been achievedre derive the dispersion relation of the electron density wa-
[4]. ves in a plasma. The Cherenkov emission of phonon is consi-

In this paper we study another collective process wher@ered in Sec. 3. We calculate the amount of energy deposited
neutrinos can transfer energy to plasma through which thely the Cherenkov emission of phonon, in the stalled super-
propagate. We study the generation of electron density waaova medium and compare this with the BW mechanism in
ves by the passage of neutrinos. In field theoretic terms w&ec. 4. Our results are briefly discussed in conclusions.
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¢ ¢ where(z,v"u,) = n* denotes the averaging over the back-
ground electrons ang” = (n,,j). The quantityn, is the
mean electron density in the medium apds the current
density. Fluctuation im# is given byn#* + én*, wheredn*
is the fluctuation over the mear),. We are interested in the
e ¢ part of the Lagrangian, which corresponds to the coupling
of the yn* with the electron. From the above equation, we
obtain for the fluctuation part

(@ ) .
e‘n, _ ntm,

; = mno ()@
wheredntm,/n, defines the phonon fielgt'. From Eq. (3)
the effective coupling of the fielgp with the electrons, is

—— e S given by
e2n dman
= € = 76 4
: g K2m, K2m, @)
¢ The phonon polarisation in the medium is given by the Feyn-
(b) man diagram Fig. 1b. Evaluation of this diagram gives,

FIGURE 1. a) Feynman diagram foe~™ + e~ < e~ + e

d*p
, _ 2
and b) phonon polarisation in the medium. illyo(K) = —g / (2m)" Tr[voSp ()7, Sk(p + K)], (5)

where S (p) is the electron propagator at finite temperature
2. Phonon dispersion relation and density. Using the real time formalism of the finite-
temperature field theory [12,13], the electron propagator in

The Lagrangian for the elastic electron-electron scattethe medium is given by

ring is given by )= ) 1 0 0 )

e2 ~ Sp(p)=(p+m [+27ri(5p —m*) fr(p-u)|, (6)
‘Cint = ﬁ(ueq/yue)(uefy”ue% (1) p2 —-m?

Wherew,, is the four-velocity of the center of mass of the

where the Feynman diagram for electron-electron elasti Z Lo .
denotes the Fermi distribution function

scattering is given in Fig. 1a. Now considering free electronedium andfy
scattering from the background electrons (electron plasma) fol) 0(z) 0(—x)
F

. : = . 7
then, we have to average the background electrons which will ePla—p) 41 e Bla—m 41 ™
give 9 Here,d is the unit step function3 is the inverse temperature

e’ _ . .
Lint = ﬁuﬂ“%(uey“ue), (2) andy denotes the chemical potential of the electron. After

carrying out the trace and computing the integral effgrin
| Eq. (5) becomes,

2 2 2
g K K* + 2pyw + 20k
oo (K) = _QWQk/dpo fF(po)Kpg‘f'poW*‘ll )1D(K2+2pow—2ak
0

K? K? — 2pyw + 20k
2 0
— — 1 — 20k 8
+<p0 Pow + 4>n( 2—2p0w—20k:> a],()

wherep, = (py,p). k, = K = (w,k), [k| = k = nw, with n denoting the refractive index for the phonon anet (p3 — m?2)'/2.
In the limit p, > m, andw, the lograthmic terms in Eq. (8) will be simplified to

K? 4+ 2pyw + 20k w+k ko wk
~n(—— ) —-—+-—=5+...
(K2+2p0w—20k> n(w—k) Py 2p% T ©)
and

K? — 2pyw + 20k w+k k wk
1 0 ~—In|——)—-——-—+... 1
n<K2—2p0w—2ok) n<w—k) Do 2p(2)+ (0

Keeping only the leading order termsyip in Eq. (8) we obtain
2¢> w w+k
o = T2 /dpo pofr(Po) {Zk: In <w—k:) - 1} (11)
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which phonon frequency is positive, because this is the ran-

