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New Supernova Constraints on Sterile-Neutrino Production
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We consider the possibility that a light, sterile-neutrino speciesnS can be produced byne scattering
during the cooling of a proto-neutron star. If we parametrize the sterile-neutrino production cross
section by a parameterA as ssneX ! nSXd ­ AssneX ! neXd, whereX is an electron, neutron, or
proton, we show thatA is constrained by limits to the conversion ofne to nS in the region between the
sterile-neutrino trapping region and the electron-neutrino trapping region. This consideration excludes
values ofA in the range1024 & A & 1021. [S0031-9007(96)01405-6]
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The possibility that the solar-neutrino problem [1] ma
be solved via the oscillation of electron neutrinos to “ste
ile” neutrinos (so named because they have superw
interaction with theW and theZ and thus avoid the LEP
bound on the number of neutrinos) has been widely d
cussed in literature. The most compelling case for ste
neutrinos [2] arises when one tries to solve simultaneou
the solar-neutrino problem and the atmospheric-neutr
deficit, as well as accommodating either (or both) the
portednm ! ne oscillations at LSND [3] or the idea tha
neutrinos constitute about 20% of the total matter cont
of the Universe [4]. In the sterile-neutrino hypothesis t
solar-neutrino deficit is resolved via Mikheyev-Smirno
Wolfenstein (MSW) oscillations betweenne andnS .

In constructing realistic gauge models [2,5,6] that le
to the mixings between the electron neutrino and
sterile neutrino one generally introduces various n
interactions which can lead to the desired mixing witho
conflicting with known low-energy constraints as we
as cosmological and astrophysical ones [7]. A w
known astrophysical phenomenon that leads to stro
constraints on the static properties of the neutrino
the dynamics of supernovae inferred from the neutr
signal from supernova 1987A (SN1987A) observed
the underground detectors of the IMB and Kamiokan
Collaborations [8]. Two classes of restrictions on steri
neutrino properties may be obtained. One is onne

oscillating into nS, thereby depleting thene signal and
contradicting observations. This possibility has be
analyzed by Kainulainenet al. [9], who showed that the
high density in the supernova suppresses such oscillat
for the range of masses and mixing angles needed
solve the solar-neutrino problem. The other class
constraints may arise in models where there existdirect
interactions of electron neutrinos with visible particle
such ase, p, n, ne,m,t that can convert ane into anS . This
can also potentially deplete thene luminosity. It is this
class of effects that we discuss in this Letter. We w
also apply our techniques to restrict the mixing betwe
the photon and a hypothetical mirror (or para) photon.
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The observed neutrino signal from SN1987A appears
be in agreement with expectations from the standard p
ture of type II supernovae [10], with neutrino interaction
of the standard model of particle physics. Any new i
teraction of the neutrino will therefore be constrained
these observations. Some examples of constraints alre
discussed in the literature are limits on the magnetic m
ment [11], the strength of right-handed interactions [1
and the magnitude of the Dirac mass [13] of the neu
nos [14]. Similar considerations can be applied to ne
sterile-neutrino interactions. In this paper we study lim
to the production of sterile neutrinos in electron-neutri
collisions with normal matter.

Before starting we emphasize that there are two diff
ent ways of producing sterile neutrinos in the superno
(i) ne-nS mixing, which can convert electron neutrino
already in the supernova to sterile neutrinos via oscil
tions; and (ii) direct production of sterile neutrinos in th
electron neutrino collisions with matter in the supernov
We will be concerned only with the second one since t
first effect has been shown by Kainulainenet al. [9] to
be unimportant for our range of parameters due to MS
suppression.

A simplified model of neutrino interactions in the proto
neutron star will be adequate for our purposes. We
sume that the core consists of a sphere 106 cm in radius
at a constant temperature of about 10 MeV, and den
approximately equal to that of nuclear matter,r ­ 3 3

1014 g cm23. (Note that realistic core temperatures are
order 50 to 70 MeV and the temperature falls off as o
moves to the outer layers of the neutrino sphere. The p
nomenon we are discussing in this Letter takes place
the outer layers, and, therefore, we have assumed a gen
value of 10 MeV for the temperature to illustrate our effec
Our final result, enhancement of sterile-neutrino emissi
is independent of this choice. This is because tempe
ture dependence enters only through matter density
cross sections for neutrino matter scattering which sc
identically for both neutrino types.) The neutrino scatte
ing cross section is roughlysee . G2

FE2
n. (A matter of
© 1996 The American Physical Society
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Let
notation: bysij we mean the cross section forni 1 X !
nj 1 X, whereX is a normal matter particle. For exampl
see is the cross section forne 1 X ! ne 1 X, while seS

is the cross section forneX ! nSX.) UsingEn ­ 3T , the
mean free path of the neutrino is aboutle , 102 cm. This
means that the neutrino random walks out of the core, t
ing on averagesRCyled2 , 108 steps. So a typical neu
trino travels108le , 1010 cm through the core, requiring
about a second.

