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Magnetic moments of neutrinos: Particle and astrophysical aspects
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We discuss some observational consequences of finite values of neutrino magnetic moments and
flavor-changing transition moments (which are expected in some extensions of the standard elec-
troweak model). These include eA'ects on solar and supernova neutrino emission, and contribu-
tions to the electromagnetic background in galaxies and clusters of galaxies. To avoid conflict
with observational data, transition moments (in units of the Bohr magneton) cannot exceed
3)&10 "for neutrino masses m above 16 eV, and 6)&10 ' for 4(m (16 eV.

I l

I. INTRODUCTION

Neutrinos can have electric charge radii and anoma-
lous electric dipole moments

p(v; )—:X(v;v; )p, ,

or transition moments

(la)

p(v;vj )
—=X(v;vl )p, , (lb)

where p, is the Bohr magneton. In renormalizable elec-
tromagnetic and weak gauge models, these
parameters —representing nonminimal coupling s—are
calculable and finite. The fairly large (r )„ is part of thev

O(a) radiative corrections to v, e scattering. The im-
minent measurement of such corrections will provide
meaningful tests of the standard Glashow-Weinberg-
Salam (GWS) model. This model predicts, however,
miniscule magnetic moments for the light, stable neutri-
nos:

m (v;)Gp-
X"(v;v;)= — =3.2X 10

28m
(2)

These values fall much below the sensitivity of direct v, e
(or v„e ) scattering experiments, which is at the
10 ' —10 level and could conceivably be improved by
an order of magnitude.

The anomalous magnetic term
X(v;v; )

4'(v; )cr ~t)p%'(v; ) (3)
2me

causes a L —+8 helicity flip. Since the right-handed neu-
trinos do not participate in the standard V —A interac-
tions, such flips could have astrophysical consequences.
Also, if m (vj)&0 and the v form (or are part of) the
dark matter, then X(v;vj )&0 induce observable radiative
vj. ~v; +y decays. As will be discussed below, the
broad range of 10 ' &X(v;v;) [or X(v;v, )] & 10 can
be relevant to various astrophysical phenomena. Values
of g in the range 10 ' —10 " can arise in extensions of
the standard model. Interest in X(v, v, )&0 intensified
recently due to its possible relevance to neutrino emis-
sion from supernovas. It is therefore useful to discuss

the possibility that +&0 in a broader context, as we do
here.

B. EÃect on neutrino emission from supernova

A non vanishing v, magnetic moment could have
dramatic effects on neutrino emission in supernova col-
lapse. The issue is of particular interest due to the re-
cent detections ' of v bursts from the supernova 1987A
in the Large Magellanic Cloud (LMC). The squeezing of
flux in the progenitor star during the collapse can pro-
duce very intense magnetic fields, B =0 ( 10' G), in the
R =10 cm core and in its immediate vicinity. This
could then produce a sizable L-R precession:

O=p(v, v, )RB =3&(10'~X(v,v, )Bi2R6, (4)

where B&2 and R 6 are the values of B and R in units of
10' 6 and 10 cm, respectively. This precession occurs

II. ASTROPHYSICAL CONSEQUENCES
OF FINITE NEUTRINO MAGNETIC MOMENT

A. EÃect on the solar-neutrino puzzle

The strong anticorrelation between solar v, counts
and the sun-spot activity led to the suggestion that
X(v, v, )&0. Left-handed electron neutrinos can then
precess while traversing the magnetic field B in the con-
vective zone (of size L) into the sterile v, which is un-
detectable in the Davis chlorine experiment. If
X(v, v, ) = 10 ' is properly "tuned" to the strength
8=10 G and extent L =10' cm of the solar field, then
at solar maximum the precession angle is
O=p, B sinaL =3 sinct (where a is the angle between the
directions of B and the neutrino motion) and the v, flux
is strongly suppressed. This effect —unlike v flavor
mixings —is energy independent, so that identical
suppressions are expected in both the chlorine and (pro-
posed) galium experiments. Also, the neutrino flux
should show semiannual variation due to the dependence
on sina and the angle between the solar rotation plane
and the ecliptic. If these predictions will be verified, and
the correlation of suppressed neutrino counts with solar
magnetic activity will repeat over the next 11-yr solar
cycle, then X(v, v, ) = 10 "would seem very likely.
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near the dense core but not within it, where it is
quenched by the large interaction energy difference of v,
and v, with nucleons and electrons. Since for
B =O(10' G) and X(v, v, )&10 ' we will have large
precessions (which may vary with B over the surface of
the core), we expect an equal admixture of L and R neu-
trinos to emerge from the star.

