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We consider the emission of light (mVR <10 MeV right-handed neutrinos from supernova 1987A

via right-handed charged- and neutral-current interactions. By requiring that the neutronization
process ex p—vrn does not carry away most of the energy that can be radiated by the supernova,
E;S(4-5)X10% ergs, we exclude the range of values for the right-handed W-boson mass,
(3.7—6.7)MWL SMWR S(ZSO-—SOO)MWL for vanishing W; — Wy mixing parameter §, and for {0

we get (0.4—1.2)X107°< [§2+(M§/L /Mi‘yR )]'/2<(0.02-0.07). For right-handed W bosons heavier
than 300 M W @ significant v; emission may arise from the neutral-current-induced process

ete” —Vgvyg, as well as nn —nnvv mediated by an extra gauge boson Z'. In this case, for an ap-
propriately defined effective mass My, for Z’, we find the excluded region
(2.4-4.3)M w, < My <(30-85)M W, mainly dependent on the core temperature and density profile.
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I. INTRODUCTION

The observation of neutrino flux from the supernova
1987A by the Kamiokande' and Irvine-Michigan-
Brookhaven? (IMB) experiments has not only confirmed
the standard picture of stellar collapse studied by astro-
physicists for years® but also has yielded a wealth of in-
formation on the properties of the neutrino as well as
other physics ideas beyond the standard model. In this
paper, we discuss implications for supernova neutrino
luminosity if there are right-handed charged- or neutral-
current interactions as is the case in left-right-symmetric
models of weak interactions* or the superstring models.’
If the right-handed neutrino is light (va <10 MeV) and

if it has a charged-current coupling, it can be produced in
the core of the supernova via the reaction ez p —vgn.
For a certain range of the strength of this charged-
current interaction, either of two things can happen. (i)
For one range for the strength of this charged-current in-
teraction (Gg)vg has a mean free path larger than the
core radius so that it escapes. As Gy increases, the flux
of vy increases. Since vy’s are produced in the inner
core, they have typical energies of the order of 200-300
MeV. This can cause the integrated v; luminosity to sat-
urate the total energy E, that can be released in the
neutron-star formation, thereby putting an upper bound
on the strength of the charged-current interactions. (ii)
On the other hand, if vz has a mean free path smaller
than the core radius, it gets trapped and its subsequent
thermalization can reduce the luminosity. In order to es-
timate the vy luminosity in this case, one has to calculate
the radius of the vg-sphere. The vi’s emitted from the
surface of the vg-sphere carry away the energy corre-
sponding to its temperature and radius. In turn, if the ra-
dius is not big enough, the temperature at the surface of
the vi-sphere will be high and the energy loss via vy

emission will dominate. It turns out that the stronger the -

interaction, the lower the vz luminosity. This gives a
lower limit on Gg. These considerations therefore rule
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out a range of the strength of the right-handed current
interactions. In terms of the conventional left-right-
symmetric models, these limits translate into a range of
excluded values for M Wa and the W, -Wy mixing param-

eter § as follows:
(0.4-1.2)X107° <[£2+ (M}, /My, )]'/?£0.02-0.07

(1)
or, for {=0, .
(3.7—6.7)MWL SMWR S(ZSO-—SOO)MWL . (2)

To get these bounds, we assume a maximum total ener-
gy E; $4-5X10° ergs, which is the gravitational bind-
ing energy Ep liberated in the formation of a daughter
star of mass M ~(1.6-1.8) M by the implosion of the
mother star’s core. We wish to point out here that our
basic strategy is similar to several recent papers which
consider bounds on other exotic new physics from SN
1987A observations.’

If there are no charged currents but only neutral-
current interactions due to the presence of extra light Z'
bosons, vgVg emission can take place via the process
eTe  —vgVg. Again similar considerations as before
lead to bounds on the mass of the extra Z’ boson depend-
ing on the nature of its coupling. If we define

Gis [Mw, |*
127 | M,

(where we have absorbed coupling strengths in the
definition of the effective mass My and s denotes the
center-of-mass energy squared), then we find the region

(2.4-4.3)My, <My <(7.5-40)M}, @

(3)

olete —>vgvg)=

excluded by the above considerations. The uncertainties
in these bounds reflect the uncertainties in the tempera-
ture and the density profile of the stellar core after col-
lapse (see below). Unlike the bounds (1) coming from the
neutronization process, the bounds (4) from e "e ~ annihi-
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lation, which can also be mediated by charged-current in-
teractions, do not depend upon assuming a maximum en-
ergy that can be released from the star.

