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We consider the possibility that a light, sterile-neutrino speeiesan be produced by, scattering
during the cooling of a proto-neutron star. If we parametrize the sterile-neutrino production cross
section by a parametet aso(v.X — vsX) = Ac(v.X — v,X), WhereX is an electron, neutron, or
proton, we show that is constrained by limits to the conversion &f to vy in the region between the
sterile-neutrino trapping region and the electron-neutrino trapping region. This consideration excludes
values ofA in the rangel0™* = A < 10~'. [S0031-9007(96)01405-6]

PACS numbers: 97.60.Bw, 14.60.St

The possibility that the solar-neutrino problem [1] may The observed neutrino signal from SN1987A appears to
be solved via the oscillation of electron neutrinos to “ster-be in agreement with expectations from the standard pic-
ile” neutrinos (so named because they have superwedakre of type Il supernovae [10], with neutrino interactions
interaction with theW and theZ and thus avoid the LEP of the standard model of particle physics. Any new in-
bound on the number of neutrinos) has been widely disteraction of the neutrino will therefore be constrained by
cussed in literature. The most compelling case for steriléghese observations. Some examples of constraints already
neutrinos [2] arises when one tries to solve simultaneouslgiscussed in the literature are limits on the magnetic mo-
the solar-neutrino problem and the atmospheric-neutrinment [11], the strength of right-handed interactions [12],
deficit, as well as accommodating either (or both) the reand the magnitude of the Dirac mass [13] of the neutri-
ported7, — 7, oscillations at LSND [3] or the idea that nos [14]. Similar considerations can be applied to new
neutrinos constitute about 20% of the total matter contensterile-neutrino interactions. In this paper we study limits
of the Universe [4]. In the sterile-neutrino hypothesis theto the production of sterile neutrinos in electron-neutrino
solar-neutrino deficit is resolved via Mikheyev-Smirnov- collisions with normal matter.

Wolfenstein (MSW) oscillations between andvg. Before starting we emphasize that there are two differ-

In constructing realistic gauge models [2,5,6] that leadent ways of producing sterile neutrinos in the supernova:
to the mixings between the electron neutrino and thdi) ».-vs mixing, which can convert electron neutrinos
sterile neutrino one generally introduces various newalready in the supernova to sterile neutrinos via oscilla-
interactions which can lead to the desired mixing withouttions; and (ii) direct production of sterile neutrinos in the
conflicting with known low-energy constraints as well electron neutrino collisions with matter in the supernova.
as cosmological and astrophysical ones [7]. A wellWe will be concerned only with the second one since the
known astrophysical phenomenon that leads to stronfirst effect has been shown by Kainulainen al. [9] to
constraints on the static properties of the neutrino ide unimportant for our range of parameters due to MSW
the dynamics of supernovae inferred from the neutrinsuppression.
signal from supernova 1987A (SN1987A) observed by A simplified model of neutrino interactions in the proto-
the underground detectors of the IMB and Kamiokandeneutron star will be adequate for our purposes. We as-
Collaborations [8]. Two classes of restrictions on sterile-sume that the core consists of a spheré df in radius
neutrino properties may be obtained. One is pn at a constant temperature of about 10 MeV, and density
oscillating into vg, thereby depleting the,, signal and approximately equal to that of nuclear mattpr= 3 X
contradicting observations. This possibility has beenl0'* gcm 3. (Note that realistic core temperatures are of
analyzed by Kainulaineet al. [9], who showed that the order 50 to 70 MeV and the temperature falls off as one
high density in the supernova suppresses such oscillatiomsoves to the outer layers of the neutrino sphere. The phe-
for the range of masses and mixing angles needed twomenon we are discussing in this Letter takes place in
solve the solar-neutrino problem. The other class othe outer layers, and, therefore, we have assumed a generic
constraints may arise in models where there edistct  value of 10 MeV for the temperature to illustrate our effect.
interactions of electron neutrinos with visible particlesOur final result, enhancement of sterile-neutrino emission,
such as, p,n, v, , . that can convert &, into arvs. This is independent of this choice. This is because tempera-
can also potentially deplete the luminosity. It is this ture dependence enters only through matter density and
class of effects that we discuss in this Letter. We willcross sections for neutrino matter scattering which scale
also apply our techniques to restrict the mixing betweeridentically for both neutrino types.) The neutrino scatter-
the photon and a hypothetical mirror (or para) photon. ing cross section is roughly.. = G#E2. (A matter of