Since electron neutrinos are trapped, effectively th
are emitted from a neutrinosphere, analogous to the
miliar photosphere, where the optical depth for a neutr
traveling out of the core is unity. Observations by IM
and KII of neutrinos from SN1987A verify the predic
tion of Colgate and White [15] that almost all the bindin
energy of the neutron star is emitted in the form of ne
trinos. Furthermore, a fair fraction must have been in
form of nene pairs. Thus, if there are additional weak
interacting particles produced under the conditions of
proto-neutron star, they cannot modify the fact that a s
nificant fraction of the binding energy must be radiated
the form of nene pairs. For instance, if the energy los
due to a new hypothetical particle were too rapid, th
the core would cool too rapidly without emitting the ob
served neutrinos, leading to a conflict with observatio
Or if a process somehow preventednene emission, then
that process would be disallowed.

If sterile neutrinos are produced in the core, then
order that they not carry away a disproportionate sh
of the binding energy, we must either require that th
are hard to produce, or else require that it be difficult
them to escape. Since the sterile-neutrino mean free
is A21 larger than that for the electron neutrino, trappi
will obtain for A . 1024.

Let us first examine the situation where the ster
neutrinos are trapped. If they are trapped and form th
own neutrinosphere, the ratio of the electron-neutr
luminosity to the sterile-neutrino luminosity would b
rn ; L snedyL snSd ­ R2

eT 4
e yR2

ST4
S where Re sRSd and

Te sTSd are the radius and temperature of the electro
neutrino (sterile-neutrino) neutrinosphere. If the ster
neutrino sphere is deep in the core the temperat
will be higher, but let us assume for a moment th
the temperature is the same as the electron-neut
sphere. From the universality of the weak interactio
we know that A must be much less than unity i
realistic models [2,5,6]; e.g., the effective Fermi consta
for sterile neutrinos must be smaller thanGF from
the fact that the sterile-neutrino interactions genera
contribute additional modes to muon and tau lept
decays. Since we expectA , 1 from low-energy weak-
interaction data, we would haveRS & Re. Therefore,
so long as sterile neutrinos are trapped, the emiss
from the sterile neutrinospherewill be less than that
from the electron neutrinosphere in the approximati
(admittedly crude) that the temperature inside the pro
,
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neutron star is uniform. In a more realistic situation, o
has to take the variation of the temperature with increas
radius from the center, and the result qualitatively rema
the same. [If one assumes that the electron den
decreases withR as nsRd ­ ncsRyRcdm sm ­ 3 to 5d,
then QnS yQnL ­ A2s4m26dys5m23d [12], and this leads to
a bound ofA # 1023 to 1024.] That is, if 1024 & A,
it might be thought that neutrinos will be trapped, a
radiation from the sterile neutrinosphere will result in
sterile-neutrino luminosity less than the electron-neutr
luminosity. The point of this paper, however, is
observe that the emission of electron neutrinos wo
be suppressed by conversion ofne ’s to nS ’s during the
random walk of the former from thenS neutrino sphere to
thene neutrino sphere.

Now consider the possibility that sterile-neutrino inte
actions are so feeble that they are not trapped. Then
must limit the production of the sterile neutrinos. This r
sults inA & 10210. An easy way to see the origin of thi
bound is to note that the sterile-neutrino luminosityL snSd
in the nontrapped case is directly given by the total num
of nS ’s produced in the supernova core times the aver
neutrino energy. This is given by

L snSd . nenne
AseeV kEl , (1)

whereni represent the number density of relevant partic
andV is the volume of the supernova core. Usingni .
1038 cm23 andE ­ 3T with T . 50 MeV, and demand-
ing thatL snSd # 1053 ergs s21, we obtainA & 10210.

