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ABSTRACT

Various current models and generalizations of a universal weak Fermi
interaction predict a first-order weak coupling between electrons and v-v pairs.
The radiation of such pairs by a hot, partially degenerate relativistic plasma
is calculated for temperatures and densities that appear to be relevant for
stellar evolﬁtion. Neutrino~-pair emission by collective electron modes, especially
transverse plasma excitations, is found to be the main mechanism for neutrino
radiation by a dense stellar plasma when electron-positron production is small
either because the temperature is too low (Tls lO8 OK) or degeneracy supresses
it. The neutrino luminosity of a star can greatly exceed its photon luminosity

for a central core temperature greater than 10 ).



»

-,

wh’}

-1- UCRL-10343

NEUTRINO PATR EMISSION BY A STELLAR PLASMA¥
‘ *¥ : '
J. Barclay,Adams,T Malvin A. Ruderman, and Ching-Hung Woo

Department of Physics and Lawrence Radiation Laboratory
University of California, Berkeley, California

July 2, 1962
INTRODUCTION
The Fermi coupling of electron and neutrino pairs is a consequence of many

postulated forms for a universal Fermi interaction. An intermediate heavy boson,
the exact conservation of vector currentl’2 (even to terms in the Fermi constant g),
the representation of a universal four-fermion interaction in the form Jk;x , Or
the equivalence of (uvu) and (eve) in all weak interactions, would lead to an
interaction between the pairs (ev)(ev)5 to lowest order in g. A simple
rearrangement then gives an interaction in the form g(ee)(vv).‘ An electron
could then radiate a neutrino pair as well as electromagnetic radiation, although
with an enormously decreased probability. The detection of such radiation in any
terrestrial experiment seems at best remote, but Pontec:orvo,LL Chiu and Morrison,5
and others have emphasized that in stars such radiation may be of great signifi-
cance in certain stages of stellar evolution. The mean free path of low-energy
neutrinos is sufficiently small so that they will always escape from a star with-
out interaction, whereas the electromagnetic radiation diffuses out very slowly
from the hot stellar core. 1In a star that has evolved off the main sequence,
such neutrino pair emission may become the chief means of energy loss at certain
times. Specific calculations have been performed for the neutrino pair emission

5,6 by a photon in a Coulomb field,7

4,10

from electron-positron pair annihilation,

8,9

by photon=-electron collisions, and by neutrino bremsstrahlung. Here we

T

investigate the special effects of the very hot (T > 10' %K), very dense

(p > lO5 g/cc) plasma from which the emission is presumed to take place.
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The collective modes of the plasma (plasmons) can play a significant and
even dominant role in the neutrino pair radiation. As long as the plasma fre-
quency -,

of the plasma is often more significant than effects from single photons or

is not negligible in comparison with kT the collective behavior

electrons. In Fig. 1 the region where such collective effects are expected to be
significant is exhibited. It coincides with the region of temperatures and
densities that have been conjectured for the cores of white dwarfs, ted giants,
"and prenova or supernova stars.

Conservation of energy and momentum do not permit the neutrino-pair decay
‘of a free phbton._ But in a plasma the dielectric constant is approximately
1- &ba/h?’,'so that the transverse electromagnetic waves (transverse plasmons)

have a spectrum of the form a? = a>2 + k.gc2

5 . For @& less than wb there

is no-propagation; forr o > wo the wave has the relation between frequency and
wave number of a particle of rest mass huz/cg , and such a plasmon can decay
into'a v-v pair. A similar situation exists for the longitudinal plasmon.
Moreover, the plasmon decay rate into neﬁtrino pairs can be simply calculated
once W is known.

