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Radiative neutrino decay in media
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In this paper we determine the decay rate of a heavy neutrino into a lighter one by the emission, or the
absorption, of a photon in the presence of an ultrarelativistic heat bath. Our method is based on the generali-
zation of the optical theorem at finite temperature and density. Differently from previous works on this subject,
our approach allows one to account for dispersive and dissipative electromagnetic properties of the medium.
Some inconsistencies that are present in the literature on the subject are pointed out and corrected here. We
shortly discuss the relevance of our results for neutrino evolution in the early universe.
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PACS numbe(s): 13.35.Hb

I. INTRODUCTION <m_, this is not the case in a heat bath due to the different
thermal populations of the three electrically charged leptons.
Most neutrinos in the universe are expected to be proAs a consequence, the radiative neutrino decay rate in the
duced in the presence of environments characterized by vepresence of hot media exceeds the decay rate in vacuum by
high temperatures and densities. In such media neutrinos berany order of magnitudes. This was first showed by
have quite differently from the way they do in vacuui]. D’Olivo, Nieves, and Pa(DNP) [8] (see also Ref.9]), who
The coherent interaction of neutrinos with the particles becomputed the decay rate both in the case of a nonrelativistic
longing to the medium can amplify or induce effects that areplasma (NR) (T<m,) and of an ultrarelativistic plasma
otherwise very feeble or absent in the vacuum. This can béUR). Recently, DNP’s work has been extended by Nieves
crucial in order to disentangle possible anomalous propertieand Pal[10] (NP) who showed that the decay rate may be
of the neutrinos that may testify for new physics presenturther enhanced due to the Bose-Einstein stimulation in the
beyond the standard model. Mikheyev-Smirnov-Wolfensteirproduction of low-energy photonss&T).
(MSW) [2] neutrino resonant oscillations give a well-known  |n this paper we reconsider critically the work reported in
example of such a kind of effect. Refs.[8,10]. Although we agree with DNP and NP concern-
Neutrino electromagnetic properties are also expected tfhg the huge neutrino decay rate amplification occurring in a
be significantly affected by the presence of media. In factmedium we do not, however, agree with the method and part
because of their coherent interaction with charged leptongs the results presented in their papers. Our main disagree-

and nucleons in the medium, neutrinos acquire an effectivhent concerns the properties of the photon produced by the
coupling to the electromagnetic field. This effect was invesyeytrino decay that was assumed to be on the light-cone

tigated by several authors who showed how even massle%Rzzo) by DNP and NP. Such an assumption is equivalent
neutrinos passing through the matter _acquire an effectivg, disregard any dispersive property of photons in the ther-
charge[3] and, in a charge asymmetric medium, also anmg| path. It is well known, however, that in the presence of
effective magnetic dipole momeri#l]. Several intriguing 5 plasma photons behaves more similar to collective excita-
consequences of medium_ mdpced neutrino electromagnetifyns (usually dubbedplasmons than free particles. While
couplings have been studied in the literature, e.g., plasmogeglecting collective properties of photons may be a reason-
decay invv pairs[5] and Cherenkov emission of neutrinos able approximation in the high frequency regime this is,
[6]. however, inconsistent when photons are low energy or, so-
In this paper we focus on the radiative decay of a heavyalled, soft. Below we will point out some unphysical results
neutrino into a lighter one. Our underling particle physicswhich come out by neglecting plasma effects in the soft re-
model consists of a minimal extension of the standard modejion and show how such a problem is solved by accounting
which allows for nonvanishing neutrino masses and mixingfor the correct photon dispersion relation.
In the ambit of this model, neutrino radiative decay is ex- Photon dissipative properties need also to be taken into
tremely suppressed in vacuum because of the Glashowaccount. In a heat bath low-energy photons are continuously
lliopoulos-Maiani (GIM) cancellation[7]. However, if T  absorbed and re-emitted, mainly by Landau damping, on the
heat-bath free charges. As a consequence, in such environ-
ment the photon asymptotic state is a ill-defined quantity. To
*Email address: grasso@pd.infn.it avoid such a problem we recourse here to a treatment that is
"Email address: semikoz@izmiran.rssi.ru based on finite temperature field theory and on the generali-
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Vi (p-K) symmetry axis. It is understood that other loop diagrams pro-
vide the dominant contribution t& and to its imaginary

b G part. In other words, as we already mentioned in the Intro-
v, (p) v,(p) duction, »;j— v;y is not the mainv; decay channel. We are,
however, able to disentangle the contributionvpfs v;y to
YK) the total decay rate by isolating the contribution to the self-

energy & ,,9 of the diagram represented in Fig. 1.

