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Abstract 

The plasmon decay rate to neutrino-antineutris pairs is calculated assuming a non- 

vanishing magnetic moment for the neutrino. Since we are interested in the ultrarelativistic 

regime (T > m,cs), an appropriate covariant formalism is introduced to treat collective 

plasma excitations. We show that this process could result in an important contribution 

to the production of wrong-helicity neutrinos in the early Universe. 
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I. Introduction 

The present interest iu the electromaguetic properties of neutrinos is driven by several 

intriguing hypothesis. Perhaps the best motivated is the observation that (at least some 

aspects of) the solar neutriuo puzzle’ can be solved if the electrou neutrino has a magnetic 

momeut of about lO-“~~g (fin is the Bohr n~agneton).2 Although the required magnitude 

of the magnetic moment is very nearly in couflict with the present experimental limit. 

pLv. < 2 x lo-” ~8,~ the idea has attracted a host of attempts to explain such a relatively 

large magnetic moment in particle models. Another interesting hypothesis regarding the 

role of neutrino magnetic moments has been proposed by Melott and Sciama.’ They 

suggest that the dark matter present in our Galaxy is made prevalently of r-neuttinrx 

with mass near 30 eV and a lifetime of about lo-%. The r-rays generated by the decay 

v,~ -* vi 7, where Vi is a lighter neutrino, could be the source of energy necessary to reionize 

the Universe. A third proposal is the very recent suggestion of Giudice that r-neutrinos 

with mass between 1 and 35 MeV and a magnetic moment near the present experimental 

limit5 (i.e., p’y. T 10-s PB) could play a relevant role in cnsmology.6 In fact, he showed 

that relic neutrinos with these properties behave like cold dark matter. This would supply 

a nice solution to the problem of structure formation. 

Since laboratory experiments do not yet provide enough data to confirm or to reject 

auy of these hypotlteses, astrophysics aud cosn~ology could give some directions. In fact. 

constraints 011 the elcctromnguetic properties of ueutriuos can be obtained by considering 

their elfects ou the evolutiou of stars aud on primordial nucleosynthesis. The study of 

snch effects, which take place under the very pcculinr conditious of very high temperatures 
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and density, require the solution to subtle theoretical problems. One of these problems is 

neutrino pair creation by plasmon decay. Our aim is to calculate the rate of this process 

in an ultrarelativistic plasma, such as would have permeated the-primordial Universe. 

Adams et al., iu 19153, calculated the energy loss rate of stars caused by neutrino 

emission.’ They observed that radiative corrections lead to a small electromaghetic cou- 

pling for neutrinos. This allows their production by the process plasmon + vii. This pro- 

cess is found to be the most efficient mechanism to radiate neutrinos in very hot and dense 

stars (Tz lO’K, p> 1O’g cme3). Under these conditions the plasma is semi-relativistic, 

and thermal quantum effects complicate the dispersion relation of pIasmons.* In their 

work the authors were able to find an approximate relation fot the neutrino emission rate 

considering only plasmons with wavenumber k < m, and frequency w & 2m,, where m, 

is the electron mass. Thii -Ls adequate for stellar plasmas where the temperature is usually 

well below the electron mass(T < 5 x 10’K). However, this is not the case if one wishes 

to study the effects of the same process on primordial nucleosynthesis, i.e., in the range of 

temperatures 10’ < T < 10°K. 

