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Cosmological bounds to the magnetic moment of heavyt neutrinos
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The magnetic moment oft neutrinos in the MeV mass range may be large enough to modify the cosmo-
logical freeze-out calculation and determine thet-neutrino relic density. In this paper we reexamine such a
possibility. We calculate the evolution and freeze-out of thet-neutrino number density as a function of its mass
and magnetic moment. We then determine its relic density; then calculate its effect upon primordial nucleo-
synthesis including previously neglected effects.@S0556-2821~96!05214-9#

PACS number~s!: 98.80.Cq, 14.60.St, 98.80.Ft
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Present experimental bounds to the electromagnetic p
erties of thet neutrino are several orders of magnitude le
stringent than the bounds to the corresponding properties
electron and muon neutrinos. For instance, while the up
limits to the diagonal magnetic moments of the electron a
muon neutrinos are (mB is a Bohr magneton! 1.131029mB

and 7.4310210mB , respectively@1#, the experimental uppe
limit to the diagonal magnetic moment of thet neutrino is
mnt

,5.431027mB @2#. More stringent bounds on neutrin

magnetic moments of order 10210 to 10212 are available
from astrophysical constraints@3#, mainly from the cooling
of stars and from the study of SN 1987A. However, the
bounds apply only if mass of the neutrino species does
exceed the stellar temperatures relevant for neutrino pro
tion. Furthermore, astrophysical constraints are model
pendent since they assume that the outgoing wrong hel
neutrinos are completely sterile@4#.

Big-bang nucleosynthesis~BBN! is a precious tool tha
has been employed to constrain many neutrino properties@5#,
so it is no surprise that BBN can be used to bound neut
magnetic moments. In 1981, Morgan@6# showed that the
‘‘sterile’’ right-handed degree of freedom of Dirac neutrino1

can be populated through processes likeenL→enR and
e2e1→nRn̄L , mediated through a virtual photon coupled
the neutrino through its magnetic moment. The degree
which the right-handed neutrino is populated depends u
the strength of the above interactions, which in turn is p
portional to the magnitude of the neutrino magnetic mome
Thus, endowing a neutrino species with a magnetic mom
potentially leads to an unacceptable doubling of the con
bution of that species to the energy density, jeopardiz
BBN’s successful predictions. If the neutrino species is re
tivistic at freeze-out, one must require that right-handed n

*Electronic address: grasso@atlas.teorfys.uu.se
†Electronic address: rocky@rigoletto.fnal.gov
1If the neutrino has a magnetic moment it must be a Dirac ferm

~we do not consider transitional magnetic moments in this pap!.
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trinos decouple before the QCD phase transition so that the
number density is diluted by the huge entropy shift assoc
ated with the transition. Such a requirement translates into a
upper limit to the neutrino magnetic moment:mnt

<1 to

2310211mB . However, in deriving this limit Morgan did
not consider the possibility of nonzero neutrino masse
There are two main effects to be considered if one allows
nonzero mass for the neutrino species in question. First, th
neutrino may not be relativistic at freeze-out, and its numbe
density must be calculated by solving the Boltzmann equa
tion. Furthermore, the scaling of the neutrino energy densit
with temperature depends upon the neutrino mass. Therefo
Morgan’s useful limit applies only if the neutrinos are ul-
trarelativistic around freeze-out and BBN, that is if
mnt

,0.1 MeV.