FIG. 1. Feynman diagram contributing to the heavy neutrino To determine InX,,q we need some finite-temperature

self-energy. cutting rules. These rules have been already determined by
Weldon [11], who used an imaginary-time formalism, and

zation of the optical theorem to such a framewftk]. The  Kobes and SemenoffL6], who worked in a real-time for-
basic quantities in this approach are the Green functiongalism(RTF). We adopt here the latter approach. Following
which have the advantage to be well defined quantities eveRef. [16] we get
at finite temperature and densif¢2]. We will show that
following this method the effect of the nontrivial plasmon
dispersion and the role of the Landau damping spring out e(po) d*K
naturally from our equations. A similar approach has been Im SadP)=— 2 sin 2¢ 2
previously applied by other authors to determine the ol (2m)
chirality-flip rate of Dirac neutrinos in a degenerate plasma XD (K)+S"(p—K)D, (K)I[ ,(K), (2)
[13,14] and in the early universgls). m e a

In this paper we only consider the case of an UR nondey here
generate electron-positron plasma which may be relevant for
the study of neutrino evolution in the early universe. Al-
though we find an additional contribution to heavy neutrino 1 ehlpoll2
decay given by the presence of electromagnetic thermal fluc- > Sin 2¢,=
tuations in the plasma, we show that conventional weak pro-
cesses are generally dominant. This situation may, however,
change if one consider larger extensions of the standar@nd the expression for the effective vertex(K) will be
model which allow, for example, for the presence of largegiven below. Here&K = (kg ,k) is the photon four-momentum
transition magnetic moment of the neutrinos. Quite indepenin the medium rest frame arp,) is the sign function. We
dently from these considerations, we hope that our resultebserve that a positivie, accounts for the process with emis-
and the methods used in our work will help to avoid furthersion of a photon(energy given to the mediunmwhereas a
mistakes in the subject and be useful to study similar pronegativek, takes care of the inverse procéssergy lost by
cesses taking place in the presence of high density plasmahe mediun). This gives us a criterion to disentangle the

The paper is organized as follows. In Sec. Il we presentiifferent contributions of Eq(1) to 'y andI'; by properly
our general method. Section Ill contains the computation othoosing thek, integration interval.
the decay rate in the case in which the plasmon is on shell. For the sake of simplicity we assume the light neutrino to
The generalization of this result to the case with the off-shelbe massless. In the RTF the off-diagonals component of its
plasmon is discussed in Sec. IV. Finally in Sec. V we brieflypropagator are
discuss the relevance of our result for neutrino evolution in
the early universe and summarize our conclusions.

I (K)[S™(p—K)

eﬁ\po| + 1 (3)

S*(p—K)=—2mi(p—K){6[ + (po—ko)

_ . —ne(|po—kol) I}l (p—K)?] 4
It was first shown by Weldohl1] that in a heat-bath the
decay ratel'y of a fermionic particle specieghaving the  whereng, is the Fermi-Dirac(Bose-Einstein distribution
energyE), and the rate of the inverse procdys are related function. In the rest frame of the mediu@and in the Landau

to the imaginary part of the fermion self-energyby the  gauge the photon propagator can be decomposed into
following relation:

Il. THE GENERAL METHOD

D, ,(K)=D7P,,(K)+D{Q,,(K). (5)

Im{u(PZ(p)u(p)}=—E(I+Ty). (D
This result is the generalization of the optical theorem for-l.-he transverse and longitudinal projector operators are de-

finite temperature and density. It is understood tBatn- fined by
cludes corrections due to the effects of the medium on the

field propagators. KK

The contribution toX that is relevant for the decay, pW(K):( = '_21> 8,18, QuK)=e,(K)e,K),
—v;y comes from the Feynman diagram represented in Fig. k
1. This is evident by cutting that diagram along its vertical (6)
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where e, (K) = (k,kok/k)/\K? is the polarization versor. In the UR limit, the plasma frequency is given hyp

The coefficientD7 | are given by[12,17] =eT3. _ _ _ _ _
' Plasmon dispersion relations are determined by solving

K?=Rellr (K). Analytic forms of the solutions can be ob-
tained in some suitable limitfsl2]. In the k—0 limit trans-
o[ K? versal and longitudinal dispersion relations are, respectively,