In Sec. II the formalism for the calculation of the dispersion law of -
plasmons in a relativistic plasma is reviewed. The quantization of these
collective médes is discussed in Sec. III, and related to v-¥ emission in
Sec. IV. Section V presents explicit approximate formulae for the relation
between w and k bf the plasmon; together with numerical values for the
neutrino-pair emission. In Sec. VI we discuss the validity of the approximation
that the plasmons are adequate normal modes, i.e., that they have negligible
damping. Application to stellar models and comparison with other mechanisms of

neutrino-pair emiésion is given in Secs. VII and VIII.
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II. COLLECTIVE MODES AND ELECTROMAGNETIC WAVES IN A STELIAR PLASMA

Conventional quantum electrodynamics assumes, in the absence of electro-
magnetic interactions, a vacuum in which all negatgve energy states are filled
and all positive energy states are empty. The same formalism describes the QED
of a relativistic electron gas when the vacuum is replaced by a new state in
which, in addition, certain positive energy states are filled in a manner given
by the distribution function of the Fermi gas. At sufficiently high temperatures,
kT >> mec2 , electron-positron pairs must be included in this noninteracting
ground state. The hole formalism of Feynman diagrams is then applicable for the
description of interactions, with the "hole" now standihg for the absence of
‘either a positive or a negative electron from the ground state.

The Green's function for the propagation of an electron is modified to
take account of the sea of electrons through which it moves. . This Green's

function isll

G(x) = ——E_E d)1L p expl-i P, X, + ipt]
(2n) : ’
(@)

1 ] 1-n"(p) n” (p) -

X5 m+ E ¥ -7D — + - - 1
2?@ D Lo L= P, + B - Eiflﬁ p), + B - ?E_- id

. 1 -1 (p) n' (p)
- [ - Fg_yh -,Z°£J p, + K+ E - id ), + W+ Ep + 1®

o)

Here ?£_= (p2 + m 2)1/2 , & is a positive infinitesimal, p 1is the chemical

potential, n+(p) is the distribution in momentum space of positrons, and

n (p) 1is the distribution:;of electrons.

e
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We now consider the propagation of an electromagnetic disturbance in such
a medium, ﬁith which it continuously interactsf vThis interaction may be described
as the sum of the Feynman diagrams in Fig. 2(a), in which each box represents in
. turn the sum of all irreducible Feynman graphs between two photon lipes such as
are pictured in Fig. 2(b). The operator corresponding to one box is a tensor
that We'call pr(g,w), which is a . function of both the energy and the wave
v_HUQPG?,Qf the electromagnetic wave. The corresponding field eguation satisfied
by»the_plane-elgctromagnetic wave is, 1n momentum space,

:

(k,k -k K, - byt Huv) A = 5, o , . (2)

S voo o9

where Av ~is the electromagnetic four-potential and JH is the external four-

current. Because gauge invariance implies that Huv- is normal to Xk,

, one may put the

and because the medium is considered isotropic and Huv = Hvu

polarization operator in the form12

_ -1 2, % -1 AN K
Ty(p@) = ()™ o (e” - 1)(py) \, + (b)) K K%(e” - 1)(P),, (3)
where the projectidn operators are given by
- _ Aq=1/2
| (PL)uv = e, e, = [kkk ] (w &, k)
and - (W)

(PT)ij - Sij -’g’lg‘J ? (PT)l)-l- = (PT))-I-)-I- = 0,
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and c—:JC and e£ , Tthe dielectric constants, are functions of !}ﬂ and w, and

of the momentum distribution in the electron background plasma.' Substituting
expression (3) into the field equation (2), and setting the external current
equal to zero, we find that the'equation has two ihdépendent solutions: one is a

longitudinal plasmon which has tre dispersion relation

dar = o, (5)

and the other is a transverse plasmon which in the case of large k is the

usual transverse electromagnetic wave with the dispersion relations
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III. QUANTIZATTION
For neutrino emission by\a-stellar plasma the mqst effectivgvcolleqtive
modes baverenergies that are_not,large compared with nT/ﬁ s, and the:quanﬁization
of the mode aﬁplitude is a dominant feature. Equétions (5) and (6) give the
spectral dispersion relation for the plasmons, i.e., w(k), but not its amplitudes.
A plasmon.of frequency o consists of oscillating eiectromagnetic fiélds coupled
with electroné moving withbthe same‘frequency' w, Quantized.electromagnetic