Of particular interest for primordial nucleosynthesis is the potiibiity that interactions 

mediated by the neutrino magnetic moment would populate the “sterile,” wrong-chirality 

neutrinos. Since WC are int.crcstctl iu Dirw ncut.rinos. thcrc XC four dcgrccs of freedom 

for each neutrino field. For a massive ncutrino, the helicity eigenstates (II+, v-) do not 

coincide with the chiralit,y cigcnstatcs (v~: I/X). It is of course the chirality cigenstatcs 

ihat are the eigeustatcs of the standard weak interactions. A relativistic Y- (v+) has order 

unity projection onto VL (YR)? with a small admixture of order nz,/Ev onto vn (v~). 
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The effects of a neutrino magnetic moment on primordial nucleosynthesis have al- 

ready been considered. In 1981 Morgan showed that right-handed neutrinos produced 

by the processes evL -+ evx and e-e+ -t YV can destroy the successful prediction of 

the standard uucleosynthesis calculation ’ if the magnetic moment of a light neutrinos 

species (m, 2 1 MeV) is greater than 10-*‘~~. lo However, recently Giudice showed that 

for m, 2 1 MeV and pU - 10e6~~ (experimental limits make this possible only for the 

T-neutrinoj, YF + e-e+ annihilations can reduce the wrong helicity neutrino density suffi- 

ciently to be compatible with observational limits. 6 We are going to shown that, a priori, 

the process plasmon --) VU should not discarded in this consideration. 

In Sec. II we introduce the correct formalism to treat plasmon decay in a relativistic 

plasma. Since a rest frame for lo@udinaLplasmons is not well defined, this problem 

n+ some attention. Furthermore, we show that plasmon decay into fermion-antifermion 

pairs is the main dispersion process. In Sec. III we calculate the plasmon decay rate into 

neutrin*antineutrino pairs due to a neutrino magnetic moment. The final section contains 

our conclusion. 
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II. Electromagnetic waves in a relativistic plasma 

In vacuum, photou decay to massive pairs is forbid-&n. In fact, gauge invariance 

implies a zero photon mass, and a rest frame for~the photon is not defined. In a plasma, 

the situation is altered by the inters&ion of electromagnetic waves with the sea of charged 

particles through which the photon moves. In analogy with electrons moving in a solid, 

where the waves acquire an effective mass by the intertition with the lattice, photons in a 

plasma are no longer massless. They should be considered as collective excitations known 

as plasmons. The decay of plasmons to massive particles is no longer forbidden. 

The free photon pkpagator is modified by the interaction with high temperature 

matter. The polarization tensor in the presence of matter can be written I1 

x py = u;y + 7Tz, (2.1) 

where the first term takes into account the interaction with matter (essentially electrons 

and positrons) and the second is defined by 

The one-loop contribution to the photon self-energy is 

2 
u w= + J dip ?[GF(P + Q~&(P)] 

The finite-teml)cratllrc fcrmion propagator (using the rca-time formalism) is” 

SF(P) = (Z + ml (,j _ ,,i2 +;i6 + ““,“;.($;‘;“) ( 

(2.2) 

(2.3) 

(2.4) 

where $ E T,,p’ and ‘u* is the 4-velocity of the plasmn. We should note that u, is ilot 

defined in vacuum. Hereafter, we assume the cheinical potential to be zero. 

5 



The dispersion relation of plasmons is obtained from the poles of the plasmon propa- 

gator. They are given by the couditiou 

det(q*g,, - R,,~) = 0. GyJ) 

Gauge invariance implies that 

Q%rP” = 0 

For an isotropic plasma the general solution is 

up&, 9) = v(w, SPPY + *&J, S)Qw 

P.6) 

(2.7) 

where, following Adams et a1.,6 

pij = ai, - $; PO0 = Poi = Pi0 = 0; 

QrW= ‘I(3) pq3, vi I](3) P = w3) 

Here, we have assumed that the wavevector q is directed along the I axis. Then, from 

(2.51 we obtain 

[h2 - moNq2 + n3) + &](q2 + ml)* = 0 . (2.9) 

We see that there exist three kinds of collective excitations of the plasma. Two correspond 

to transverse modes and 11avc the same dispersion relation 

QZ + 7111 = 0. 

The third corresponds to a longitudinal mode with 

(2.10) 

q2 + x00 = 0. 

