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James M. Lattimer

Department of Earth and Space Sciences, State University of New York at Stony Brook,
Stony Brook, New York 11794

J. Cooperstein

Department of Physics, Brookhaven National Laboratory, Upton, New York 11973
(Received 9 November 1987)

A neutrino magnetic moment greater than 10 ~!'2up, the Bohr magneton, would have important impli-
cations for gravitational-collapse supernovae. Also, it has been suggested that u/up~ 10 ~'° might solve
the solar neutrino problem. However, we show that the neutrino observations of SN1987A and general
optical observations of supernovae set a firm upper limit of u/up <510 '3, This limit is about 100
times better than the best experimental determination and previous astrophysical limits, and 10-20
times better than a previous limit based on big-bang nucleosynthesis.

PACS numbers: 97.60.Bw, 14.60.Gh

There have been attempts’? to explain the solar neu-
trino problem by introducing a large neutrino magnetic
moment u. With u/up in the range (0.3-1.0)x10 ~'°,
where up=e/2m.c? is the Bohr magneton, normal, left-
handed electron neutrinos leaving the sun’s center might
change their helicity upon passing through hundred-
kilogauss fields that might be present in the solar interi-
or. Right-handed neutrinos will not interact with normal
matter and would not be detected on the Earth. Helicity
flip would then explain the low solar neutrino counting
rates first observed by Davis, Harmer, and Hoffman.?
While these values for u are orders of magnitude larger
than the standard electroweak prediction,l n~3x 10”1
[m,/(1 eV)lup, they are consistent with present experi-
mental limits* from v,, 4% 10 ~'%p, and with bounds’
derived from astrophysical arguments, 8.5x10 !'yp.
They are marginally greater than a limit, (1-2)
x10 " "up, obtained from *He synthesis in the big
bang.6 However, such values would have dramatic
effects in gravitational-collapse supernovae, as first
pointed out by Dar.” In this Letter, we examine the
consequences of helicity flip due to neutrino scattering
during the creation of a neutron star. If this had oc-
curred, the time scale of v emission and the total energy
emitted in v’s would both have been much less than what
was observed from SN1987A. This sets an upper limit
to u of 5%107 3up, larger than a previously derived®
upper limit (~10 ~'4yp) which we show to be erroneous.
Our bound rules out a neutrino magnetic moment as an
explanation of the low solar neutrino flux. We also con-
clude that helicity flips induced by magnetic fields within
the supernova or between it and the Earth did not occur.

In the standard gravitational-collapse supernova
scenario,” the stellar core (M <1.5Mo) undergoes ca-
tastrophic collapse at the end of a massive star’s life.
The collapse is halted when densities a few times nuclear
density (pp=2.7x10'* g cm ~3) are reached. A pro-

toneutron star is born, and a shock wave, formed at its
outer boundary, moves out through the still infalling
outer stellar layers, reverses their infall, and ejects them.
Whether or not neutrino radiation from the protoneutron
star assists in the explosion is a point of current debate,
but does not much affect the following discussion. The
protoneutron star is, at first, a highly degenerate,
lepton-rich, and almost unbound star, which cools and
deleptonizes through neutrino radiation. The neutrino
flux has basically two components'®: a short-term (4 -1
s) emission from the neutronization and collapse of the
hot matter behind the outgoing shock, and a longer-term
(several seconds) emission of the star’s lepton degenera-
cy energy. (The total initial thermal energy of the pro-
toneutron star is < 10% of the lepton degeneracy ener-
gy.) Both emission times scales are set by the fact that
neutrinos cannot freely escape but must diffuse, from
varying depths, out of the protoneutron star. About ¥
of the total binding energy of the cold, catalyzed neutron
star is contained in each component. The mean energy
of the emitted neutrinos is =10-20 MeV, and neutrinos
of all species are present in roughly equal proportions in
the emergent flux because of the nearly complete conver-
sion of lepton degeneracy and gravitational energy to v-v
pairs during diffusive cooling.!®!! These are general
consequences of neutrino diffusion and emission from a
neutrinosphere near the protoneutron star’s surface.