The t neutrino could be heavier than 0.1 MeV;2 in fact,
the present upper bound to thet-neutrino mass ismnt

,24
MeV @7#. Although somewhat model dependent, more strin
gent bounds on the neutrino masses can be determined fro
cosmological considerations. In particular, if the relic heavy
neutrino energy density today is sufficiently large, the pre
dicted age of the universe will be less than observed. If th
neutrino is stable and it is nonrelativistic today, the age limi
(Vh2,1) constrains the mass of any stable neutrino specie
to be less than the Cowsik-McClelland limit,mn,91.5 eV
@8#. Of course if the neutrino is unstable, the Cowsik-
McClelland limit can be evaded@9#. But even in this case
there are lifetime-dependent limits to the neutrino mass.
the heavy-neutrino lifetime is longer than a second or so,
can give an additional contribution to the energy density dur
ing nucleosynthesis and spoil the successful predictions
standard calculations. Using these kinds of consideration
BBN constraints to thet-neutrino mass excludes the range
0.3,mn,25 MeV if it is a Dirac fermion, and the range
0.5,mn,25 MeV if it is a Majorana fermion@10#. ~It was

ion
er

2We assume here that the mass of the muon neutrino is less th
0.1 MeV.
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54 1375COSMOLOGICAL BOUNDS TO THE MAGNETIC MOMENT . . .
assumed in the above BBN analysis that the neutrino ev
tually decays after BBN; if it decays after decoupling b
before or during BBN, the situation is more complicat
@11#.!

The Cowsik-McClelland limit and the nucleosynthes
considerations might be modified if one introduces new
teractions that changes the neutrino annihilation cross
tion. This is the case if the neutrino has a large diago
magnetic moment, because a large magnetic moment w
increasen- n̄ annihilation ~creation! into ~by! e6, keeping
the neutrinos in equilibrium below the canonical~including
only weak processes! neutrino decoupling temperature o
about an MeV. If the neutrino mass is sufficiently sm
~much less than an electron mass! and remains coupled to
electrons while the electrons annihilate, the neutrino num
density will be increasedbecause part of the electron’s e
tropy will be shared with the neutrinos. However, if the ne
trino mass is not much lessme and it remains in equilibrium
through magnetic-moment mediated interactions, its ene
density will be Boltzmann suppressed before decoupli
weakening the BBN constraints.

In this paper we study how the interplay between the n
trino mass and magnetic moment modifies the cosmolog
constraints tot-neutrino properties from the age of the un
verse and BBN. In addition to the mere extension of
upper limit onmnt

to larger neutrino masses, the main pu
pose of our letter is to give a final answer to the intrigui
possibility thatt neutrinos with a large magnetic mome
could form cold dark matter.

Giudice @12# first observed that ift neutrinos are stable
have a mass in the rangemnt

;1 to 10 MeV, and are en

dowed with a magnetic moment ofmnt
;1026mB , they

would stay in equilibrium through their magnetic-mome
interactions and would decouple when they are nonrelati
tic. If the magnetic moment is large enough, their final ab
dance might give rise to a universe withVnh

2.1. Although
the latest experimental upper limit onmnt

@2# seems margin-
ally at odds with Giudice’s scenario, it is worthwhile to in
vestigate this hypothesis further@13#.

Giudice made use of the fact that Morgan’s conclusio
about doubling the effectivet-neutrino number density by
populating the right-handed component cannot be app
directly to MeV-mass neutrinos. This is because their ene
density is Boltzmann suppressed at freeze-out and du
BBN. Thus, even including the right-handed componentst
neutrinos will not contribute so much to the energy dens
as to spoil BBN. We show that while this is approximate
true, it is not exactly true. BBN is such a sensitive probe
the expansion rate of the universe at the temperature
interest that even a small contribution to energy density
important. Therefore the contribution of the right-hand
neutrino to BBN requires a careful treatment. We report
results of such an investigation in this communication.