G 

(2.11) 



Longitudinal plasmons correspond to charge-density (electrostatic) waves. For a non- 

relativistic plasma, their dispersion relation is w = wp + CJ(~v*), where wp is the plasma 

frequency (see below) and Y* is the mean-square electron velocity. It is evident that this 

expression is not Lorentz invariant. I3 Physically, this means that by performing a Lorentz 

transformation, longitudinal modes can acquire a transverse component. This creates a 

problem in the calculation of the decay rate of a plasmon. In fs&, fixing a rest frame for 

plasmons is now an ambiguous operation. 

This problem can be solved only by appealing to an appropriate covariant formalism, 

developed by Weldon in 1982. i’ Weldon made it clear that the correct frame to study 

collective excitations of the plasma is the plasma rest frame. In fact, the’ plasma 4-velocity 

u, provides a physical distinction between time-Like and space-like directions, so that it 

becomes possible to treat separately longitudinal and transverse plasma excitations. In 

the Weldon treatment, ?rT and nb, which depend only on qaQQ at T = 0, are functions of 

the scalars 

w = q=u, 

and 

14 = [&&“)* - $1 l’* 

(2.12.a) 

(2.12.6) 

separately at T # 0, as the rcsnlt of the lack of Lorcntz invnriancc. In our opinion, the 

treatment of Tsytovich and Adams et al. is fully meaningful only in this framework. 

The electric permittivity e and magnetic pcrmcability p are related to 7~ and XL by 

the relatious 

TL c=l-- _ = 1 + q2Q - WZTL 1 

Q2 IL l9l242 



When T = 0, 7r~ = 71~, so that we have the usual relation E = l/p. 

The expressions for the real parts of ?r~ and RL for a relativistic plasma have been 

calculated by Weldon in the limit T >> w and T >> lql. They are 

Rer.dw, 1st) = (2.14.~~) 

Resr(w, Isl) = (2.14.6) 

In contrast to Adams et al., we are interested in the very high temperature limit, 

that is w > 2m. and 191 > m,. In this regime the dispersion relation for transverse and 

longitudinal waves can be calculated analytically only in the,opposite limits of short and 

long wavelengths. The real parts of (Z.lO,ll) now read 

w* = id* + Re XT = lql* + mZ,, for w N Iql > Tr (2.15.~) 

w* N wg. +:$I*. for lq[ a w < T (2.15.6) 

for transverse modes; and for longitudinal modes 

w2 = Id2 + 41q12 eXP( -$), for w IL IqI > T; (2.16.~) 

for 1qc -X w < T. (2.16.b) 

The plasma frequency wp is defined as the frequency of plasmons at 191 = 0, that is 

C2T2 
w; = Re ?,T(W, Is{ = 0) = Re A‘@, Iqj = 0) = 9 

The imaginary parts of the dispersion relations give tbc damping constants of the 

plasma. They depend on the nature OY ‘the damping process. The damping of electro- 

magnetic waves in a relativistic plasma can take place by means of two mechanisms: the 
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inverse Cerenkov effect (Landau damping) and e+e- pair formation. Of course e+e- pair 

production is possible only if q2 > 477x2, > 0, i.e., c < 1. Tsytovich8 showed that the real 

part of the dielectric constant of a relativistic plasma is greater than one if w >> 21~1. 

Thus, in this limit, Cerenkov dissipation is the dominant effect. However, in a ultrarela- 

tivistic plasma the mean value of the 3-momentum of the electrons (or positrons) is equal 

to (lpi) 2~ 3.15T. Assuming that plasmons are in thermal equilibrium, the mean value 

of their frequency is (w) N 0.60T, if they behave as non-relativistic particles (w - wp), 

and (w) N 2.7T in the opposite case. In both these cases, the limit studied by Tsytovich 

can not be applied here. It seems more realistic that the plasmons are well described by 

the large wavelength limit of the dispersion relations. In this limit w2/lq12 :> 1, i.e. the 

phase velocity is greater than the velocity of light. Thii means that- the damping arises 

prevalently by the decay of the Iql ~10 plasmons into real fermion-antifermion pairs. 