13

waves in a dispersive medium have been described by Watson and Jauch. The

plasmon'vector'pdﬁentiél operator is the sum of transverse and longitudinal parts,

'

A = Az + At .. The longitudinal pért-can be written
At - @0V Py s w2

x {n (&) a(k) expl-i(wt - k-x)]

+ nzugﬁ) aT(EQ'exp[-i(am - kx)ly . . | (7
1—

In this expression a's;a are creation and destruction operators respectively

for longitudinal plasmons,

la(x), af (x)] = 8- k'), (8)
and nzufié a polarization vector: nzM = eg defined in. (4). The normalization
factor in the integrals is 'such that thé plasmon’s energy (electromagnetic +
interaction + electron energy) equals (n + 1/2) #w. The derivation of its form

is given in the Appendix.
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The transverse electromagnetic potential operator is

AM(xt) = (2¢r)'5/2 b d55jw(2et + aaét/édm'l/é exp [-i(wt - k-x)]

S

X ¢ 'I']tsp‘(.l}) bs(lj) eXP'[-i(CDt - }335)]-'_ ntsu(}i) b (k) expli(wt - k°x }’
(9)

where b, bT are destruction and creation operators, respectively, and s 1is

a polarization index with values 1 and 2; and htgu are two polari-

")
Mg

zation unit vectors that for 1" = (n,0), satisfy

Dg1 B = O
,ﬁtsok; = 0
and
2
1 = 1 (s=12) (10)
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IV. NEUTRINC PAIR EMISSION FROM THE COLLECTIVE MODES
The coupling of the electron-positron field to the plasma electromagnetic

field A is, of course, still given by the interaction Hamiltonian,

Hoo= Vir e T, 7, ¥, AP, - (11)

By using the above formalism it is possible to compute processes involving plasmons
by the usual rules of QED, among them plasmoh neutrino-pair decay. The proposed

(ev)(ev)f coupling can be written

&, = g(2)™/2 T, o7,y RO A C R 75V, + hec.

-g(g)'l/2 ¥, 7u(l + 75) Zlfe?va)'”(l + 75)zlrv.+ h.c., (12)
where g = 3.,08'10"12me-2 is the weak coupling constant.

The decay rate of the transverse plasmon and that of the longitudinal
plasmon are computed separately. Each is conveniently subdivided further into
the rate from vector and pseudovector couplings. We write the weak interaction

Hamiltonian as the sum of two parts,.

o= @20 g v 8, M,

225y w B, M, (15)

The matrix element for the process pictured in Fig. 3 has two parts: one from
the electron vector-currentllL part of the Hﬁ and the other from the electron
pseudovector part of ﬁ%. When the matrix element is squared, the cross term of
these two parts is a pseudoscalar and contributes nothing when integrations to
compute decay rates are carried out. The axialvvector current vanishes in

nonrelativistic limit (the collective modes have charge but no net spin
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variation), and because the momenta of interest are not highly relativistic
we expect that the contribution of the electron axial vector current to the
decay rates is much smaller than}that from the electron vector current in
stellar plasmas. We consider the vector current contribution first and deal
with the axial vector contribution separately.

The plasmon can decay via the mechanism pictured in Fig. 3, which is
Just Lendau damping into neutrino pairs, where--if we are considering only
electron vector contributions--the box represents exactly the sum of irreducible
Feyrman graphs pictured in Fig. 2(b) and represents the operator Hpng,@)
defined above. The decay rate of longifudinal piasmons, Tz-l (from the vector
current), is conveniently expressed in terms of e£ The dispersion relation
(5) allows one. to set ez = 0, and the result is found by the usuwal rules of

QED to be

1,7 = (8/3) &8 (we) P 1R 3 ) (o - F) . (14)