There are three effects that must be carefully accoun
for. ~1! After a massive neutrino species decouples and
comes nonrelativistic its energy density grows relative to
energy density of a massless neutrino species@14#. Although
one must solve the Boltzmann equation to compute the
ergy density of the heavy neutrino~see below!, it is possible
to estimate this effect by observing thatrn(mnÞ0)/
en-
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rn(mn50).(mn/3.15Tn)r}t
1/2 when T;mn , where r is

the ratio of the number density of massive neutrinos to mass
less neutrinos after freeze-out.~2! A neutrino species with a
mass in the MeV range and with a magnetic moment close to
the present experimental limit decouples when it is semire-
lativistic. Neither the relativistic nor the nonrelativistic cross
section can be used, and a general treatment of the therma
averaged annihilation cross section used in the Boltzmann
equation for the neutrino abundance is required.~Giudice
performed his analysis in the extreme nonrelativistic limit.!
~3! Plasma effects must, at leasta priori, be considered. Not
only do thermal corrections to the amplitudes of the main
processes involved in BBN have to be included@15#, but
more importantly, the mass corrections due to the electro
magnetic coupling of the particles to the relativistic plasma
must be accounted for. For example, the photon in the ther
mal bath becomes aplasmonand acquires an effective mass
@16#. The plasmon mass has a double effect. In the first place
it affects the electromagnetic channel of the neutrino annihi-
lation cross section. Although this is a second-order effect
some resonance might enhance it dramatically@17#. Sec-
ondly, a plasmon mass gives rise to new processes that a
kinematically forbidden in the vacuum. In our case the most
relevant of these processes is the decayplasmon→nn̄, hav-
ing a rate@18#

GP5
mnt

2

16p
~vO

2 24mn
2!3/2

K1~xP!

K2~xP!
, ~1!

wherexP5mP /T with mP the temperature-dependent plas-
mon mass,vP;0.1T is the plasma frequency, andKi(x) are
the modified Bessel functions of orderi . However, the
thresholdvP>2mn , reduces the importance of the process
plasmon→nn̄ during BBN for MeV-mass neutrinos. Analo-
gously, since 2mn.vP , screening effects induced by the
plasma on the photon propagator turn out to be negligible
The relative unimportance of these considerations were veri
fied by directly including them in our numerical calculations.

The cross section for the electromagnetic channel of the
processnn̄→e2e1 is

sn n̄→e2e15
amn

2

6 S 124me
2/s

124mm
2 /sD

1/2

3S 118
mn
2

s
12

me
2

s
116

mn
2me

2

s2 D , ~2!

whereAs.2me is the total center-of-mass energy.
The weak contribution to the annihilation process of Eq.

~2! can be neglected if the neutrino magnetic moment is
larger than 10210(mn/1 MeV!mB . We will work within the
limits of this assumption.3

3If the magnetic moment is larger than 10210(mn/1 MeV!mB ,
then neutrino annihilation will occur predominantly through photon
exchange, rather thanZ exchange. Formn&100 keV, consider-
ations of stellar energy loss by neutrino pair emission limits the
magnetic moment to be greater than about 10211mB . Thus we will
consider neutrinos more massive than 100 keV.
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Because both helicity eigenstates of the neutrino are s
metric with respect to electromagnetic interactions, we
not differentiate between them in our calculations. For t
reason the processesenL(R)↔enR(L) changes neither the to
tal, nor the relativenL vs nR abundances.

4

The Boltzmann equation for the abundance of the he
neutrino is@19#

dY

dx
52S p

45D
1/2g

*
1/2mnmPl

x2
^snMol&~Y

22Yeq
2 !, ~3!

wherex5mn /T, Y5nn /s is the ratio of thent number den-
sity to the total entropy density of the universe,nMo” l is the
Mo” ller invariant flux factor, andmPl5GN

21/2 is the Planck
mass. The parameterg* is defined as

g
*
1/25

heff
geff
1/2S 11

1

3

T

heff~T!

dheff~T!

dT D , ~4!

where the effective number of degrees of freedom for
energy density,geff(T), and for the entropy density
heff(T), are defined as

r5geff~T!
p2

30
T4, s5heff~T!

2p2

45
T3. ~5!

Following @19#, the thermal averaged cross section times
Mo” ller velocity is

^snMo” l&5
1

8mn
4TK2

2~x!
E
4mn

2

`

s~s!~s24mn
2!AsK1~As/T!ds.