So to review thestandard analysis,values ofA in the
range1024 & A result in a sufficiently small luminosity
from the sterile neutrinosphere because of the small tr
ping radius. Values ofA in the range1024 to 10210 are
not allowed because in this regime the sterile neutrinos f
stream and have a sufficiently large production cross s
tion to be dangerous. Thus, the usual supernova ana
allowed regions forA are1024 & A andA & 10210.

We, however, find that if the new interactions th
convert ne ’s to nS ’s are strong enough to satisfy th
trapping criteria, then a new consideration appears
lead to more stringent limits on the strength of the
interactions than one would obtain using the famili
arguments discussed above [14]. This new considera
will exclude A * 1024, so the final result will be that the
only allowed range ofA is A & 10210.

Consider the trapped sterile-neutrino scenario in
“flat-star” approximation [16], i.e., as a one-dimension
problem. We know that the sterile neutrinosphere is w
within the electron neutrinosphere. Consider the fate
an electron neutrino between the two neutrinospheres.
n be the density of scatterersse, n, p, ne,m,td and sij the
cross section forni scattering intonj as before. We
assume that, for the sterilenS , sSS is negligible. The
ne andnS mean free paths are then given by

lee ­ 1ynsee, leS ­ 1ynseS ­ leeyA . (2)
3067
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NearR, the radius of the SN core, letRe ­ R 2 lee and
RS ­ R 2 lSe. So long aslee and lSe are much less
thanR, the relation

dniydt ­ 2nicsij 1 njcsji , 0 (3)

gives thatnS , ne at RS. Thus1y2e of neutrinos passing
RS will exit promptly. For R . RS , we will have that
ne scattering intonS with nS exiting without further
scattering depletes the number ofne ’s. A ne traveling
a distancelS without changing to anS will have suffered
1yA2 scatterings. The square is because of the rando
walk nature of the path. The chances of ane surviving so
many scatterings without changing to anS are

PsRSd ­ f1 2 Ays1 1 Adg1yA2

. expf21yAs1 1 Adg .

(4)
As A goes to 0, this result fails whenleS approachesR
since the number of scatterings stop decreasing conti
ously below 1; asA approaches 1 it remains qualitatively
correct. Thus, except forA very close to 1, essentially
no ne survive the trip fromRS to R. All exiting ne must
be the result of either “local production” (ne absorption
followed by nS emission can be considered incorporate
in seS), or “regeneration.” We now compute the fractio
from regeneration.

For anS approachingR, the chance of it scattering into
a ne in a lengthdx at a distancex beforeR is dxyleS .
The chance of thene produced surviving the distance
from x to R is

Psxd ­ f1 2 Ays1 1 Adgx2yl2
ee

, expf2x2ys1 1 AdleeleSg . (5)

The fractionf of exiting ne ’s is then the product of these
two probabilities summed over distancesx,

f ­
Z

Psxd dxyles ­
q

pAs1 1 Ady2 ,
p

A . (6)

Thus, if the coupling constant to the sterile neutrino
1y3 that of the electron neutrinosA ­ 0.1d, only one-third
of the exiting neutrinos will be electron neutrinos. As
result, the range in the parameterA for which a “sterile”
neutrino can be confined in a supernova and permit
reasonable number ofne to exit is limited toA close to
1, roughlyA . 0.1.

There are several possible corrections to this resu
They include the following: (i) production ofne by nm

or nt pairs; and (ii) MSW [17] oscillations which may
regenerate the electron neutrinos from the sterile neutrin
as they pass through the dense remainder of the neut
sphere. As for possibility (i), one may show by argumen
similar to those above that, because thenm andnt mean
free paths are larger than that ofne, they tend to decrease
the ne flux as thenS does, but because neutrino densitie
are small compared to matter density nearRS, the effect is
small. Let us briefly comment on the second aspect.
the converted sterile neutrinos pass through the neutr
sphere (or what is left of it after they are produced), the
3068
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experience a matter potential due to MSW effect whi
differs from those of thene andnm as follows:

V snSd ­ 0 ,

V sned ­ V0s3Ye 2 1 1 4Yne d , (7)

V snmd ­ V0sYe 2 1 1 2Yne
d ,

where V0 ­ 18 eV frys5 3 1014 g cm23dg, the factors
of Y represent the fraction of the corresponding spec
relative to the total number of nucleons [9], andr is the
density. The MSW resonance therefore may occur if t
expression within the parentheses above vanishes.
does vanish, one may have conversion ofnS to ne if the
latter are lighter. It is hard to estimate the precise numb
of thenS ’s that would be converted. And in any case, th
will require accidental fine tuning of the particle densitie
at the right distance from the surface of the supernova.