Similarly the decay rate of a transverse plasmon Tt-l can be calculated as -

7, "t (8/3) &° (hne)™ [w(2ef + w d €& /ow)] (15)

X (oF -8 P - 117,

To obtain the energy loss.rate per unit volume from neutrino-pair
radiation we integrate over the density of plasmons. Neglecting the damping
of the plasmon states, one obtains the plasmon density from & boson thermal
distribution. The neutrino-pair emission rates per unit volume from transverse

and longitudinal plasmons are then
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o = |7 ele® -1 (207 (Br) ax | (16)

and

Qp = Tz-l ol - 177t (2::)"5 b k2dk s o @a7)
-1 . . t Z .
where B = (T) ~ . The dielectric constants € , €° are functions both of
k and of w and depend also on the momentum distribution of electrons in the
plasma. The energy w 1is given as-an implicit. function of k in the dispersion

relations Egs. (5) and -(6).
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V. THE DISPERSION RELATIONS OF THE LONGITUDINAL
AND TRANSVERSE PLASMA MODES

To calculate the emissivities Qz and Qt we must now estimate

ez’t(ggw). In the sum for Huv represented in Fig. 1(b) all terms but the

first, the single loop integral, will be dropped. - In the limit.of infinite
density this should be an excellent approximation. For our applications to
stellar plasmas the interelectron spacing is always very small compared with
the Béhr radiuvus. With this approximation an integral form for the dielectric

constants has been computed by Tsytovitch.'l2 We quote the relevant results

here: : =
£yt le® 3 ‘ Eﬁ -"EAE'E- £t
€’ = 1 - 5 f(Ep)dp S 5 A’
w ~ "TIV(E_-E - -
Fp ~ Fp)
8
E + Ep-k (18)
+ = 'NE”“' s A AR SeBz’t s
(E_+E_.) -w +
PO -3
2 2,2
B+ (k) - 2(pk) /K
Y/ e S — _
A = 1+ E_ E ’ 1
7 2 Pk (22)
2 2,2
& _mo- (k) + (p-k)7/k
A - l + s AT N~ R
- Ep ,Ep_k
‘and
-3 - + A '
£(B,) =2(2x)™ [n7(p) + n (p)] , (20)

where symbols are defined as for Eq. (1). The terms BeBﬁ’ represent vacuum
polarization effects and are divergent. This divergence is removed in the

well-known way by charge renormalization. The remaining finite vacuum polari-
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zation effect is not»important compared with the effect of the polarization
of the plasma for a stellar plasma. -

For stellar plasme We content ourselves with an approximate result to
avoidlnuméfical integration. In the applications of interest the conditions'
k < mand o< 2m obtain, so we can neglect terms in the integrands in
the expressions for et , ! , (18). 1In this case both dielectric constants.

reduce to the well-known . form

€ =1 = 6002/0.)2 P ) : (21)
where . f(Ep) . p2
2 . 2| Pp = I =

wy = Use d’p Ep 1- 5 Ep (22)

For a degenerate Fermi sea this becomes

wog, = h?? pFi/(B“EF)V s (23)

where by EF we mean the relativistic energy, including rest energy, of an
. . 2 2\1/2 )
electron with the Fermi momentum Pp EF = ,pF + m . This plasma

frequency is used in Fig. 1.

To get an idea of the validity of neglecting the higher-order terms in
2 P ".
¥ and o , Wwe can carry out the integrals of Eq. (18), retaining terms of

order k2 and w? . Under this approximatioﬁ
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2
o= o1 - ““S &p £(B )
A~ D
w A~
2 2
P 2 P
A s St A @
P E LE E
L~ 2 2 2
2 i 2 2 2
°FE E° > g &E 5 o g
g P P P 2
)
R aop £(E.)
\2 s D
w o~
2
-
2 2 P
x{g |13 2| v S5 -5 53 &)
D E LE - E
~ ? ® L4
5 2p2 pu 2 p2 5
+ ...k'_ . _l_"" + -~ 1_2&_
3 2 n 2 _ 3 5 2
2E E E W E E
P P P g pd