100 T T ] ge in which Cherenkov emission of phonon is kinematically
allowed.
9.0 4
50 ] 3. Cherenkov radiation of phonon
For neutrino-electron scattering the Lagrangian is given
7.0 7 by
6.0 ‘i 7 GF _ _
L=—=u, v,01—"v)u, a1 —7,)u,., 15
- 7 (L= v)uy, ™ (1= v5)ue (15)
S 50 _ : :
s ‘ where G. = 1,166 x 107°/GeV? is the Fermi coupling
aok i constant. For the background electrons we take the average
(t.v,u.) (assuming the electrons to be unpolarised). Then
a0 | ] perturbing the electron density as done in Eq. (3), we obtain
' the effective neutrino-phonon interaction Lagrangian as
20t ] iGpn, _
Ll/(b = \/;m uue’yo(l - Ws)uue ¢7 (16)
1.0 r I ©
T whereg is the field defined in the previous section. As we are
0.0 R ; s : interested only in the fluctuation part of the electron density
1.00 1.05 1.10 1.156 1.20 1.25 1.30

i.e. on, which is the zeroth component 61, the field¢ is
the zeroth component @#*. Equation (16) gives the effective
neutrino-phonon coupling as

n (Refractive index)

FIGURE 2. Dispersion curve for the phonon.
_ Ggn,

The Fermi momentum is given by, = (372n,.)/3. For Jve = Vam,

matter density ~ 108 gm/cn?¥ the electron Fermi momen-

tum is approximateNﬁG MeV. So the electron chemical po- Let L'IS consider thﬁ) emission process from neutrino in the

tential ;s ~ p.. = 1,6 MeV. Thus we considep, > y here. ~ medium

Also in the stalled shock wave medium there is no positron.

With the above approximation we obtain, ve(p1) = ve(p2) + ¢(K), (18)

(17)

P2T? [(w w+k wherep, = (Ey,p1), po = (E,,po) and K are the four-
Rellpg = === <2k n ’w—k’ - 1>7 (12)  momenta of incoming neutrino, outgoing neutrino and out-
going phonon respectively. The matrix element for the pro-
where the plasma has the temperatIiref order MeV. The cessin Eq. (18) is
dispersion relation satisfied by the phonon is
iM= igu¢€p,ﬂye (pZ)'yp,(l - ’75)uue (pl)’ (19)

w? — k* —Relly, = 0. (13) , _ o
and after averaging over the initial neutrino spin this gives
Putting the value o§ from Eqg. (4) in Eq. (13) we obtain the
following dispersion relation: IM[? =492, Z €u5 (PopPry + D1uPay — P1P2Gy)- (20)

) s dran, 272 /9 1+n H_ereeu is the polari_sati_on vector for the fiel;(?l As_ we con-
(n”—1)° = —|5-In —1). (14)  sider only the longitudinal mode, the polarisation sum will
m, 6wl \2n |1—n L -
i also be on the longitudinal mode only. The polarisation sum
Figure 2, shows that for the refractive indexn the ran-  for longitudinal mode in the medium is given by
gel < n < 1,2 the phonon frequency is positive. On the 1 1
other hand fom > 1,2 the phonon frequency is no longer Z e (k)el (k) = %(ul,,ky + k,u,) — —5 o7k, (21)
positive and phonon propagation is Landau damped. We are
interested only in the range of refractive index> 1 for  with u,, = (1,0) the center of mass velocity of the medium.
| Using Eq. (21) in Eq. (20),M|? is given by

493¢
n2

IM? = E, [ZE1 +2E,n% —w 4 n’w + ncosf (1l —4E, — n%})] (22)
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The total energy emitted from a single process is where we have defined
3 3 1/3
SZL/ dpy Ak f(n)[11111+n 1} . (30)
2E, | 2E,(2m)3 2w(27)3 2n |1-n

xw(2m)48% (py — py — K)M2. (23) The integral in Eq. (29) can not _be evaluated analytically.
So we have evaluated this numerically. Foe= 10% g/cn?,