In view of the various uncertainties surrounding the
detailed situation in a collapsing core, in what follows, we
shall take a simplified picture of the core immediately
after collapse.” For the inner core we shall assume a
constant matter density pc~8X 10 g/cm? (correspond-
ing to a total mass M ~ 1.4M, and a radius R ~ 10° cm)
and a temperature T-=30-70 MeV. Furthermore, we
shall take approximately equal numbers of neutrons,
protons, and electrons, with number density
ne=~2.4X10% cm™3, for t $0.5-1 sec, before the stan-
dard v; interactions can become operative in carrying
away . the star’s lepton number.® During this time, the
electrons are highly degenerate, with a chemical potential
1 ~300 MeV. The nucleons on the contrary can be taken
as semidegenerate and quasistatic. Outside the constant-
density inner core (R >Ry~ 10°% cm), for the calculation
of the vg-sphere, we shall take p(R)=pc(Rc/R)7,
m =3-7 and correspondingly T(R)=Tc(R-/R)""?
since thermodynamic considerations imply that T «p!/3.

II. TRAPPING CONDITION

Let us first discuss trapping of the right-handed neutri-
nos, which occurs if the interactions are strong enough.
In turn this sets the lower values of the excluded regions
(1) and (4). The most relevant reactions that contribute
to trapping are vgn —e  p arising from Wy exchange or
W, -Wy mixing, and vgn —vgn, vgp —vgp arising from
Zg (or Z') exchange. If we define, for both of them,

o= AG2E? (5)

we find that, for 4 <107° the v mean free path I,
exceeds the inner core radius / va SR, and no trapping

occurs. For A 21078, trapping occurs and to estimate
the neutrino luminosity, we have to calculate the radius
of the neutrino (vg) sphere.” Let us define an R-
dependent mean free path

_ 1
Ly R = S Re(R)

where 1 (R)=nc(R¢/R)™ and ((E2) ~10T?)
0(R)~ AGE10T(R)?~ AGEI0TZ(R,/R)*"3 . (1)

(6)

The neutrino-sphere radius R Ve is defined® as the value of
R at which the “optical depth”

_ e dR
TR T @)

(8)

equals %, TvR(RVR )=2Z. This equation sets the following
dependence of R"R on the parameter A, defined in Eq.
(5),

R < AB/(Sm—3) 9)

VR
and correspondingly, for the temperature TVR of the vg-
sphere,
T «< A —m/(5m —3) . (10)

VR
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Rather than computing the absolute v, luminosity
Q(vg), we look at its value relative to the standard v,
luminosity Q(v;), associated with the long-term v, -
diffusion flux

Q(v;)=~(5-10)X 10°! ergs/sec (n

in rough agreement with observation.’? In turn Q (v, ) is
determined by v; trapping and the radius of the v, -
sphere which in turn are determined by v;n—e p, as
well as other charged- and neutral-current processes with
a cross section also given by (7) with 4 ~1. Since, from
the Stephan-Boltzmann law, Q « T*R2? we get the
desired equation

4 2
Qvg) _ Ty Ry =4 GBm—6/5m=3) (1o
o) |T, | |R,,
Demanding as an efficient wvg-trapping condition
Q(vg)320Q (v, ), we find (m =3-7)

A4>107°-1072. (13)

This bound will provide the lower limit on the range of
masses of M W, OT M. ZR(M ~) that is excluded by superno-

va observations.’