DT, =2[6(*ko—ng(|ko|)]

—Rellt  (K)]6 [ImII+ | (K)] , o, 6
K§=ws+ gkz transversal,
Im Il (K)

- [KZ—ReHT,,_(K)]2+[ImHT]L(K)]2>’ @ 11

3
2_ 2,22 PP
where 6y, is a Kronecker function. These expressions in- Ko=wpt 5k longitudinal,

clude the one-loop thermal corrections to the photon propa-
gator. It is known[18] that for soft photons Ky,k<eT)  Whereas in the hard limitko,k>wp) one gets
these corrections cannot be neglected and that a meaningful
perturbative expansion can be obtained performing a proper

. o 3
resummation of the hard-thermal loops contributing to the ki= - w2+k? transversal,
photon polarization tensor. 2
Equation(7) has been written in such a way in order to (12

distinguish anon-shell part, corresponding to the propaga-

tion of the transversal and longitudinal modes of a plasmon,
and anoff-shell part associated to Landau damping. The
fluctuation-dissipation theorem shed light on the physical na- Ill. THE ON-SHELL PLASMON CASE
ture of off-shell plasmons: they are thermal fluctuations of

the electromagnetic fielfll7]. As suggested by the Breit- we discussed in the Introduction, in a medium the neutrino-

Wigner form of the off-shell part oDy, , we can think of dphoton coupling is mediated by the weak interaction of the

such a kind of electromagnetic thermal fluctuations as res neutrino with the free charges in the plasma. For definiteness

nances which are continuously produced from the fregN

. S only consider here a nondegenerate electron-positron
charge_s in the plasma by Cherenkov emission, and absorb%(igsma at temperatures below the muon mass. From Refs
by the inverse process. ) '

The general expression of the polarization tensor in a isoLB’zo] we know that the effective medium induced neutrino
ey | EXp P electromagnetic vertex is given by
tropic plasma is

k2=k2+ 4k2e~2¢p |ongitudinal.

We now give some more details of our computation. As

G
IT,,,(K)=H1(K)P,,(K) + I (K)Q,,(K), 8 FM(K):Uie?FH,uV(K)'YVL' (13

where, for an UR plasma, we ha{/&9] whereU is the lepton mixing matrix antl=3(1— ys).
By substituting Eqs(13), (4), and theon-shellpart of Eq.
(7) in Eq. (2), we find that the decay rate of the heavy neu-

3wh| ko kG| ko [ko+k trino into the lighter one and a transversal plasmon is
ReHT(K)‘T[F S Erl et
(9) 1 Gz d4K
on___— F *1r. |2 5
k2 K K+ K FT 25in2¢p 4Ee2|U|eU]e| f(zﬂ)4[REHT(K)]
2 0 0, Ko

Rell (K)=3wp 1——2 [l——ln — , 2

k 2k |ko—k X S K=—=Rell{(K) ][ (p—K)“H{ e(po—ko)

X[ 6(—ko) + N (|po—kol) 1+ €(po— ko) B(ko)
+ng(|ko ) IIPs Tr{(p—m)y2(p—K)y°L}, (14)

wherem is the heavy neutrino mass. The decay rate of the
heavy neutrino into a longitudinal plasmon is readily ob-
tained by replacing the subscriptwith L and the projector

and

3 K\ko 5 o,
ImHﬂK)———a-r(l—E)ﬂa(k —k3),

(10 P g With Q, in Eq. (14). In the square brackets in the right
K2\ k side of Eq.(14) we can distinguish a term accounting for the

ImII, (K)=3wim| 1- _2 ﬁia(kz‘ké)- Bose-Einstein stimulated photon emission and a Pauli-
k blocking term for the production of the light neutrino. Since
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generally the latter is much smaller than the former we dis- 17 .5
regard the Pauli-blocking term in the following. We also
approximate the factor 1/sinf2 with the unity. 15
Using 8((p—K)?) and §(K?>— Rell(K)) to suppress re- 12.5
spectively the angular and the temporal parts of the

d*K/(2m)* integration we get g 10
7.5
re 96r UV jel?wpfr(v) (15 i
=——|ULUe|“w V).
T 32mer ) TP 2.5
Herev is the velocity of the heavy neutrino with respect to 0 0 02 0 2 06 ) 1
the medium rest frame. Since it is generally impossible to v

find an analytical expression for the plasmon dispersion re-
lation to be used in Eq(14) it is crucial to separate the
kinematical functionf(v) in a soft and in a hard compo-
nents. In the case the plasmon is transversal we have