~6!

We have used the Maxwell-Boltzmann distribution to co
pute the thermal-averaged cross section~for a detailed re-
view of computations in this approximation see, e.g., R
@20#!. Although normally this is a very good approximatio
only for temperaturesT&3mn , we have checked that at th
freeze-out temperature@the only temperature around whic
Eq. ~6! plays a relevant role# the approximation is adequate

The neutrino decoupling temperatureTF is here defined
by the conditionY(TF)2Yeq(TF)51.5Yeq, where

Yeq5
nn
eq

s
5
45

p4

I n~x!

heff~T!
, ~7!

with

I n~x!5E
1

`

dzz
Az22x2

ez11
. ~8!

We numerically solved Eq. ~3! to compute the
t-neutrino abundance as function ofT for fixed values of
mnt

and mnt
. Since the freeze-out temperature increa

with mnt
, it is natural to expect that the finalt-neutrino

abundance is suppressed as the magnetic moment incre

4The nL(R) helicity eigenstates should not be confused with
chirality eigenstates. Since we ignore weak interactions, chira
does not play a role in our analysis.
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This is clearly visible in Fig. 1. Assuming thet neutrinos to
be stable we can easily check their effect on the dynamics
the universe for several values ofmnt

andmnt
. In particular,

we first consider the contribution to the present energy de
sity of the universe due to massivet neutrinos:

Vnt
h25

rnt0

rC
h25

mnt
S0Ynt0

1.054 MeVcm23 , ~9!

where zero indicates quantities evaluated at the present tim
RequiringVnt

h2<1, we can verify which region of the pa-

rameter spacemnt
versusmnt

is compatible with the age
constraint.

Of course if thet neutrino is unstable, the cosmologica
age constraint discussed above does not apply. However,
can still use BBN to limit the properties of thet neutrino
provided that the lifetime,tnt

, is greater than about a sec-
ond.

To evaluate the impact of the massivet neutrino with a
large magnetic moment on BBN we must know how it modi
fies the effective number of degrees of freedom of the ener
density,geff(T), for 0.1&T&10 MeV, since the light ele-
ment relic abundances depend critically on the expansi
rate of the universe during BBN, which in turn is parameter
ized bygeff @5#:

H~T!51.66geff
1/2~T!

T2

mPl
. ~10!

The t-neutrino contribution togeff is given by

gnt
~T!5rnt

~T!S 30p2DT24, ~11!

wherernt
5sYnt

A(3.15Tnt
)21mnt

2 , andTnt
is computed by

imposing entropy conservation. Figure 2 clearly demon
strates thatgeff grows as the decoupledt neutrinos become
nonrelativistic. This effect becomes less pronounced as t

the
lity

FIG. 1. t-neutrino abundance vs the parameterx5mnt
/T is

represented for different value ofmnt
: from below, the three dif-

ferent curves refer tomn51026mB , 1027mB , and 1028mB . Here
we have chosemn51 MeV. The logarithms are base 10.
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54 1377COSMOLOGICAL BOUNDS TO THE MAGNETIC MOMENT . . .
magnetic moment is increased. Of course this is simply
cause increasingmnt

decreasesTF , leading to at-neutrino
energy density more effectively Boltzmann suppressed
fore freeze-out. For this reason, values of thet-neutrino
magnetic moment larger than 1028mB are not expected to
have a large effect on BBN ifmnt

.0.1 MeV.
To check this in detail and in order to be able to evalu

the effects of the neutrino mass and magnetic moment
light element production, we incorporated our results for t
abundance as a function of temperature into the stand
nucleosynthesis code@21#. In Fig. 3 our predictions for the
relic 4He abundance as a function of thet-neutrino mass are
shown for two values of the magnetic moment. As expect
the predicted abundanceYP is suppressed with increasin

FIG. 2. The effective number of degrees of freedom in the
ergy density is shown as function of temperature for two cho
value of mn and mn51 MeV. The upper solid curve is for
mnt

51028mB ; the lower solid curve is formnt
51026mB . The

reader can compare our result with the result obtained for 3.4 s
dard massless neutrinos shown by the dashed line. The logarith
base 10.