We arrive at the condition QVR SZOQVL by requiring

that the v; luminosity be less than 10°% ergs/sec. If
Q(vg)=10>* ergs/sec, the core would have been cooled
in less than a second—in contradiction with
observation—whereas vp emission at Q(vg)<10%
ergs/sec would have only had a slight effect. We think
that 4>1073-10"2 is a conservative bound, which
could perhaps be strengthened by the consideration of
core evolution during collapse. On the other hand, this
bound will be enough to close the gap of left- to right-
handed charged-current interactions by laboratory obser-
vations.
III. LIMITS ON RIGHT-HANDED
CHARGED-CURRENT INTERACTIONS

Let us write down the charged-current interactions in

the left-right-symmetric models:

L= -\%[ Wi (J#cosg +JE sing)

+ W3, (J§ cosE—JF sing)]+H.c. ,  (14)
where J}' (J) is the left-handed (right-handed) charged

current and § is the left-right mixing parameter. In what
follows, we denote the masses of W, and W, by M w, and

M Wy respectively. The presence of the right-handed

current will lead to vi production in the epoch of neu-
tronization via the reaction ez p —vgn with cross section

22
E
oc~BE ‘"(g5+3g§,):67BG}E3, (15)
where
M, |
W,
B=g+ |—= | .
4 |3 (16)

R

The v, luminosity by this process, at fixed proton and

electron densities n, and n,, is given by
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. GZ
Q(vR)=Vnpn256—7—F-(E3> . 17

Using ¥ =4X 10" cm?, (E3) ~(E}) ~(300 MeV)?, and
the number densities given in Sec. I, one obtains (we as-
sume that the core density is constant)

Q(vg)=10%B ergs/sec (18)
which would naively imply B $107 1,

One has to take into account however that the overall
number of protons is fixed N, ~1.4My /2m,, ~ 10%7 and is
decreasing with time via the neutronization process itself.
In order to put the bound on B, rather than the
differential luminosity, one has to consider the integrated
luminosity on the total energy carried away by the vy
neutronization proceSS'

En(1) —Vf dt———(E ) (19)

We require that E N(t ~1 sec), before the left-handed
neutrinos can carry away the star’s lepton number, satu-
rates the total energy E that can be released

10 cm g

3 GM? _ 53 M
Ep~ EB_.S R =3X 10" ergs R T.a4Mg
(20)
Using
n, (1) 1/3
E,) ~(E,), ~u,(t)~u,0
(E,) ~{E,), ~p,(t)=~p,(0) ", (0)
and
dn G2
7——63-—#(15 ) 1)
we get
—4/5
Ey()=Ey()|1— l1+§’ ] : (22)
where
Eyn(0)=3u,(0)n,(0)V ,
4/3
M 10% cm
=4x10>
0>° ergs 14Mg R (23)
and
=3 m 2.4x1071
5 6BG#n,(0jui(0) B

Needless to say, the fact that the Ey( ) is even greater
than Ep is an artifact of the naive calculation. Neverthe-
less the same calculation shows that E (1 sec) will satu-
rate Er, provided, say, Ey(1 sec)S0.8Ey(), which
gives in turn B >1.5X107!°, Using Eq. (16) this implies
MWR =< 280MWL for £=0. On the other hand, one might

assume that half the energy escapes from the collapse of
the hot shocked mantle; in this case, it is more appropri-
ate to choose t =2 sec and Ey ~1E . This then implies
7=1.4 sec and MWR gSOOMWL. This reflects a basic un-
certainty in our estimate of the bound. Furthermore the
bound in Eq. (13), using Egs. (5), (15), and (16), and
setting E,=FE, leads to §>0.07-0.02 and
MWR 5(3.7—6.7)MWL, ignoring possible neutral-current
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effects. These give the excluded ranges of M W and §

stated in Egs. (1) and (2). Note, however, that present
laboratory limits!®!! from u* decay already rule out the
lower limits in Eq. (1) (MWR <514 GeV for £=0 from u

decay'!). This combination of supernova observations
with laboratory observations would imply M We =23 TeV

and £<1073 for m, =10 MeV. These are the most
stringent bounds to date on M We and ¢&.

IV. LIMITS ON NEUTRAL-CURRENT
INTERACTIONS
In this section we consider the vy production via
e*e ™ annihilation. This will be the only production pro-
cess of right-handed neutrinos in the case of exclusive
neutral-current interactions. The same process may also
play a role for charged-current interactions, if the bound
on the total luminosity, E; <4-5X 10%3 ergs, is evaded
and a residual significant energy is left after neutroniza-
tion.
The luminosity for the annihilation process is

Q(vg,vg)=Vn(e )n(e™)
X{olete ™ —vg¥g v, (E, +E )) (24)
(where v, is the relative velocity of e™ and e”).