A finite neutrino magnetic moment would provide an
additional path for the long-term emission by allowing
the existence of right-handed v’s (vX) and left-handed
v’s (vL) which are unable to interact with matter and
hence freely stream (travel time < 1 ms) out of the pro-
toneutron star. If the magnetic moment, and hence the
production rate of flipped helicity v’s, is large enough,
this path will dominate the cooling. Neutrinos with
magnetic moments can flip helicity via electron, proton,
and neutron scattering. Neutrinos of both helicities are
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also created via electron-pair annihilation, but this pro-
cess is suppressed by electron degeneracy. The rate of
the flipping is'2

tip =4%104(10"%/up) 2Y, (1 +Bp)p/pos ', (1)

where Y, is the electron/baryon ratio. In the factor
1+ Bf, the 1 is due to proton scattering, neutron scatter-
ing is ignorable, and electron scattering gives the Br,
which is a Pauli blocking factor (~ 5 ) due to electron
final-state degeneracy. The relevant density to use in Eq.
(1) depends on the type of emission considered. In the
long term, it is the average density in the protoneutron
star, which is nearly the central density, (2-4)po, since
the matter is relatively incompressible. If g =10 "'yp,
the helicity-flip rate would be important in the short-
term cooling phase and during the collapse phase preced-
ing the birth of the protoneutron star as well, since the
gravitational collapse time scale is about 1 ms. The loss
of leptons in this latter phase would undoubtedly be det-
rimental to the bounce-shock mechanism. The flipped
v’s would be able to stream out of the star freely, howev-
er, only if the mean free path, czgip, is less than the ra-
dius (<50 km), i.e., if p =<3x10 " !yp.

Equation (1) shows that if 4= 5x10""up the flip
time scale is less than 5 s (using Y.=1%, Br=1%, p
=4py). Given the average energy of flipped neutrinos,
E,=3u,/(=200) MeV, their initial luminosity after
bounce is at least 8 X 10°2 erg/s. Within a second or two,
the bulk of the thermal and lepton degeneracy energy
from the interior would be radiated. Because neutrinos
represent about 3 of the leptons, the time needed to ra-
diate most of the leptons is about 574i,==2.5 s, but this is
much shorter than the diffusion time. Although the
short-term flux from the collapse of the periphery might
not be greatly altered, there would be virtually no long-
term emission of v’s. Burrows'® has shown that elim-
inating the diffusive replenishment of neutrinos to the
neutrinosphere strongly suppresses their emissions after
1 s. In fact, there will be a net diffusive flow of both en-
ergy and lepton number into the interior, where they are
radiated. The v,’s in the star’s center are very degen-
erate, n,=u,/T=15, and so there are almost no v,’s
present [the ratio of v.’s to ¥,’s is ~nJexp(—n,)]. The
escaping vX’s would dominate freely escaping flipped
ve L’s and ordinary neutrinos escaping via diffusion.

It is easy to show that this situation is in disagreement
with the observations of neutrinos from SN1987A. Ex-
cept for at most two events, the 19 neutrinos observed 4
were VR’s. Their low energies (~10-40 MeV) and the
multisecond time scale of the burst are what is expected
from a diffusively cooling protoneutron star.!> If y=>5
x10 " "3up, the long-term emission would have been
greatly diminished; the thermal signal of vX from the
neutrinosphere would have ceased after 2 s. The total
number of vX’s would have been L or less of what the
standard model predicts. In other words, the energy
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from SN1987A would have to be scaled upwards, by a
factor of 2 or more, from the values already inferred
from conventional models, (2-7)x10% ergs.!>'* The
revised energy significantly exceeds the binding energy of
a (1-1.5)M ¢ neutron star, expected from the explosion
of SN1987A’s progenitor.” We may conclude from
the SN1987A v, time scale and energies that u <5
x10 " By