FIG. 3. The predicted4He relic abundance is represented
function of thet-neutrino mass for two values ofmn . The upper
curve is for mnt

51028mB , while the lower one is for
mnt

51026mB . The dashed line corresponds to the observatio
upper limit.
e-

be-

te
on
he
ard

d,

mnt
. Increasing the mass above a few MeV increasesYP ,

since thet neutrinos then become nonrelativistic earlier. Fo
small masses,YP grows with decreasingmnt

. This is due
both to the less effective Boltzmann suppression and to th
entropy transfer frome6 annihilation to thet neutrinos.

In order to discriminate which region of themn versus
mn parameter space is compatible with observations, we r
quire that the predicted light element abundances do not e
ceed the observational limits@22#: YP<0.24; (D
1 3He)/H<1.131024; and 7Li/H<1.7310210. Since the
baryon-to-photon ratioh is a free parameter, for every cho-
sen pair ofmnt

and mnt
we fix it at the minimum value

compatible with the (D13He)/H upper limit. Then we check
if the predicted4He relic abundance is consistent with the
upper limit of 0.24. The7Li constraints turn out to be always
less stringent than the limits coming from4He.

Our results are summarized in Fig. 4. As the reader ca
observe, the age-based constraints are much more string
than BBN constraints if thet neutrino is stable. In this case
the border between the allowed and forbidden regions in th
mnt

vs mnt
parameter space from the age constraint almo

coincides with the experimental limit line. This is a remark-
able coincidence. In fact, the age limits arelower limits to
mnt

, whereas the experimental limits areupper limits. This
means that nearly the entire parameter space for 0.1 Me
&mnt

and 10210(mnt
/1 MeV! &mnt

~the very range to
which our consideration applies! is excluded by our consid-
erations. To be precise, a very small region between the e
perimental and the age-based constraints remains open. Ev
this region would be closed using a slightly larger value o
h as recent observations suggest.

As a consequence, Giudice’s hypothesis is definitely rule
out. Furthermore, our results improve the upper limit on th
t-neutrino magnetic moment by several orders of magnitud
in the mass range we considered. We have checked th
plasma-physics effects are subdominant. We have to stre

n-
en

tan-
m is

s

al

FIG. 4. Exclusion plot in thet-neutrino magnetic moment–
mass parameter space. The solid line provides the lower limit t
mnt

coming from the requirementVh2<1. The dashed line pro-
vides the corresponding limit from BBN considerations. The
dotted-dashed line represent the experimental upper limit.
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that this limit is valid only if thet neutrino is stable, as
indeed Giudice assumed. Stability can be achieved by imp
ing some additional symmetries, e.g., individual lepton
number conservation. Of course, in any case some new ph
ics beyond the standard model must be introduced in order
have such a large value ofmnt

. Furthermore, at neutrino
with mass larger than 1.1 MeV decaying according to a min
mally extended standard model via the chann
nt→nee

1e2 is incompatible with BBN. In fact, since ex-
perimental data constrains thent lifetime to be 1 s
<tnt

<10 s, ifmnt
.1.1 MeV, electrons and positrons pro

duced from this decay would induce the photodestruction
light elements@23#.
os-
-
ys-
to

i-
el

-
of

If the t neutrino is unstable but the lifetime exceeds on
second, a band of magnetic moment values, rough
1028mB&mnt

&1026mB , remains compatible with experi-
mental and cosmological bounds. This confirms the result
Ref. @24# and extends it to a widert-neutrino mass range. It
is understood that in the case thet neutrino has to decay in
some nonstandard way in order the decay products do
affect dramatically the light element relic abundances.
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