Thus, tiny neutrino magnetic moments may lower by
a factor of 2 the v, and v, flux. The observed neutrino
flux from SN1987A is somewhat on the high side com-
pared to what is allowed by the total gravitational ener-
gy released" in collapse to a standard neutron star.
Also, a particularly high flux of neutronization neutrinos
is indicated by the first two directional events observed
at Kamiokande. It has been argued that the high flux
may suggest that the SN1987A collapse was into a black
hole. ' Nonetheless, if a remnant neutron star will be
found, e.g. , through its x-ray emission, then from the
above consideration it will follow that

lg
tt ———=6)& 10 [10"X(v,v, )] sec .

C
(7)

Demanding tt &0. 1 —10 sec typical thermalization (trap-
ping) times, and tt & 3)& 10 sec, the escape time of v
from the core (to avoid back flips v ~v within the
core) fixes then the range for the Dar effect
IX10 ' &X(v, v, ) &4X10 ' . This is also the range of
values of X(v, v, ) required to explain the solar-neutrino
problem.

C. Effect on nucleosynthesis

The flip reaction, Eq. (6), keeps the right-handed neu-
trinos coupled to the rest of the primordial radiation as
long as the reaction rate o.&n, c, where n, =0.36T,
exceeds the expansion rate (mt is the Planck mass)

1/28' G~p
3

8m' T
90m p

X(v, v, ) &3X10 ' B,2

so as to avoid the need for doubling the intrinsic v, and
v, luminosity.

Dar has proposed that the v, and v, signals may be
enhanced by the interaction of the neutrinos with the
core magnetic field: An initial v, is flipped into v, via
the incoherent scattering v, +e ~v, +e in the center of
the core. The v", escape immediately, but about half of
them are back flipped into v, when traversing the strong
magnetic field outside the core. This allows energetic
v, 's, which are more easily detectable, to escape early
(within 0.1 sec) before they thermalize. The cross sec-
tion for the flip scattering is

fata X (v, v, }
ot(vLe v", e) = (6)

me

so that crt =1.6X10 [10"X(v,v, )] cm . The elec-
tron density in the core, about 3 X 10 cm, determines
a mean free time between successive flip collisions:

Taking N~-30 for the number of degrees of freedom,
we find, from Eq. (6),

Td =2X 10 [10"X(v,v, )] MeV . (9)

Since Td &200 MeV for X(v, v, ) &10 ', the number
density of the various right-handed neutrino species is
small at the time of nucleosynthesis when T=1 MeV.
In the 200—1 MeV era the s-, u-, d-quark and p lepton
species annihilate into v&, v&, e, e+, and y, so we ex-
pect that n (v; ) In (v; ) =4, so all the v& together will not
affect helium synthesis more than one additional light
neutrino. '

The effect of v ~v could, however, be much
stronger if there were primordial magnetic fields. Such
fields could have induced v";~v; precessions

O=B~p(v;v; )1=Bop(v;v;)ct, (10)

where we took the coherence scale 1 of B~ to be the ho-
rizon size, ct =3&10' cm at 1 MeV. If B~ )3&(10 G,
then X( v; v; ) & 10 ' suffices to keep v; in thermal equi-
librium, increasing by 1 the number of light species, and
X(v;v;)&10 ' for all species would then be ruled out.
Note that B~ =3&10 G at T =1 MeV would adiabati-
cally decrease to 8=B~(TO/T) =3X 10 ' G at the
present epoch (To), a value which is certainly consistent
with the established bounds on the value of the inter-
galactic field. ' There is, however, no compelling argu-
ment for large scale fields in the early Universe, and the
origin and evolution of such fields are unknown. In fact,
knowledge of the neutrino magnetic moment can
perhaps shed some light on the issue.