We now consider the possibility that, in the presence
of magnetic fields, the neutrinos might undergo helicity
flips either as they leave the supernova or en route to the
Earth.® Dar’ has suggested that the former would be an
efficient way to transport energy from the protoneutron
to the matter outside, perhaps even ejecting it if the
shock had failed to do so. The probability of a flip
occurring within a distance z in a constant field is the
same for neutrinos and antineutrinos of both helicities
and is®’

P=B1([B:1+(B,+B.)? !
xsin2{uz[B2 + (B, +B.)?]'/3. 2

B, (B.) is the transverse (parallel) magnetic field
strength and B, is a critical field strength given by

B.=Ggn./u~2=3.3x10%(up/10'%1) G. 3)

Gr is the weak interaction coupling constant and n, is
the number density of electrons. Equation (3) assumes
charge neutrality and Y,= 5. [The numerical factor in
Eq. (3) is insensitive to Y,.] From Eq. (2) we see that
the necessary conditions for helicity flip to occur are

B2 2 (B,+B.)? (42)

fuBdzz1. (4b)

Although Eq. (2) applies to the case in which p and B
are constant, it is straightforward to show that these con-
ditions are, in fact, more general.

We note here that the authors of Ref. 8 employed only
condition (4b) in their derivation of an upper limit,
~10 " "upg, to u. This limit is invalid because condition
(4a) was assumed to hold everywhere in the star. In
fact, it is unlikely that B = B, near the protoneutron star
or even in the bulk of the stellar envelope. Although
field strengths of (1-5)x10'> G are found on the sur-
faces of neutron stars, % it is not certain if these fields are
primordial or generated at a later time. At the instant
when the protoneutron star is born, p > 10% g cm 73 and
B.=3 x10'"(up/10'%4) G within at least 1000 km of
the core.® As the shock moves away from the protoneut-
ron star, the density, and the critical field strength,
behind it will decrease. Only in the case of a successful,
delayed, explosion,'® which takes ~ %+ s, will densities
lower than 10® g cm ~3 and critical field strengths lower
than B obtain close to the protoneutron star’s surface.
But a delayed explosion requires a high thermal flux of
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unflipped v’s, which will be depleted because of energy
losses from helicity flip. Thus, it seems unlikely that hel-
icity flip could contribute to an explosion.

Inside the outer stellar envelope, which is nearly static
until the shock wave passes through seconds to hours
after the neutrinos, an optimistic estimate of the magnet-
ic field strength comes from the assumption of flux freez-
ing, i.e., Bxr ~2. Presupernova models? indicate that P,
and hence B, are roughly proportional to  ~>. In the
interstellar medium, where B~10 "° G, and p~10 "% ¢
cm ~3, B> B.. Thus, in general, there is some distance,
R, from the protoneutron star at which B=B.. For
definiteness, we assume the following profiles in the outer
stellar envelope (r in centimeters):

B=10%/r*G, p=103*/r3gcm ™3 (5)

These profiles imply B> B, beyond the point R =3.3
x10'%(10 ~"2up/u) cm. This is outside the surface of
the presupernova star, at least in the case of SN1987A.
The necessary condition for helicity flip as a neutrino
leaves a star is then given by Eq. (4):

S uBdr=pB(RIR=10"°010"/up)?=1,  (6)

which is satisfied only if x> 10 °up. Thus we do not
expect the magnetic field of a protoneutron star, or that
in or outside the presupernova stellar envelope, to be
nearly large enough to cause helicity flip.