3066 0031-9007796/77(15)/3066(4)$10.00  © 1996 The American Physical Society



VOLUME 77, NUMBER 15 PHYSICAL REVIEW LETTERS 7 @TOBER 1996

notation: byo;; we mean the cross section for + X — neutron star is uniform. In a more realistic situation, one
v; + X, whereX is a normal matter particle. For example, has to take the variation of the temperature with increasing
.. IS the cross section for, + X — v, + X, while o,g radius from the center, and the result qualitatively remains
is the cross section for,X — vgX.) UsingE, = 3T,the the same. [If one assumes that the electron density
mean free path of the neutrino is abayt~ 10> cm. This  decreases withR as n(R) = n.(R/R.)" (m = 31t05),
means that the neutrino random walks out of the core, takhen Q,,,/Q,, = A~#"~0/6m=3) 112], and this leads to
ing on averagéRc/A.)> ~ 10 steps. So a typical neu- a bound ofA = 1073 to 107*] That is, if 107* < A,
trino travels103A, ~ 10'° cm through the core, requiring it might be thought that neutrinos will be trapped, and
about a second. radiation from the sterile neutrinosphere will result in a
Since electron neutrinos are trapped, effectively theysterile-neutrino luminosity less than the electron-neutrino
are emitted from a neutrinosphere, analogous to the fduminosity. The point of this paper, however, is to
miliar photosphere, where the optical depth for a neutrinmbserve that the emission of electron neutrinos would
traveling out of the core is unity. Observations by IMB be suppressed by conversion mfs to vg’s during the
and Kl of neutrinos from SN1987A verify the predic- random walk of the former from thes neutrino sphere to
tion of Colgate and White [15] that almost all the binding the v, neutrino sphere.
energy of the neutron star is emitted in the form of neu- Now consider the possibility that sterile-neutrino inter-
trinos. Furthermore, a fair fraction must have been in thections are so feeble that they are not trapped. Then one
form of v, 7, pairs. Thus, if there are additional weakly must limit the production of the sterile neutrinos. This re-
interacting particles produced under the conditions of thesults inA < 107'°. An easy way to see the origin of this
proto-neutron star, they cannot modify the fact that a sighound is to note that the sterile-neutrino luminosityry)
nificant fraction of the binding energy must be radiated inin the nontrapped case is directly given by the total number
the form of v, 7, pairs. For instance, if the energy loss of vg's produced in the supernova core times the average
due to a new hypothetical particle were too rapid, themeutrino energy. This is given by
the core would cool too rapidly without emitting the ob-
served neutrinos, leading to a conflict with observation. L (vs) = neny,Aoe.V(E), )

Or if a process somehow preventegiv, emission, then wheren; represent the number density of relevant particles

that process would be disallowed. dV is the vol £ 1h e
If sterile neutrinos are produced in the core, then in?" V is the volume of the supernova core. Usimg=
; 10% cm™3 andE = 37T with T = 50 MeV, and demand-

order thgt t'hey not carry away a .dlsproport_lonate shar?ng that £ (vs) = 10° ergss', we obtaind < 10719,
of the binding energy, we must either require that they So to review thestandard analysisyalues ofA in the

are hard to produce, or else require that it be difficult for ﬁlngeIO*‘* < A result in a sufficiently small luminosity