III. OFF-DIAGONAL MAGNETIC MOMENTS

If the new interactions giving rise to X(v;v; )&0 do not
conserve separately e, p, and w lepton numbers, then off-
diagonal X(v;vj )&0 are expected. For self-charge-
conjugate Majorana neutrinos, all flavor-diagonal matrix
elements of the electromagnetic current vanish,
(v;

~

J„'
~

v; )—:0. Only some of the off-diagonal transi-
tion moments could be finite. Some indication for the
need to utilize flavor-nonconserving new interaction
comes from the large value, X( v, v, ) = 10 ' —10
which may be required for resolution of the solar-
neutrino problem. A simple approach to avoid the neu-
trino mass factor in Eq. (2), from the GWS model, is to
consider a L-R-symmetric extension' so that the L ~R
flip can arise by utilizing the mass of the intermediate
charge lepton. One then finds

GFem, sin(2$)
X(v, v, )=

2v'2m-'

with sin(2$) &0. 1 being WL-W'z mixing. Equation (ll)
still yields far too small electron-neutrino magnetic mo-
ment, X(v, v, ) & 10

If, however, we had a new interaction —as in the
Fukugita- Yanagida (FY) model' —with strong lepton
flavor violation, we could utilize m, instead of m„ there-
by enhancing X(v, v, } by about 3.5 orders of magnitude.
For all the above reasons, and for its own right, we will
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3
2 2m„—m

8m, m
l

(12)

so that 1 ~X (vv~)m for m &&m,
I l J

We now obtain astrophysical bounds on X(v;v~ ) using

Eq. (12) for the neutrino radiative decay rate. We first
distinguish between heavy neutrinos of mass higher than
—1 MeV that decouple in the early Universe, when they
are nonrelativistic, and lighter neutrinos that decouple
when still relativistic. Because of the m dependence in
the expression for I, the decay time is predicted to be
very short for the former. The decay photons would
have thermalized, causing some heating of the thermal
radiation field, but with no other characteristic conse-
quences. We concentrate, therefore, on the more in-
teresting possibility that the surviving neutrino species
are light, m, «1 MeV. The present cosmological den-

t

sity n of an unclustered neutrino species is' 110 cm
If neutrinos contribute appreciably to the mass density
of the Universe, then they are bound in clusters of galax-
ies, perhaps even within galaxies. The mass density in
the Universe (in units of the closure density ) fl & 1;
therefore, the well-known Cowsik-McClelland' bound
yields gm & 100 eV for the combined masses of all

neutrino species. Analysis of the time of arrivals of neu-
trino signals from the recent SN1987A suggest m & 10

e

eV. ' No direct limits are set on the masses of the u and
~ neutrinos.

Radiative decays of cosmological neutrinos could have
significantly affected the electromagnetic background, as
well as the emissivity of galaxies and clusters in various
wavelength regions. Observations set relatively tight
limits on the radiative decay rates, which we now
translate to bounds on the value of X(v;v~ ). Consider
first neutrinos of mass )27.2 eV whose decay photons
can ionize hydrogen. Measurements of the 21-cm
(hyperfine) radiation from neutral hydrogen 30 kpc from
the center of the nearby galaxy M31 set a limit on the
photoionizing Aux there. This limit was then used by
Rephaeli and Szalay ' to set a lower limit on the neutri-
no lifetime. Adopting their analysis, we find (taking
HQ ——50 km sec 'Mpc ') that I & (0.4 —1)X 10
sec ', for m„=30—200 eV, respectively. From Eq. (12),

we then have X(v, v )(1.7)&10 ' for m =30 eV, and
I

1.5)& 10 ' for m =200 eV. A somewhat stronger lim-

it results if we take account of the fact that neutrinos in
this mass range can easily cluster in the local superclus-
ter.

We next consider limits on I from observations of
clusters of galaxies. These are based on the assumption
that massive neutrinos constitute the dynamically de-
duced mass in clusters. The flux of red-shifted photons
from decay of neutrinos in the mass range 20—30 eV is
constrained by ultraviolet observations of Virgo and
the Coma clusters of galaxies. ' A rough lower limit

explore in the following some of the possible effects of
X(v;v~ )&0. These include, in particular, radiative de-
cays of the heavier neutrino species v;~vj+y at a rate

X (v, v, )

X (v, v, )+X (v, v„)+X (v, v, )
(13)

Therefore, if X(v, v, ) «X(v, v„) [or X(v, v, )], then the
Dar mechanism will suppress, rather than enhance, the
initial v, flux from neutronization of the core. As we
have already mentioned, the detected neutrino flux from
SN1987A may be too large to be consistent with collapse
into a neutron star. If a neutron star will eventually be
found, the r =1 will be required, and transition moments
larger than X(v, v, ) would be excluded. Transition mo-
ments do not strongly afFect the escape of v, (or v, )

from a thermalized neutrino distribution (with roughly
equal populations of all neutrino species) which is estab-
lished at a later time. However, if we wish to optimize
the flux of thermal v, or v, (rather than the other
species) via the Dar mechanism, then the values of the
diagonal moments should satisfy