FIG. 2. In this figure the dashed, dotted and continuous lines
represents, respectively, the functidf&9v), f$°(v), and the sum

of the two. Here we fixedn=5.

functions have been used instead of the step functions ap-
_ char so pearing in the integrals in EqEL8) and(17). It is worthwhile
fr(v) = F74v) + 15(v) (16 {5 observe that Eq18) coincides with the result found by
NP but the infrared cutoff function present in our expression.
1-\2 . 1 Such a difference, however, is not a minor point. In fact, the
VT (ke AT =2 ~9 introduction of the IR cutoff is crucial in order to avoid the
M2y J:Rfr?i: dk[1+nB(1)][ E 2(1+m ) incorrect use of the hard plasmon dispersion relatiss (
=0) when k—0. This kinematical region is certainly
reached when the decaying neutrino is ultrarelativistic as it is

1. 1 ~ ~
_T(_z[E_E(lerz)H 0(1—k) (17 evident from Eq(19) thatk"%»0 whenv—1. Indeed, by
using the dispersion relatidi®=0, an unphysical result was
and found in Ref.[10] consisting in a nonvanishing neutrino de-
cay rate in the limitv—1. As we discussed, our approach

solves this problem by properly separating the hard and the

8
fioft(v): §

1—v?2 [ghad gk _ soft contributions td (v). From Fig. 2 the reader can see as,
1y ) = = J:h:ijr[1+ ng(k)] in our case, the decay rate drops to zero whenl. This
mv Jkgy K result is physically convincing since no rest frame is avail-
~y o~ able for the neutrino to decay in when it travels at the speed
JE- M k1) (1g  Of light.
2 4k ' From Fig. 2 we see also that in spite of the large enhance-

ment of the Bose-Einstein factarg(|ko|)=(e?kol—1)"1
whereE is the energy of the heavy neutrino and tilted quan-=T/ko>1 that one gains in the soft limit, the soft contribu-
tities have been normalized tp so thatf{(v) is a dimen-  tion to the total decay rate is subdominant with respect to the
sionless function. The integration limits are hard one. This is due to the smaller integration interval avail-

able in Eq.(17) with respect to that we have in E(.8). Not

surprisingly, such a situation becomes even more pro-

_ m [1+v? m [1—v?2 nounced for higher values of the decaying neutrino mass.
khard:_ kha}rd:_ (19) . soft - .
max— NV _ 2 mn 2 N2 The maximum value of 77" is reached at the velocity,
=(m?— w3)/(Mm?+ w3), wherek3a"=0.
in the hard limit, and In the case the plasmon is longitudinal only the soft term

contributes to the total decay rate. In fact, as we can see from
the second of the equatiori$2) K2, hence also RH, (K),
ot~ 1+v? ~soft vanishes in the hard limit. Due to angular momentum con-
Kimax=Mm - >~ 1 Kuin= , servation,I', (K) is suppressed by a factomwp/m)?2 with
v (20) respect to the soft contribution 16;(K). For this reason the
contribution of longitudinal plasmons to the total decay rate

in the soft one. For the sake of clarity, only a zero order’S subdominant and we do not report the expression of

expansion of R&[+(K) in k has been reported in the expres- ' (K) here.
sions(18) and(17). However, a more complete second order

expansion has been used in the computations that we per-
formed to get Fig. 2. We also have to mention that in our In this section we discuss the contribution of thermal fluc-
numerical integrations some more suitable exponential cutoffuations of the electromagnetic field to the neutrino decay.

~ 1-v
m
1+v2

IV. THE OFF-SHELL PLASMON CASE
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As we discussed in the Sec. Il the effect of these fluctuations '
is accounted by the second term on the right side of(&xq. 1
Differently from the case considered in the previous section,
plasmons associated to thermal fluctuations areonoshell
hence they do not obey to any dispersion relation. As a con-
sequence, in this case we have to deal with a double integra
tion both overk andk,. Indeed, the expressions for the decay
rate look in this case