These expressions can easily be integrated for a zero-temperature Fermi distri-
bution. If we consider a density of lelO5 g/bc of pure helium, P is
0.59 m, and integration of these equations shows that as long as ® and X

are small compared with m_ the approximation of Eq. (21) is good to a few

percent. If we now use Eq,. (23) for et’z in the dispersiom relations, we

find that for the longitudinal plasmons u? = 02 + ak2 , Where is always
much less than 1, and for the transverse ones a? = abe + k2 . With these
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expressions for the dielectric constant and the dispersionvrelations, the

longitudinal neutrino-pair emission energy loss rate can be written

2 o)
_ & 1 1 2, 2 .23
K 3ne” -(21[)5 ®oP ,[ e <)
: e =1
0
_ &£ 2 19|z
Fte (Eﬂ)5 gwoﬁ;l o {315
wp
Qﬁ/(ergs/cc sec) = 3.15 X 1070 (wo/mec2)9 (e © -1)'_'l . (26)

The upper limit k = Wy is set by energy momentum conservation. TFTor k < W,
the term ak2 can be neglected, in comparison with w02 s  with small error.

We use the above dielectric constant (21) and dispersion relation (6)
®
and the expression (exp [wB]- 1)=l = % exp [-nuB] in Eq. (16) to obtain
n=1

the following form for the transverse emissivity:
00

= 26°(32e®) ™t (en)d %6 z f exp [-nfw] Kdk . (27)
n=1

%

The integral in this expression can be expressed in terms of modified Hankel
functions of the zeroth and first .order, or by the following approximation.
We distinguish two cases: woB << 1 and woB > 1, If woB << 1, then the
exponential factor is negligible for all values of k until k >> ©y when

W=k . Then
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6
o - )-ng e 1 023 a1
5ﬁe2 ﬁa (Q:t)5 n=1 n
or
Qt/(ergs/cc sec) = 2.96xlO22 (a)o/me 02)6 (Bme 02)-5 . (28)

If woB >> 1, then as k increases the exponential factor will suppress the
integrand when k is still very much smaller than W, s SO that we can

approximate w = W + kg/éwo . The emissivity is then

o
2 w 0 2
Qt - 28 5 2 3 Y expl-nw B] -[- expl - kQBn ] kedk
3n"e”  (2n) n=1 °© A %o
7.5 ‘
2 _ - B
- (gﬂ)l/E g = 0 : B 1.5 e o}
3ne”  (2n)
or
Qt/(ergs/cc sec) = l.5hx1022’(wo/me02)7°5(5mecg)-l°5 exp[qboﬁ] . (29)

Neither of these approximations is accurate in the region wOB =~ 1; we make a
smooth interpolation of two approximations through this region on a log-log
plot in Fig. L.

The energy rates per unit mass q, (= Q%/p) and q, (= Qz/p) have
(z/p) = (1/2).

be noted that temperature density regions are included where the gas is non-
10 o

been plotted in Figs. (4) and (5) for a medium of It should

degenerate. However, as long as kT < mecg(T ~ 10 K), Eq. (2L4) for the
plasma frequency is quite insensitive to the temperature. The exact f(Ep) in

Eq. (23) would give only a slightly smaller value for @,

’
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We return now to the effect of the axial vector current at the weak-
interaction vertex. For the longitudinal ?lasmonvthe decay rate due to the
axial vector current can be seen to vanish from momentum conservation and

parity considerations. For transverse plasmons the axial vector current does

contribute to the decay rate, denoted 75 » If in computing the loop integral

T, (o) = Flemy™ | p Trly, Glork)7,756(p)] ,

G(p) being the Fourier transform of G(x), we retain terms to order k, the

=1 .
rate T5 is

8 L kgm 2 D g 2
Tt o 2 (o)t g - —— - : (30)
pp +m - (0/2)

> 27

Assuming w << m, the luminosity can again be integrated, and it is seen to
be considerably smaller than Qt and Qz computed earlier for the range of

temperature and pressure of interest:

Q5/(ergs/cc sec) = 2 x 10

We will drop this term.
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VI. VALIDITY OF THE PLASMON EXCITATIONS AS NORMAL MODES
~Finally, we consider the validity of treating the plasmons as . normal modes
in our computation. We have assumed that a plasmon is a reasonable approximation
to a normal mode of the system'and have ignored the possibility that plasmons can
decay by other channels than neutrino-pair creation. Even with the loop integral
approximation (second order in e) for et’z , we have ignored an imaginary part

£
et’ . This imaginary part for et’ﬂ represents plasmon decay into real

15

for
electron positron pairs and Landau damping. Energy momentum conservation
impliés for both transverse and longitudinal plasmons that real electron-pair
creations can occur only if Wy > 2m, which is never the case in our study. Landau
damping will occur only if k > w; this never obtains for transverse plasmons.

In longitudinal plasmons this mechanism is relevant when k >-wo =~ , but only

for k <Zwo = o 1is neutrino-pair creation possible, and so this damping mechanism
will not affect the momentum distribution in the region of interest. It has been
recently pointed outl6 that in nondegenerate nonrelativisticiplasmas damping due
to third-order (in e) effects (collision damping), in which two of the plasma
electrons are excited, may be more important than ILandau damping. The non-
degenerate nonrelativistic case has been calculated. It would be expected that
degeneracy would reduce the number of final accessible states and that the
available formulae will overestimate damping in that case., If the degeneracy is
neglected, Im w/Re w, is small (e.g., p = 105 g/cc, T = lO8 %&

Im w/Re W~ 1077).
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VII. COMPARISON WITH OTHER MECHANISMS
FOR NEUTRINO-PAIR EMISSION

The neutrino-pair energy loss rate can be compared to that due to four
other mechamisms17 that have been proposed. Neutrino ’bremsStrah_'Lung was
proposed by‘ Pontecorvo, and rates were calculated by Gandel'man and Pineau.,lO

Their results give an energy loss rate

o/ (ergs/g sec) = 5.9 x 1072 (o/vi,g/cc) (/%) "+ - (32)

. . S 2 =1
where v = Z ci Zi /Ai Ko = Z‘. c, Zi/Ai B

i i
and c, is the fractional concentration of the elements by weight. Chiu and

v 8 ‘
Stabler, 9 and independently Ritus, have computed neutrino Compton radiation -

Y+ e—> e+ v+ v. The results given by Ritus are

a/(ergs/g sec) = 1.67 X 10-6u ue-:l'('l‘/OK')8 , ' (33)
for nondegenerate electrons;
alergs/e sec) = 6.9 x 1077 ()3 (2/%0)% u 2/ (54)

for degenerate electrons.
Emissivity duve to neutrino-pair creation by 7 rays in a Coul’om'b: field
has been calculated by Matinyan and Tsilosani.7 Their result is

6

a/(ergs/g sec) = 2 x 107° yL(1/%) (35)
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These rates are smaller than the energy loss rate due to plasmon
v-pair decay for p 2 lO5 g/cc, T2 lO7 %K . None of these earlier
calculations has taken account of the effect of the dense plasma on the electron
propagator or of the effect of the plasma on the electromagnetic waves,
especially the plasma cutoff, which will greatly decrease the energy loss rate
due to neutrinos for densities and temperatures that lie above the curve of Fig. 1.
Chiu6 has investigated the energy loss rate due to electron~-positron
pair annihilation suggested by Chiu and Morrison.5 His results have been
plotted in Fig. 6, together with the emissivities of Egs. (28) and (29). For
low densities and for high temperatures the electron-positron effect is larger