Even if it were possible to arrange the field (neutron-
star fields as large as 10> G have been proposed'’) and
density structures so that reflipping did occur at early
times and deep inside the star, the energy deposited in
the outer layers would have been enormous. This is
ruled out by optical observations of supernovae. In the
usual neutrino energy-deposition model, the deposited
energy is proportional to the integrated luminosity times
the average neutrino energy squared.'® Since the aver-
age v energy would be about 10 times the value in the
standard, helicity-nonflip scenario, and the integrated
luminosity would likely double, an estimated energy
deposition by flipped neutrinos of nearly 10°* ergs fol-
lows. Of course, much of this energy would be lost as
the ejecta cool and neutrinos of all types are reradiated.
Nevertheless, the visible light output and envelope ex-
pansion of the supernova would reflect the enhanced en-
ergy deposition. In reality, the total kinetic plus optical
energy of the envelope in a gravitational collapse super-
nova is observed to be about 10°! ergs,’9 in agreement
with the standard picture.’6 An intermediate case, in
which u and the p and B profiles were exactly that need-
ed to give a reasonable energy deposition, requires an un-
believable degree of fine tuning—not just in SN1987A,
but in all such supernovae. It appears that flipping in-
duced by magnetic fields could not occur in a supernova.

On the other hand, helicity flip might have taken place
in the interstellar and intergalactic medium which to
neutrinos traverse en route to the Earth.?’ A less reli-

able, but slightly more stringent, limit on on y may be
obtained by arguing that had this occurred, only part of
the v’s emitted by the supernova would have been ob-
servable, and estimates of the total v energy from the ob-
served v’s would have to be increased. We may assume
B~1—0"°G> B, everywhere, and evaluating Eq. (4b)
we find a precession angle, which will be common to all
neutrinos,

a=f/,thz =uBD=45(10"2y/up), @)

where D==50 kpc is the distance to SN1987A. Equation
(7) indicates that a= r for u/ug=7%10"'4 in which
case the observed helicity state of the neutrinos would
not necessarily be the same as what emerged from the
supernova’s core. If u/up~10 '3, we have already seen
the fraction of emitted vX’s is small, but the vX fraction
at Earth, =sin%a, would range from 0 to 1, and the total
energy would be cos ~2a times that inferred from the v’s
(a factor of 1 to ). Although the odds of this factor
being 2 or greater is 50%, such a limit is nevertheless
indefinite, and is only suggestive that our previous limit
is conservative. In addition, we note that even if the
mechanism proposed in Ref. 7 were to result in a large
fraction of emitted vX’s, their consequent reflipping to
vl’s in the interstellar medium would result in neutrino
energies and a burst time scale substantially different
from what was observed from SN1987A.

Nussinov and Rephaeli® have pointed out that models
which predict large electron-neutrino magnetic moments
generally have as large or larger u-u and nondiagonal
e-u terms as well (here u refers to both x4 and 7 neutri-
nos). These terms would lead to vi— v and v,—v,
conversions. We can set no limit on the u-u terms in the
absence of large e-u terms, but a limit to the e-u terms
of the order of 10 ~'?up can be obtained by arguments
similar to those given above. e-u moments larger than
10 ~1%p would lead, during the collapse, to the produc-
tion of trapped and degenerate seas of neutrinos other
than v.. The readjustment of the g equilibrium between
neutrinos, electrons, and baryons lowers the total pres-
sure, and converts some degeneracy energy into heat,
with catastrophic effects for supernovae. The decrease in
the homologous-core mass itself will doom prompt explo-
sion mechanisms.?' In the range (10 ~'2-10 ~'%)up, the
principal effects will be similar to the “e-e only” case,
since the right-handed species will escape rather than
reflip. This is ruled out observationally in the case of
SN1987A, even if they were to precess back into left-
handed ones in the interstellar-medium.

In conclusion, the neutrino observations from
SN1987A, and optical observations of supernovae in
general, constrain the magnetic moment of the electron
neutrino to be less than 5% 10 ~Bup. This limit is better
than present experimental and other theoretical limits.
It rules out, by a wide margin, a magnetic moment ex-
planation of the solar neutrino problem. We have shown
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that a smaller limit derived in Ref. 8 cannot be justified.
Finally, the neutrino magnetic moment is too small to
play an important role in supernova explosions.

We thank S. Kahana, W. J. Marciano, and M. Pra-
kash for enlightening discussions. This research was
supported in part by the U.S. Department of Energy
through Grant No. DE-FG02-87ER40317 at the State
Univeristy of New York and through Contract No. DE-
AC02-70CHO00016 at Brookhaven National Laboratory.