We use the identity T =2 MeV andE; = 10 MeV we obtain
d3p S = 3,23 x 10724 MeV2.
[ 52 = [dnewes-n), @
2

where ©(E,) is the step function anah,, is the neutrino 4. Supernova shock revival
mass. Putting Eq. (24) in Eq. (23) and integrating aver,

we obtain the rate of energy radiated per neutrino as _ Type-ll supernovae are consequence of the collapse of the
iron core of massive stars 8f\/, < M < 25M, and lead
g 1 / Bk to the formation of a neutron star or black hole. Observations
1672E, J 2|pqlk of neutrino events from supernova SN1987A explosion, by

0w — w4 k2 Kamiokande Il and IMB detectors have confirmed the fun-
5(“"“ _ cos 9) IM|?. (25) damental aspects of the theoretical understanding of type-Ii
2|p, |k supernovae. However the mechanism of causing the superno-

The angley between the incoming neutrino and the emittedva explosion is yet to be understood satisfactorily.

phonon is obtained from the delta function in Eq. (25), The neutrino streaming up from deeper region of the su-
pernova are supposed to deposit a small fraction of their

cos ) — REw-—w?+k) 1 [1 " (n* — 1)W] (26)  energy in the matter between the protoneutron star and the
2|p, |k nv 2B, | stalled shock, which is abou0—200 Km away from the
core. Recent numerical calculations in more than one dimen-
sion shows that material behind the stalled shock wave of the
supernova can be heated efficiently by the neutrinos coming
from the neutrinosphere and eventually expel the outer mant-
le causing the supernova explosion [14-17]. Matter-enhanced
neutrino oscillation (MSW) effect in supernova is conside-
o o red for the shock revival. The fact that, the region between
But definitely —2F', /(n — 1) can not be the lower limit for o neytrino sphere and the stalled wave density is such that
the above process as fer > 1 this is a negative quantity fjayour transformation of, or v, to v, is resonant for mas-
andw can not be negative. The lower limit forwill be calcu-  gjye neutrinos. Since theuaver;ge eenergypé andu_’s at
lated from the dispersion relation obtained for phonon in thgne neutrino sphere is aboé MeV whereas that Bf/e’s
previous section. Figure 2 shows that, the phonon frequengy 5pout10 MeV. The oscillation ofv (v.)to v, would ha-
is minimum for higher value of the refractive index and for s twice as high energy as the origpinally emitted ones, and
n=12 w=w, ~0,19 MeV and the upper limitdepends on s exra energy would be available for heating the matter
the value of the incoming neutrino energy. Putting the valug,ghing the shock. Also it has been proposed that spin-flavour
of cos ¢ from the Eq. (26) inM|? and simplifying Eq. (25)  precession of neutrinos may play an important role in the ex-

wherev = |p,|/E; is the neutrino velocity+ 1). Neutrino
mass term being small we neglect it. Sineé < cosf < 1;
which implies

2B, _  _ 2B
w .
(n—1) ="~ (n+1)

(27)

we get plosion of the stalled wave. In particular, it can be resonantly
g2 w, enhanced in the region between the neutrino sphere and the
16 ”%2 / (n* —Dw stalled matter. But it is still controversial, whether the neutri-
LY Jw

no energy is sufficient for strong enough heating to revive the
w dw [4Ef —4Bw + wZ(nQ _ 1)} (28) stalled shock wave.
Bethe and Wilson (BW) inl985 showed that [1], neu-
This shows that only fon > 1 the phonon emission is possi- trinos from the hot inner core of the supernova are cap-
ble, which is the usual Cherenkov condition. Substituting thetured by the matter behind the shock through the process
value of(n?—1) from the phonon dispersion relation Eq. (14) v, + n — p 4+ e~ andi, + p — n + ' and deliver their

in Eq. (28) one obtains, energy. It was argued by BW thatl % of the total energy of
- 273 ,roN 1/3  rw the neutrino and anti-neutrino capture process is sufficient to
o GEng (47T0‘”e) <T> / : dﬂf(n) reheat the stalled shock wave and cause supernova explosion.
16mm2E? \ m, 6 w, W In a paper by one of us [9], has shown that, neutrinos