9 o

than the plasmon effect. Below 10 K the collective radiation always
dominates for p > 5 x 106 g/cc and generally falls off very much less rapidly

with decreasing temperature at smaller densities.
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VITI. APPLICATIONS TO STELLAR EVOLUTION
In the theory of stellar_structure the density and temperature of stellar
interiors is such that the neutrino emissivity is negligible for stars on the.
main sequence. Only at later stages of evolution_during'periods of core tempera-

7 OK and high density may the energy loss due to

ture mueh greater than 10
neutrino-pair emission play a significant role. Some effects of neutrino-pair
emission have been discussed by Chiﬁﬁ%or stars in which core temperatures
exceed _109 OK. Two types of stars are recognized.as possessing dense hot
cores: white dwarfs and red giants. White dwarfs and_red giants. White
dwarfs are-presumed'to be cooling by surface radiation with no interior energy
generation. Estimated central densities in a White-dwarf are ab_out,lO5 to
lO7 g/cc. The observed bright white dwarf, Sirius B, which is estimated to
have a core temperature of 1.8 )(’107 OK and a density of 105 g/cc, has a

3

photon luminosity about 107 times as large as the calculated neutrino luminosity,19
Most other white dwarfs are estimated to have lower interior temperatures, and
consequently an even smaller ratio of neutrino-to-photon luminosity. Only if

7

the internal temperature approached 5 X 10 OK would neutrino-pair emission

play a significant role in the cooling process.

5-to 106-g/cc core of

A red giant burns hydorgen outside of a dense 10
inert helium. As more and more helium is added to the core it contracts, and
heats by conversion of gravitational to thermal energy. The heating continues

7

until the core reaches a temperature of abeut 8 %X 10 OK, when helium burning
commences and the star enters the next stage of evolution. Two types of red
giants may be distinguished by their masses: +those with mass greater than

twice the mass of the sun, and those with mass less than 1.1 soiar mass. The

core temperature in the heavy red giants is such that the electrons are not

degenerate, nor do they ever become degenerate as core contraction proceeds.,
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If & thermal energy sink such as neutrino emission is placed ‘in fﬂé core, the
core will contract somewhat faster, and heats rather‘thén cools (according to
the virial theofem), Under nondegenerate conditions the neutrinb—paif emission
will simply’acceierate'the evolution of the star to the point at which helium
burning starts generating energy at a rate very much greater than the rate of
energy loss by neutrino emission. In light red giants (mass < mass of the sun)
the core is largeiy degenerate. 1In a degenerate core a neutrino energy sink

| results in ééoling, since very little gravitational contraction takes place,
According to a preliminary calculation by Hoyle and Schwartzschild,go the core

>

density varies between 107 and 106 g/cc as the temperature grows in the tempera-

T

v 8 - - '
ture range 10" to 10 QK, because of gravitational contraction before He

burning begins.' The time scale for this contraction is estimated to be between

7

106 and 10' years. The rate of increase in thermal'energy of thé core
from a graVitatiénal contraction would then be of the samé order of magnitude
as the loss of thermal energy by neutrino-pair emission, which can apprdach_
100 ergs/g sec in this interval. Whether or not it would substantially delay
or even prevent the ignition of He in the degenera’cevcor‘e of.a light red giant
depends upon a reasonably detailed model of the density temperature and time
scale for the development of the red giant core.

The relevance of neutrino-pair emission from the electron-positron
annihilation to the evolution of a heavier star into a nova or supernova has
been emphasized by Chiu‘,l8 Here the temperature of the star of interest is
above 109 %K. For a core density of p =5 x 106 g/cc and T = lO9 oK, the
radiation of neutrino-antineutrino pairs by plasmons is greater than
3 x 106 ergs/g sec, which is about the same as that from e -e annihilation.
The neutrino luminosity of the star would be about 106 times the luminosity bf

. 6 .
the sun. For p > 3 x 10 g/ce, T = lO9 OK, the plasmon v-v radiation exceeds
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that  from e'fé+ annihiiation, in part because electron_degeneracy surpresses

the formation Qf.éf—e+ pairs, and in part’ because the plasmon-pair emission

rises as the density and plasma frequency increase. For slightly lower tempera-

ture the plasmon emission begins to dominate at much lower densities.