Neglecting for the moment the electron chemical poten-
tial, one finds, using Eq. (3),

4
1 | Mw, 16 .
Q(VR,'VR)"‘I—z; MN GFV T F3F4 ’ (25)
where
— [X"dy
F = = 7
" fo e’+1
so that
My
Q(vg,vg)= 43X (10°0-10) ergs/sec (26)
N

depending on the inner core temperature 7.=30-70
MeV. A similar range of values is obtained for a nonzero
chemical potential (u, ~300 MeV for ¢ =0.5 sec) since in
this case the suppression of the positron density (e “#/T)
is almost completely compensated by the larger electron
density.
Requiring Q (vg, Vg ) <10 ergs/sec gives
My S,(7.5—40)MWL . (27)

Also in the case of pure neutral-current interactions trap-
ping of vg’s can take place, as discussed in Sec. II via
vgrN —>vgN. Defining, for the relevant cross section, Eq.
(5),

=1 |—= 28)
T | My
we get, from Eq. (13),
M} <(2.4-4.3)M,, (29)

in order to suppress trapping. Notice that My, Eq. (3),
and My, Eq. (28), are in general different, since different
vertices are involved in emission and trapping. In turn
the different couplings are model dependent. The
identification of My and My leads to the excluded region
(4). Depending on the number of right-handed neutrinos
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and on their mass, the bound (29) may be in conflict with
the cosmological constraint on nucleosynthesis.'?

After submission of this paper, we came across the pa-
per by Raffelt and Seckel,!* which also discusses limits on
right-handed currents from supernova 1987A observa-
tions.

Although obtained employing somewhat different cri-
teria we agree on the upper value of the excluded region
for the charged-current interaction strength. On the con-
trary we disagree on the analogous bound for the neutral
currents. This is due to the fact that (i) we consider, as
source of right-handed neutrinos, the process
ete ™ —Vgvg, whereas Raffelt and Seckel (RS) consider

the “neutrino bremsstrahlung” processes nn-—nnvv,
: J

4
Vn?
27r: m,{p)g%G}

T5

W

My

Q(nn —nnwv)=

ms

where g , =1.25, {p ) ~400 MeV is the average nucleon
momentum, and m,, m,_ are the nucleon and pion
masses. At T=70 MeV, this luminosity is about 20 times
smaller than the luminosity extrapolated from the degen-
erate case,!’ probably due to the overestimation of the
nucleon density. However, Q (nn —nnvv) appears to be
larger than Q(vg,vg), Eq. (26), from e Te ™ annihilation.
Using this result together with the analogous calculation
for Q (np —npvv) and taking into account the uncertain-
ty in the temperature of the supernova core, the upper
value for the excluded range of the neutral-current in-
teraction strength, Eq. (27), can be improved to

My (30-85)My,

This lower bound is stronger than the one obtained from

— =~2X10%

np —npvv, and (ii) we take into account the uncertainty
in the temperature of the supernova core, T=30-70
MeV, whereas RS considered a fixed value of the same
temperature, T=75 MeV.

Using the matrix element of Friman and Maxwell,'* we
have reevaluated the rate for the bremsstrahlung process-
es in the nondegenerate limit appropriate to the case of
the hot supernova cofe in its initial stage. (Because of the
approximations made by Friman and Maxwell, their cal-
culation, appropriate to the strongly degenerate situation
of a cold neutron star, cannot be extrapolated to the su-
pernova situation.!> As we understand, this extrapola-
tion has been made in Ref. 15.) For the thermally aver-
aged luminosity, we find

5
T

70 MeV

Wy

My

ergs/sec , (30)

[

considerations of ete ™ annihilation, but weaker than
what is claimed in Ref. 13.

The lower values of the excluded regions, both for the
charged- and for the neutral-current interaction
strengths, that we discuss quantitatively, remain un-
changed. ’

In conclusion, we have excluded a significant range of
values for mass of right-handed Wy bosons and W, -Wy
mixing parameter for a light v using the observations of
SN 1987A. We also obtain bounds on the masses of extra
Z bosons of left-right and superstring models from the
same considerations.
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