30

10

off gG'Z: * 2 5
FT,L:@|Uiere| wpgr (V). (22) 0

The expressions of the kinematical functi v) are
P @ (V) FIG. 3. In this figure the dashed and the continuous lines repre-

sent, respectively, the functioms(v), g (v). Again, we fixedm

~1-v2 (= _ (ot dk| . (K24+md) =5.
r(v) =27 == [ i [ 2 B2 2T
m?v Jo kol k 2 , t o
mention, however, that althoudff" remains different from
[BKo— (1/2)(R2+m?) ]2 zero it is typically very small whem< wp.
k? V. DISCUSSION
x K2Aq(ko k) 0(k*~K3) (22 Among other possible applications, the results presented
in the previous sections are of obvious interest for the study
and of neutrino evolution in the early universe. For example, the
reader may wonder if medium induced radiative decay can
_ _ — 12 give rise to a significative depletion of a heavy neutrino spe-
T1-v? (= _ e dk) |~ ~ m? cies and if such an effect can have any relevant consequence
gu(v)= 2 mav JO dkojmfnt T 2E—ko| 1+ K2 for the big bang nucleosyntheqiBBN). In order to answer

this question, we need to compare the results of our previous
_ o sections with the rate of the weak processes which keep neu-
K*AL(ko k) 0(k*=K3), (23)  trinos in thermodynamical equilibrium with the heat bath.
This rate is typicaIIyFweaszETS. For definitess we con-
sider the decay of tau neutrinos, having a mass in the MeV

_ (RZ_ FnZ)'RZ

where range, into massless electronic neutrinos. Looking at Egs.
(15 and(21) it is clear at glance that medium induced neu-

2 2 trino radiative decay cannot compete with standard weak

Ar (koK)= [Rellr, (K)J7+[Im T, (K)] processes. This result is not too unexpected since the

[KZ—RGHT‘L(K)]Z'FUTTI l'IT,,_(K)]2 neutrino-photon coupling is in our case mediated by plasma
(24)  effects which gives rise to aw(p/T)*=10"* suppression
) o ) factor in the radiative decay rate with respecitg.,. This
Since Landau damping is effective only for soft photons Wesyppression is only partially compensated by the Bose-
can neglect here any contribution coming from the hard parginstein statistical enhancement responsible @/ @p am-
of the photon spectrum. This allowed us to perform the subpification factor. It should be noted that this situation is even
stitution[ 1+ ng(ko) ] = T/ko in Egs.(22),(23). The functions  more pronounced when the temperature drops and the
gr,.(v) have been computed numerically and their plots are|ectron-positron plasma becomes NR. In fact, in this limit
reported in Fig. 3. From this figure we see that as with thewp~477ane/me which is exponentially suppressed &ds
soft contribution tol'?", , F?ffL reach as its maximum value decreased.
whenv=v, . This result is not unexpected since the func- A different scenario may be realized in the case one con-
tions Ar((K) take their maximum values whel® ap-  siders a larger extension of the standard model which allows
proaches Rél ;| (K). for the presence of a large neutrino transition magnetic mo-
We have, however, a crucial difference between the offment. In this case, in fact, the dominant neutrino-photon cou-
shell and the on-shell contributions to the total decay ratepling is independent omp . It was shown in Ref[15] that if
Whereas radiative neutrino decay is kinematically forbiddera neutrino species has a Dirac neutrinos magnetic moment of
if K?>m? this is clearly not the case whenever the photon isthe order of 10! 45, its interaction with electromagnetic
off shell. Note that even in the hard limit, whel@?zgw% plasma fluctuations should have relevant consequences on
[see Eq.(12)], the on-shelldecay cannot take place unless BBN. If the neutrino is of Majorana type and has a transition
m?>2w3. This was not noted in Ref§8—10. We have to  magnetic moment of the same order of magnitude, we expect
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that a similar process should give rise to rapid spin-flavoron the subject we accounted here for the dispersion relation
precession during the same epoch. Such a process can bkthe photon in the medium and considered the contribution
interpreted as a neutrino radiative decay with emission, oto the decay of off-shell photons related to to thermal fluc-
absorption, of an off-shell plasmon and be treated by usinguations(Landau damping In both cases we got not negli-
the same method that we presented in Sec. IV. In our opingible corrections. Although we considered here only a mini-
ion, further investigations should be addressed to determinmal extension of the standard model, which allows neutrino
the relevance of this effect for the BBN and the supernovanasses and mixing, we expect that more interesting applica-
physics. It is noticeable that a Majorana magnetic moment ofions of our results should be found considering larger exten-

the order of 10! ug provides a viable solution to the solar sions.

neutrino problenf21].

VI. CONCLUSIONS
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