them to escape. Since the sterile-neutrino mean free paf . .
is A~! larger than that for the electron neutrino, trapping rom the_ sterile neutrlnos_phere because of the small trap-
’ ping radius. Values oA in the rangel0~* to 10~ '* are

will obtain for A > 10", not allowed because in this regime the sterile neutrinos free
Let us first examine the situation where the sterile 9

neutrinos are trapped. If they are trapped and form thei igr?a;:)nbaéngahnaveerc?uzuﬁJIPr:irs]tl)t/hlgrgsugrlosduuCetlr?mg\?azojr?aTes(:i-s
own neutrinosphere, the ratio of the electron-neutring 9 ) ' P y

i —4 -10
luminosity to the sterile-neutrino luminosity would be allowed regions fo;_zx arel0 = = A andA = 107"
ry = L (0.)/ L (vs) = R2T4/R§T§‘ where R, (Rs) and We, however, find that if the new interactions that
e e

T. (Ts) are the radius and temperature of the eI(ectronfx)n\/(.ert ve's 10 vg's are strong eno_ugh to satisfy the
trapping criteria, then a new consideration appears to

neutrino (sterile-neutrino) neutrinosphere. If the sterileIead to more stringent limits on the strength of these

neutrino sphere is deep in the core the temperature . : . I~
; ; Ihteractions than one would obtain using the familiar
will be higher, but let us assume for a moment that

: . arguments discussed above [14]. This new consideration
the temperature is the same as the electron-neutrinQ. 24 ' .
, . . . will excludeA = 1077, so the final result will be that the
sphere. From the universality of the weak interactions ; ~10
.~~~ “only allowed range oA isA < 107 '°.

we know thatA must be much less than unity in

o ) : ; Consider the trapped sterile-neutrino scenario in the
realistic models [2,5,6]; e.g., the effective Fermi constant, - oo : . .

. - flat-star” approximation [16], i.e., as a one-dimensional
for sterile neutrinos must be smaller thaks from

: - . )problem. We know that the sterile neutrinosphere is well
the fact that the sterile-neutrino interactions generall within the electron neutrinosphere. Consider the fate of

contribute additional modes to muon and tau lepton . .
. an electron neutrino between the two neutrinospheres. Let
decays. Since we expedt<< 1 from low-energy weak-

interaction data, we would havBs < R,. Therefore, " be the density of scattere(s, . p, ve u.-) and o; the

. . - . cross section fory; scattering intor; as before. We
so long as sterile neutrinos are trapped, the emissiofi :

from the sterile neutrinospherwill be less than that 335;123 trr]r?éé;o]frége ;:ﬁ:lgfé %gnlsi\?eenglk;glble. The
from the electron neutrinosphere in the approximation ¢ § P 9 y
(admittedly crude) that the temperature inside the proto- A.. = 1/no.., Aes = 1/n0o.s = Aee /A 2
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NearR, the radius of the SN core, I&, = R — A., and experience a matter potential due to MSW effect which
Rs = R — As.. So long asA.. and As, are much less differs from those of the,, andv,, as follows:
thanr, the relation

V(vs) =0,
dl’li/dl‘ = —niCcojj + nicoj ~ 0 (3) V( ) _v (3Y |+ 4y ) 7
gives thatng ~ n, atRs. Thusl/2e of neutrinos passing Ve) = V0o Le vl (7)
Rs will exit promptly. For R > Rg, we will have that Vv, = VoY, — 1 +2V1,),

v, Scattering intovg with vg exiting without further
scattering depletes the number of's. A v, traveling
a distancexg without changing to as will have suffered
1/A? scatterings. The square is because of the rando