2/3 ;o 1/3 propagating in the stalled medium, will emit longitudinal
% {4E% —ABw+ (4m‘”e) (T) f(n)] , (29)  photons (plasmons) by Cherenkov process and deposit some
6 energy in the stalled matter, while transverse photons emis-

€
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sion is not possible because the transverse mode is Lagr the neutrino luminosity,, = 10% erg/s and the stall-
dau damped. Comparison of the plasmon emission procesg shock wave density ~ 108 glen?® and R = 200 Km

with BW process shows that the former one is a very weakpa energy absorbed by the shock wave (assurings ab-
process to account for the shock heating. sorption) iSEBW = 9,4 x 10°3d_, ergls whered,,, is in

Here we are interested to calculate the amount of energynits of cm. Comparing phonon emission process with BW
emitted due to Cherenkov emission of phonon, which is sub- ives £ /E ~ 10-6
phonon BW — .

sequently absorbed by the matter from the neutrinos whic . . . . .
g y y Another collective mode that is emitted by neutrinos in

are propagating through this stalled medium and compare _ N o )
with the BW process. a supernova is “plasmo” or longitudinal photon which al-

The total energy deposited by Cherenkov emission of® hasn 7> 91 "f‘rr;]d IS therefdore pr_?d;(l:)edthby tne Chereqkoy
phonons by neutrinos per unit time within the stalled matte'process[ —9]. The energy deposited by the phonon emission
of thicknessd is given by process [EqQ. (29)] in a supernova shock wave is larger than

the corresponding plasmon process [7-9] by a factor

Ephonon = S dFl/7 (31) E
phonon 2
S o : SRR 2 % 102 (35)

whereS is given in Eq. (29) and®, = 10°¢ erg/skE, is the E Lasmon
neutrino flux. For stalled shock densjty= 10® gm/cn? [2], heret hat oh ission is the domi
temperature MeV and neutrino energf, = 10 MeV we ?lNe see t Zre ohre that p onondetr)ms?on is the dominant co-
obtaing = 3,23 x 10-24 MeV2. This gives ective mode that is generated by the passage of neutrinos

_ through a plasma.

E honon = 1,64 x 10%° dyy, erg/s. (32)

In BW mechanism rate of energy absorbed by a gram of maf@2. Conclusions

ter at a distanc& is [1 . . .
[1] It has been shown earlier [11] that neutrinos in a plasma

EBW =3 x10"%L, 5 (T12> f/N erg/g/s, (33) acqui_re an e_ffective c_harge. Due to this effective charge the
Rz neutrino emits a longitudinal photon by the Cherenkov pro-

whereL, ., is the neutrino luminosity in units af0®? erg/s,  cess, which in turn deposits its energy to the plasma.
R, is the distance from the center in units v6” cm, In this paper we show that there is a more direct met-
T, =5 MeV is the temperature of the neutrino sphere andchod of energy deposition due to generation of electron den-
Yy ~ 1is the total mean fraction of the nucleon. Here we ne-Sity waves or “phonons.” In this mechanism the energy of
glect the contribution due to electron and positron capture a1€ neutrino is transferred to kinetic energy of the electron
they are correction to this contribution. The total energy abdensity waves without the mediation of photons (unlike the

sorbed by the stalled shock wave, which has a mMagdi2d  Plasmon process). Due to this reason the phonon mechanism
(having thicknesg and density) is is the dominant energy transfer collective process by which

neutrinos transfer their energy to a plasma. But still it is very

2
Epw =3 x 10*%L ., (TVQ) Yy erg/g/s x dnpR%d. (34) small compared to BW process and therefore can not deposit
R7 suffecient energy in the stalled shock wave.
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