In the next section we are: going to estimate the contribution to the damping of 

electromagnetic waves due to the process plasmon + vii. 



III. Plasmon decay to vv pairs 

A neutrino magnetic moment coupling to the electromagnetic field generates a term 

in, the effective Hamiltonian 

HI = ;pv ~o,~F“%. (3.1) 

wlwre p, is the neutriuo maguetic momeut, oap = (i/2) [r-, 7p] and Fe0 = &Ap-&,Ap~is 

the electromagnetic tensor. The decay amplitudes of trausverse plasmons and longitudinal 

plasmons in neutrino-antineutrino pairs have to be calculated separately. In fact, the 

vector potential of the electromagnetic modes A”, takes different values for each kind of 

excitation. According to Adams et aL6 

A$ = &“” / [w(2eT ;~g,11,2 ~[9~),(*).i(*)e-i”‘-4”) + Tgy*)a&w-)] 
(3.2) 

AZ = (zf;P2 / (w2~)1/2~9h)(q)a3(p)e-i(~14”) + 9&(q)a~(q)equ’-q.xJ] (3.3) 

where vfA,(q) are the polarizations vectors of ‘a plasmon with 4-momentum q. Because the 

plasmons are massive vector fields, the polarization vectors must satisfy’s 

‘)(A)(Q) . q**)(Q) = --%A~ 

T](A) 4 = 0 

2 9&)M9~A,k4 = - (!& - y, 
The vectors that fulfil these relations are 

(3.4.a) 

(3.4.6) 

(3.4.c) 

(3.4.d) 



The dielectric constants of transverse and longitudinal plasmons are, respectively 

Q.(W, Iql) = 1 - RexTW(;’ M) 

E&J, ]ql) = 1 - ReT$+ ‘q’) . (3.5.b) 

The decay amplitudes, generated by the Hamiltonian in eq. (3.1), of transverse and 

longitudinal plasmons in Ilcutrino-antilleutrino pairs, are 

MT = (2ET +wa;T,aw),,2 ~v%)~wwp4pz) v&(q) k = I,2 (34 

ML = (“aw;aw)‘/2 ILY~.@l)%3$34P2) f@l) 

Using equations (3.4) after some kinematics, w-e obtain 

(3.7) 

c p.fLIZ = ,a$& wPl-w)2q2- 
rpin 

We wish to find the square of ihe decay amplitude for transverse plasmons by subtract- 

ing [ML~~ from the square of the total decay amplitude (summed over spins and averaged 

over polarizations): 

c M&l2 = &(q* -~4m:)q’. (3.9) 

This will be done in an appropriate frame. 

From the previous section we know that c and p are Lorentz invariant quantities. 

This allows us to calculate tlwm iu the rest frame of tlw plasmon. T/h f~crme ti now well 

defined as the finme wlrere 191 = 0. In this frame q* = * wp (see eq. (2.12.b)). From the 

definition of plasma freqlleucy we know 

Rer~(w, 0) = Re*T(w, 0) = w'p. 
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Thus, according to eqs. (3.5), we obtain 

4 EL(W,O) = ET(W,O) = 1 - 2 (3.11) 

This coincides with the well known expression for the electric permittivity of a nonrel- 

ativistic plasma in the limit of long wavelength. Although, eq. (3.11) is a well known 

formula, we stress that in the works of Adams et al. and Tsytovich, it should be regarded 

as an approximate formula. The possibility to treat the decay in the plasmon rest frame, 

allows us to use it for a ultrarelativistic plasma as an exact formula for every plasmon 

avoiding the condition w < 2m that Adams et al. needed to impose. 

Now we are able to find 

x lMLl2 = &&w; - 4m9 c&B 
epin 

and 

c lM$ = p;w;(t& - 4m;)sin2 0 
*pin 

where 0 is the angle between pI and q. 