Let us now discuss the implications of our result.
(i) In order that nene pairs be emitted from the

supernova, if sterile neutrinos interact strongly enough
be trapped, the sterile neutrinosphere must be close to
electron neutrinosphere. This requiresA * 1021, which
would be in conflict with what we know about the wea
interactions. In particular, we know thatne-e neutral
current scattering agrees with the standard-model re
to a few percent. Setting a precise limit toA, however,
would require a specific sterile-neutrino model. Thu
the true bound onA is the upper bound derived from
luminosity discussion in SN1987A, i.e.,A & 10210.

(ii) Our result also has several implications for mode
incorporating sterile neutrinos that must be ultraligh
Any model that has effective four Fermi interactions o
nS with e, ne, nm, etc., with strength aboveGF 3 1025,
will be ruled out. It is interesting that the mirror model [5
for sterile neutrino is among the models that are consist
with the above constraints, since all interactions betwe
the visible sector particles and thenS ’s in this model are
Planck-scale suppressed. The two models [2] that u
two-loop graphs to suppress themnS

’s generically involve
larger couplings but useA . 10210 so that they are also
barely consistent with these constraints. On the oth
hand, several models constructed to explain the 17 k
neutrino had largernS-e cross sections withA in the range
of 1024 or so and are inconsistent with our improve
supernova limit.

(iii) The above bound is independent of the mass of t
sterile neutrino as long as it is light enough to be produc
in supernova temperatures (say,m & 10 MeV or so).

(iv) Another application of our bound is to the Dira
magnetic moment of the tau neutrino with mass in t
MeV range, which has sometimes been considered
literature to be large so that it could be the dark mat
of the Universe [18] or have an effect on big-ban
nucleosynthesis [19]. In this case, if the magnetic mome
is larger than1028 mB, Giudice showed that the mean
free path fornt will be less than that ofne, and the
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ne neutrinosphere will be within thent neutrinosphere.
Hence, by Eq. (6),nt and nt will tend to be converted
to ne andne (as well asnm andnm) while traversing the
region between the neutrinospheres. This would enha
the low energyne and ne signal in the underground
detectors.

(v) A final implication of our discussion is that on
could apply the techniques of our paper to constrain
mixing of a new photon [20] with the known photon usin
the supernova luminosity information. The discussion
very similar to the case of neutrinos. Let us consider o
the effect of photon scattering off electrons. If we deno
the shadow photon asg0 and theg-g0 mixing to be ,
then the rate of supernova cooling viag0 emission per
unit volume is given by

Qg0 ­ ne

Z dng

dv
sgg0v dv . (8)

The cross section forg 1 e ! g0 1 e is just e2 times
the Compton cross section:sgg0 ­ e2pa2y2vw . Inte-
grating over the photon spectrum, one finds for the to
luminosity via theg0 channel to be

Qg0 ­
a2e2

6p
ne

Z v dv

evyT 2 1
­

a2e2p

36
neT 2. (9)

The supernova luminosity is obtained from this by mu
tiplying the volume of the supernova. AssumingT .
50 MeV as the temperature of the supernova core, a
the number density of electrons in the supernova to
1.5 3 1038 cm23, we get

Qg0V . 1072e2 ergs s21. (10)

Demanding that this be less than1053 ergs s21, we obtain
the bounde # 1029.5. In principle in the supernova a
well as the solar case, there would have been a reg
close toe $ 1028 where trapping arguments would hav
said that shadow photon is allowed. However, o
discussion here can be applied to the supernova a
breakaway when the first electromagnetic signals w
observed. (Similarly, Primakoff process conversion
photons to axions should lead to constraints, althou
necessarily new ones, on the axions.) It is simpl
however, just to consider the sun. Ife ­ 0.5 or less,
three quarters or more of the solar luminosity would
in paraphotonssg0d. This essentially rules out the regio
e $ 1029.5. We note that would exhibit itself as a
minicharge of the same magnitude on mirror electro
and a recent experiment at SLAC [21] has ruled o
minicharged particles above charge7 3 1025e.

In conclusion, from considerations of the electro
neutrino luminosity from SN1987A we have pointed ou
new effect that considerably limits the allowed couplin
of the sterile neutrinos to ordinary matter.
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