where Vo = 18 eV [p/(5 X 10" gcm 3)], the factors
of Y represent the fraction of the corresponding species
relative to the total number of nucleons [9], ands the
. rTE!i’ensity. The MSW resonance therefore may occur if the
walk nature O.f the p.ath. The chgnces of surviving so expression within the parentheses above vanishes. If it
many scatterings without chaznglng toaare does vanish, one may have conversiorvgfto v, if the
P(Rs) =[1 — A/(1 + A)I"* = exd —1/A(1 + A)]. latter are lighter. Itis hard to estimate the precise number
(4) of the vg’s that would be converted. And in any case, this
will require accidental fine tuning of the particle densities
in@t the right distance from the surface of the supernova.
Let us now discuss the implications of our result.
(i) In order that v,7, pairs be emitted from the
supernova, if sterile neutrinos interact strongly enough to
be trapped, the sterile neutrinosphere must be close to the

ously below 1; ast approaches 1 it remains qualitatively
correct. Thus, except fad very close to 1, essentially
no v, survive the trip fromrg to R. All exiting », must

be the result of either “local production’{ absorption ) . . It ;
selectron neutrinosphere.  This requiés= 10~", which

followed by vg emission can be considered incorporate . - .
in o,s), or “regeneration.” We now compute the fraction would be in conflict with what we know about the weak
e H . .

from regeneration interactions. In particular, we know that.-e neutral

For avs approachingk, the chance of it scattering into current scattering agrees with the standard-model result
a v, in a lengthdx at a distancer beforeR is dx/A,s. to a few percent. Setting a precise limit 49 however,

The chance of thes, produced surviving the distance Would require a specific sterile-neutrino model. - Thus,
from x to R is the true bound om is the upper bound derived from

B 2/ luminosity discussion in SN1987A, i.e4, < 10710,

P(x) =[1 = A/(1 + A (ii) Our result also has several implications for models
~ exgd —x2/(1 + A)AeAes]. (5) incorporating sterile neutrinos that must be ultralight.
Any model that has effective four Fermi interactions of
vs with e, v,, v,, etc., with strength abov6r X 1073,
will be ruled out. Itis interesting that the mirror model [5]

f= f P(x)dx/Aes = y|mA(l + A)/2 ~ JA. (6) for sterile neutrino is among the models that are consistent

with the above constraints, since all interactions between

Thus, if the coupling constant to the sterile neutrino isthe visible sector particles and thg’s in this model are
1/3 that of the electron neutrin@ = 0.1), only one-third  Planck-scale suppressed. The two models [2] that use
of the exiting neutrinos will be electron neutrinos. As atwo-loop graphs to suppress thg,'s generically involve
result, the range in the parameterfor which a “sterile”  larger couplings but usg = 10~'° so that they are also
neutrino can be confined in a supernova and permit &arely consistent with these constraints. On the other
reasonable number of, to exit is limited toA close to  hand, several models constructed to explain the 17 keV
1, roughlyA > 0.1. neutrino had largers-e cross sections with in the range

There are several possible corrections to this resulof 104 or so and are inconsistent with our improved
They include the following: (i) production of, by »,  supernova limit.
or v, pairs; and (i) MSW [17] oscillations which may  (iii) The above bound is independent of the mass of the
regenerate the electron neutrinos from the sterile neutrinasterile neutrino as long as it is light enough to be produced
as they pass through the dense remainder of the neutrinioe supernova temperatures (say,< 10 MeV or so).
sphere. As for possibility (i), one may show by arguments (iv) Another application of our bound is to the Dirac
similar to those above that, because theandr, mean magnetic moment of the tau neutrino with mass in the
free paths are larger than thatmf, they tend to decrease MeV range, which has sometimes been considered in
the v, flux as thevg does, but because neutrino densitiediterature to be large so that it could be the dark matter
are small compared to matter density nBgsthe effectis of the Universe [18] or have an effect on big-band
small. Let us briefly comment on the second aspect. Asiucleosynthesis [19]. In this case, if the magnetic moment
the converted sterile neutrinos pass through the neutrinis larger than10~3 wp, Giudice showed that the mean
sphere (or what is left of it after they are produced), theyfree path forv, will be lessthan that ofv., and the

The fractionf of exiting ».’s is then the product of these
two probabilities summed over distances
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