X (v, v, ) &X (v„v„) or X (v,v, ), (14)

is I &1X10 sec ', so that X(v;v~) &2X10 ' . The
ultraviolet measurements of Virgo by Henry and Feld-
man directly yield I &2&10 sec ' for m, =16—20
eV (Ref. 24) leading to X(v;v~ ) &3&&10 ' . A set of op-
tical and ultraviolet observations analyzed by Shipman
and Cowsik covers the approximate range 4—16 eV.
Radiative decays of neutrinos of mass in the range 8 —16
eV will conflict with observations of the Virgo cluster
unless I &1&&10 sec ' (taking 20 Mpc for the dis-
tance to Virgo), giving X(v, v ) &6)&10 ' . In the mass
range 4—8 eV, the upper limit on radiation from Coma
(mass = 3 X 10"M~ ) requires I & 2. 5 X 10 sec ', and
thus X(v; vi ) (2. 7 X 10

If neutrino masses are lower than a few eV, neutrinos
do not dominate the mass density of the Universe, and
in any case are not expected to be bound in clusters of
galaxies. Thus, radiative bounds necessarily involve
diffuse cosmic background radiations at energies of 1 eV
or lower. The infrared background is very poorly
known; consequently, only weak limits can be set on the
neutrino decay lifetime, —10 sec or lower. Because
I ccm ~, the corresponding bounds on X(v;vj ) are at
best 0 (10 '

) or lower. One of the goals of NASA's
COBE mission (scheduled to be launched in 1989) is
the measurement of the diffuse infrared background.
Significantly better limits on I and X(v;v~) may then be
obtained.

Nonvanishing neutrino transition moments can affect
supernova neutrinos and, in general, will limit the
effectiveness of the mechanism proposed by Dar for the
early escape of energetic v, out of the core. Finite
values of X(v, v&) and X(v, v, ) can lead to the flip reac-
tions v, ~v„or v, , just as X(v, v, )&0 induces v, ~v,
[see Eq. (6)]. However, unless the mass difFerences
Am (v„v, ) =m —m„or Am (v,v, ) are very small,

P ~e

the slowly varying magnetic field outside the core will
simply rotate v„~v& (or v, ~v, ), but will not induce
the energy changing v„(or v, )~v, . But since initially
all the neutrinos are v, , the flavor and helicity changes
result in a reduction of the v, flux by the factor
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so that the core cools mainly by v, emission.

IV. DISCUSSION

A. Neutrino masses and magnetic moments

so as to have the desired small neutrino masses along
with "large" magnetic moments, X(v, v, )=10

g. Can g( v, v, ) and X(v, v„) be constrained

by P( ee ) and X(ep )?

The predicted radiative decays and astrophysical
bounds on X( v; v& ) depend on neutrino masses, whereas
the L ~R precession in a magnetic field is mass in-
dependent. Could we then assume very small m and

I

disregard the limits on X(v, v ) which in models with
strong flavor mixings and X(v, vj )=X(v;v;) would also
limit the diagonal moments? This approach is question-
able at best, since in the standard model the same under-
lying chiral symmetry of neutrino dynamics prevents
both m „&0 and X( v, v, )&0. Once we assume Dirac

t

neutrinos so that X(v, v;) could diff'er from zero, we al-
low the GWS Higgs couplings g v; v; Pows or Dirac
masses m; v; v; . The natural choice g =gL, with gLI I j

the GWS Higgs Yukawa couplings to the corresponding
charged lepton, yields substantial Dirac masses
m =m„m ~ =m„, and m ~ =m, . We can still obtain

light physical masses of neutrinos by utilizing the
"seesaw" mechanism with a very large Majorana mass,
m, for the right-handed neutrino. The diagonalization
of the mass matrix

m„= gml g (r), v, , LJ ) ln
mL

where g is the isosinglet scalar in the FY model' which
couples the v; to the various charged leptons L~. The
logarithmic divergence indicates the need for an uncal-
culable counterterm —the Yukawa g coupling. Ignor-