‘The effect of neutrino pair emission on the abundance of elements in

_ stars has been considered by Chiu and S’cothers._gl They show that addition of
e--éf annihilation to a stellar model can considerably reduce the time scale
of certain phases of e&olution and hence modify the relativé abundance of the
elements. Time scales of evolution associated with pair annihilation and with
plasmon- decay are displayed in Table I for a density of 2 x 106 g/cc and a
variety of temperatures. At T = 6xlO8'OK, plasmon decay reduces the time scale

>

of evolution to 107 years. Density rises with the cube of the temperature in
a contracting nondegengrate stellar core. At slightly higher densities pair
annihilation emissivity is suppressed and plasmon decay incréases (Fig. 6), so
that neutrino pair emission by plasmon decay would be the dominant factor in
controlling the evolutionary time scale in this temperature-density regime.

We are happy to thank Professor L. Henyey and G. Wallerstein for an

informative discussion.
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APPENDIX
The normalization factor in the plasmon operators, Egs. (7) and (9),
is the square root of the classical energy density, including the effect of
the electric field, the kinetic energy of the charges, and their potential

energy. This has been given for transverse waves by Landau and Lifshitz,22

and by Watson and Jauch,13

We present here a slightly different derivation
which is also applicable to the longitudinal waves. We suppose the D field
and the E field to be related by

@
D(t,x) = E(t,x) + f dr f dBAXf(T,X) E(t-1, x-y) . (a-1)
0

- (&)

The dielectric constant is defined by

@® r
' /

ng,w) =1+ ,/' dr | diy f(1,y) exp [iwT-ik.y] . (A-2)
0

()

We consider an electric wave of gradually increasing amplitude
E = EO exp[-iwot + ik-xAt]

with AN infinitesimal and positive, and Eo constant in time. The energy
density at x at a time T, U(x,T) will then be
T

U(x,T) = f Re E(t,x) (@ Re D(t,x)/dt)at . (A-3)

b{es]

Now we have

Re E(d Re D/at) = (1/2) Re(EaD/dt) + (1/2) Re(E* dD/dt) . (A-L4)
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The time average of the first term on:the right side of this equation vanishes.

After a contour integration, the second term gives

U, T) = (/1) E02 M [Re e(w+ ihX) + o In elo + iNE)/A) ..
(A-5)
If we now neglect absorption, Im € = O, and letting A - 0, we have
U T) = (/%) E 2(Re elo,k) + o o elwx)| 1. (4-6)
ol o o’ ~ o dw ?

o
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Table I. Time Scales of Evolution

for a Stellar Density of p = 2 x 10° gfce

UCRL-103L43

Pair annihilation only

4,/% T/yr

2 7
5 X 10 2 x 10
b 10° | 3 X 10"
3 % 107 400
5 % 107 20

Plasmon decay only

% /%

1Xx 10
35X 10
TX 10

o 1 1 U

1x 10

T/yr

7 % 10"

BXlOM

2x10u

-9 x'lO3
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~ FIGURE CAPTIONS

The density p .at which for a given temperature T +the plasma

frequency _wo = gT/h..

Feynman diagrams that contribute to the dielectric constant in a

plasma. The dotted lines are photons; the wavy line is a transverse

. or a longitudinal plasmon; the sqlid 1ines represent electrons or

3

positrons and the holes in the unperturbed electron gas.
Feynman diagram for the neutrino-pair decay of a plasmon,

Emissivity from transverse plasmons 9. as a function of density o

and temperature.

_Emissivity from longitudinal plasmons,(qz as a function of plasma

density and the temperature.

Comparison of emissivity fromvtransverse:plasmons Q. - with that from

electron-positron pair annihilation (dotted lines), as a function

of plasma density and temperature.
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