The total decay rate is: 

I-= &p; (w; - 4m93’2 

(3.12) 

(3.13) 

(3.14) 

The exponent 3/2 reveals the p-wave character of the decay. I’lasmon decay into Yv pairs 

is possible only if wp 2-2m,; using (2.17), this implies 2’ 2 19.81 m,. 

We assume the plasma to be comoving with the space-time. This means that its 4- 

velocity is u,, = (I?-‘, 0,0, Q), where R is the scale factor of the -FRW metric. Hereafter, 

we define w and q to be the comoving values, w/R and q/R. 
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Since we are interested in an ultrarelativistic plasma, we must take into account the 

effects of time dilation on the decay rate. This can be made multipling I? by the fxtor 

mP cc‘4 --= -y = nP(llEP)r = T Z<(3) 0.08* (3.15) 

where (l/Ep)~ is the thermal average of the inverse plasmon energy and C(n) is the 

Riemann zeta function. 
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IV. Conclusions 

In the previous section we have calculated the neutrino production rate by plasmon 

decay in a ultrarelativistic plasma. Our treatment differs from the one of Adams, et al. in 

the use of a. fully covariant formalism to describe plasma waves. This allows us to define, 

without ambiguity, a common rest frame for transverse and longitudinal modes. Then 

the usual procedure can be applied to calculate the plasmon decay rate into neutrino- 

antineutrino pairs via a magnetic moment vertex. 

Since this process produces neutrinos with both helicity states, it could influence 

primordial nucleosynthesis.p Although this is not the aim of our paper, it is useful to 

compare the rate from equation (3.14) with other neutrino magnetic moment induced 

tirocesses which can play a role during primordial nucIeosynthesls. Assuming a vanishing 

neutrino mass we have 

+-P-i, = r2 co3TJ &-m$ u 1 x 10-j a&P (4.1) 

(n$J,-,+,“p) = ;$nJ 

( 1 

2 

q N- 5 x lo-’ a&P 

(nf,u,,,,~oR) = ay 2P 

( ) 

2 
Qmas a&in - 

( > 

2 

qmin 
c? 5 x lOA a&P (4.3) 

Also assuming a non-vanishing neutrino mass, if the magnetic moment is small enough, 

wrong belicity neutrinos decouple before the quark-ha&on phase transition (T - 200 MeV) 

and their energy density will be diluted during this transition. In this case, again one 

has taken into account corrections due to neutrino mass, and the neutrino magnetic mo- 

ment upper limit obtained by Morgan should not be considerably modified by tbe~ process 

piasnmn --) UC. 
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The situation is more complex if we consider neutriuo magnetic moments near 10m6 fin. 

Giudice6 showed that r-neutrinos with mass in the range 1 < nz,? < 35 MeV and magnetic 

moment near 10m6pn, can annihilate efficiently via v,C7 - e+e- so as to reduce the wrong 

helicity neutrino abundance enough to not compromise successful standard nucleosynthesis 

predictious without additioual neutrino species. 

As long as parity violating weak interactions are not important [this is true for 

@Ly 2 10-lO(m,/l MeV) PB] the scattering ev ++ ev provides only kinetic (not chemical) 

equilibrium. Thus, this process does not enter into the neutrino Boltzmann equation.6*‘s~1g 

On the other hand, the neutrino number changing process plasmon -+ vri needs, a priori, 

to be taken into accoupt. In fact, the rate of this decay can be of the same order as the 

annihilation rate. Although threshold e&cts can reduce the importance of this process, for 

a neutrino maSS close to 1 MeV plasmon decay contribution to neutrino production must 

be estimated carefully. Pnrthermore, since neutrinos with a maSS of about 1 MeV and a 

magnetic moment close to 10m6 ,UB decouple when they are semirelativistic (2’~ N mu), a 

numerical treatment is ‘necessary to integrate the Boltzmann equation and to evaluate the 

energy density of the decoupled neutrinos. “J The precise weight of the plasmon decay 

process can be only established in this framework.20 
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