I

ing the logarithmic divergence and taking
In(A/m )=1, we have m„=mL g (rl, vJ, L/), and since

the same factors appear in the expression for X(v;v;), we
again have X(v; v; ) =m, . In models (such as that of

I

FY) with new interactions which strongly mix the lep-
tonic Aavors, the radiatively induced neutrino mass ma-
trix is nondiagonal in neutrino flavors. Strong neutrino
mixings, and consequently neutrino mass differences
Arn =—m —rn, are tightly constrained by accelera-2 2 2

j
tor and reactor oscillation experiments. Nevertheless,
it may well be possible to introduce appropriate bare g

0 mD

mD m~

yields then a very light neutrino of mass
m = ( m ) /m . This neutrino is, up to a small
O(m /m ) admixture of v, a pure left-handed Majora-
na particle. Diagonal X(v;v, )&0 are forbidden for such
neutrinos, so we expect m /m suppression of X(v;v;).
Thus, we cannot utilize such models to obtain the large
values of X(v, v, ) required for the (above-mentioned)
resolution of the solar-neutrino puzzle.

Even if at the tree level the Dirac neutrino masses
vanish, the same exchanges which generate the neutrino
magnetic moment will radiatively generate a Dirac mass

New mechanisms generating X( v, v„)&0 [or
X(v, v, )&0] are constrained by the good agreement be-
tween the measured and calculated (through a )

values of the electron magnetic moment,
expt

= 1.001 159 652 209+3. 1 X 10
Pe

th
Pe

Pe
= 1.001 159 652 200+ 1.5 X 10

To borrow a simple hadronic analogue, relation (16) is

like
~
p(p)

~

—
~

p(n) ~, between the anomalous moments
of the proton and neutron, which is very well satisfied.
It is intriguing that at the present time the direct experi-
mental limits on X(v, v, ) are very close to the estimate in

Eq. (16}. An improved experimental value of p, (and

new measurements of a via the quantum Hall effect), to-
gether with new calculations, may determine 5 to be
below 10 " and also X(v, v, ) & 10 ". Similar weak iso-

spin arguments, if applicable to other lepton generations,
would suggest X(v,v„)=(ep). The latter relation con-
trols the prey decay

a (X(pe })m„
10—10 (17)

gm,
B„(prey)=

from which we deduce the very stringent bound
X(vp) =X(v, v„) & 10

C. Summary

The motivation, from a possible resolution to the
solar-neutrino puzzle, and some further implications of
finite neutrino magnetic moment have been discussed.
Present bounds do not rule out the v, magnetic moment
(in units of the Bohr magneton) of —10 " or lower.
Such values may arise in certain extensions of the stan-
dard model. In particular, nondiagonal transition mo-

and the bound B„(prey)&10 ' . One can verify
that these bounds are satisfied in any given model. But,
perhaps, the following consideration may serve as a
more general guideline for relating X(v, v, ) to 5(ee) is
the difference between the (above) experimental and
theoretical values, or for relating B„(prey) to X(v, v„):
Assume that whatever the new source for 5(ee) and
X( v, v, ) is (compositeness, new interactions, etc. ), it
respects the weak isospin under which e and v, are in an
isodoublet. The e and v, could also be in an isodoublet
of a global "custodial" SU(2) symmetry which may be
relevant in technicolor or composite 8', Z theories. If
so, we expect, essentially on symmetry grounds, similar
new contributions to the magnetic moments of the two
particles

5(v, v, ) =5(ee ) or 5(v, v, ) =X(v, v, ) =5(ee ) . (16}
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ments of comparable magnitude are then likely as well.
Since in such models neutrinos are likely to have finite
masses, radiative flavor-changing decays of neutrinos are
expected. Comparing the prediced radiative decay rates,
Eq. (12), with radio, optical, and ultraviolet observations
of galaxies and clusters of galaxies, we deduced that
X(v;v& )(3X10 ' for m„) 16 eV. This upper limit is

t

a factor -20 larger for 4& m & 16 eV; the observation-
t

al data do not yield useful bounds for m &4 eV.
t

We have generalized the discussion of the possible role
of the neutrino magnetic moment in supernovas by in-
cluding the efFects of transition moments, which may
reduce the v, flux. Finally, a possible connection be-
tween precise measurements of the electron magnetic
moment and bounds on the rare decay p~e+y has
been proposed.
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