1A. Cisneros, Astrophys. Space Sci. 10, 87 (1971).

2L. B. Okun, M. B. Voloshin, and M. 1. Vysotsky, Institute
for Theoretical Experimental Physics Reports No. 86-20, 1986
(to be published), and No. 86-82, 1986 (to be published).

3R. Davis, Jr.,, D. S. Harmer, and K. C. Hoffman, Phys.
Lett. 20, 1205 (1968).

4C. L. Cowan and F. Reines, Phys. Rev. 107, 528 (1957);
J. Bernstein, M. Ruderman, and G. Feinberg, Phys. Rev. 132,
1227 (1963); F. Reines, H. F. Gurr, and H. W. Sobel, Phys.
Rev. Lett. 37, 315 (1976); R. C. Allen et al., Phys. Rev. Lett.
52, 2401 (1985).

5P. Sutherland, J. N. Ng, E. Flowers, M. Ruderman, and
C. Inman, Phys. Rev. D 13, 2700 (1976); M. A. B. Bég, W. J.
Marciano, and M. Ruderman, Phys. Rev. D 17, 1395 (1978).

6J. A. Morgan, Phys. Lett. 102B, 247 (1981).

7A. Dar, to be published.

8S. Nussinov and Y. Rephaeli, Phys. Rev. D 36, 2278
(1987).

9S. E. Woosley and T. A. Weaver, Annu. Rev. Astron. As-
trophys. 24, 205 (1986).

10A. Burrows and J. M. Lattimer, Astrophys. J. 37, 178
(1986).

1S, E. Woosley, J. R. Wilson, and R. W. Mayle, Astrophys.

26

J. 302, 19 (1986); S. W. Bruenn, Phys. Rev. Lett. 59, 938
(1987); R. W. Mayle and J. R. Wilson, Lawrence Livermore
Laboratory Report No. UCRL-97355, 1987 (to be published).

IZH. A. Bethe, Proc. Cambridge Philos. Soc. 31, 108 (1935);
we thank David Seckel for pointing out the necessity of consid-
ering baryons in addition to electrons, and for evaluating the
kinematic factor of ~4 that we have included.

3A. Burrows and J. M. Lattimer, Astrophys. J. 318, L63
(1987); A. Burrows, to be published.

14K Hirata et al., Phys. Rev. Lett. 58, 1490 (1987); R. M.
Bionta et al., Phys. Rev. Lett. 58, 1494 (1987).

I5For example, see S. L. Shapiro and S. A. Teukolsky, Black
Holes, White Dwarfs, and Neutron Stars (Wiley, New York,
1983), Chap. 10.

16, R. Wilson, in Numerical Astrophysics, edited by J. Cen-
trella, J. LeBlanc, and R. Bowers (Jones and Bartlett, Boston,
1985), p. 422.

"7M. Ruderman, Annu. Rev. Astron. Astrophys. 10, 427
(1972).

18] R. Wilson and H. Bethe, Astrophys. J. 295, 14 (1985);
J. M. Lattimer and A. Burrows, in Problems of Collapse and
Numerical Relativity, edited by D. Bancel and M. Signore
(Reidel, Dordrecht, 1984), p. 147.

9E. K. Grassberg, V. S. Imshennik, and D. K. Nadyezhin,
Astrophys. Space Sci. 10, 28 (1971).

20K, Fujikawa and R. E. Shrock, Phys. Rev. Lett. 45, 963
(1980).

21The effects are similar to those calculated for neutrino os-
cillations; c.f. T. J. Mazurek, in Proceedings of Neutrino 79,
edited by A. Haatuft and C. Jarlskog (Fysik Institutt, Bergen,
Norway, 1980). A supernova collapse calculation for the relat-
ed scenario involving mixing of neutrino species via majorons
has been performed by G. M. Fuller, R. W. Mayle, J. R. Wil-
son, and D. N. Schramm, Lawrence Livermore Laboratory Re-
port No. UCRL-96115, 1987 (to be published).



