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Nucleon Spin Fluctuations and the Supernova Emission of Neutrinos and Axions
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In the hot and dense medium of a supernova (SN) core, the nucleon spins fluctuate so fast that the
axial-vector neutrino opacity and the axion emissivity are expected to be significantly modified. Axions
with m, < 1072eV are not excluded by SN 1987A. A substantial transfer of energy in neutrino-
nucleon(vN) collisions is enabled which may alter the spectra of SN neutrinos relative to calculations
where energy-conservingN collisions had been assumed near the neutrinosphere.

PACS numbers: 97.60.Bw, 13.15.+g, 14,80.Mz, 95.30.Cq

Nucleons interact with each other by a spin-dependenwhereo (z, k) is the spatial Fourier transform at tinneof
force which causes their spins to flip in a typical nucleon-the nucleon spin-density operater(x) = % )T (x).
nucleon(NN) collision. In the hot nuclear medium of a Here/(x) is the nucleon field (a Pauli two-spinor) amd
supernova (SN) core, whege=10'*-10'5 g cm™3 and s a vector of Pauli matrices. The expectation value)

T = 10-60 MeV, the spin-fluctuation ratd’, is esti- is taken over a thermal ensemble so that detailed balance
mated to be at least of ordér. Fluctuating spinsactasa $,(w,k)=S,(—w, —k) e®/7 is satisfied.

source for radiation such as neutrino pairs or axions which The axial-current transition rate for a neutrino of
couple to the nucleon spin. Also, particles which scattefour momentum(e;,k;) to (e2,k,) is then found to

on nucleons by a spin-dependent force such as neutrings %CﬁG%ng(.% — cosf) S,(w,k) with 6 the scattering

or other nucleons can gain or lose energy if the target spiangle, (w, k) = (¢; — &, k; — k»), and Gy the Fermi
fluctuates. Further, fast spin fluctuations cause an avegpnstant [4]. The axial neutral-current coupli@g to free
aging of the local spin density which reduces the effec’s and n’s should differ somewhat from the charged-
tive vN or NN scattering cross section. To lowest ordercurrent value 1.26 because of the polarization of strange
the physical essence of these processes is described by #garks in nucleons. Further, a suppressiorm®0% of
Feynman graphs of Fig. 1. [Fig. 1(b) does not provide &l axial couplings is likely in a bulk nuclear medium [4].
complete lowest-order description of “inelastiev scat- We further neglect the momentum transfer from neutri-
tering” because one needs to include wave function anglos to nonrelativistic nucleons (long-wavelength approx-
vertex renormalization terms [1]. However, our use of dimation) so that onlyS, (w) = limy_o S, (w, k) is used

sum rule obviates the need to include these terms explicitlps]. After an angular integration the axial-current scatter-
[2]] In a series of papers [3—5] we have called attentioning cross section is
to some of these phenomena and their consequences for dos _ 3C2G2 €28, (e

)

the SN emission of neutrinos and axions. In the present (2)
Letter we provide a consistent account of this research and de mw 2
summarize its implications. v
The spip—density structure functierrWe focus_on %V v, vy
an isotropic, nonrelativistic, nondegenerate medium of \\/
baryon densityn, temperaturel’, and a single species Ny : Ny Ny : Ny
of nucleons. The axial-vector neutrino interaction with u T
this medium is governed by the dynamical spin-density Nz : Ny, N : N,
structure function (e.g., Refs. [4,6]) (a) (b)
4 +o0 . FIG. 1. (a) Bremsstrahlung emission of neutrino pairsviv
Sy(w,kK) = — dt e’ {o(1,Kk) - o(0, —K)), collisions. Instead of a neutrino pair, an axion can be emitted.
3ng J-o (b) Inelastic vN scattering in the presence of a bystander

(1)  nucleon.
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This result is based on the interaction Hamiltonian For w < I', the behavior ofS, (w) is dominated by
(CAGF/Z\/E)&NyMySnggZVW(I —vs),. Axions a  multiple-scattering effects. A proper calculation in this
couple to nucleons byCy/2f,) ¥nyuys¥n d*a, where  regime does not exist, but two of us (G. R. and D. S.) have
Cy is a model-dependent factor ayig the Peccei-Quinn previously argued that a plausible representation is [3,4]
scale [7]. The axionic energy-loss rate per nucleon is [4] r

s(w/T) b(w/T), 5)

2 o Sg(a)) T
Qo _ _Ci f do 0* Sy (—w). 3) w? + 12/4
ng  (4m)>2f2 Jo with T = T',. Taking s(x) = 1, the sum rule is satis-
Within our approximationsQ, and o4, depend on the fied if one choose$ = I', for ', < T, andl’ = I', /2
same functionS,(w). For a mixture ofn and p the for I'; > T. Assuming this form forS,(w) allows us
nuclear response is characterized by a linear combinatiol@ compute the variation of the thermally averaged axial-
of a small number of functions to allow for the isospin current scattering cross sectiom,), and ofQ,/ng, with
dependence of different processes. I'y (Fig. 2). In adilute mediuntl’, < T), (o4) is inde-

In a noninteracting medium the nucleon spins dopendent of density. The axion emission rate per nucleon
not evolve, and so in Eq. (1¢-(r) = o(0). Then the Q./n is proportional tazp and thus td’,. Such condi-
time integration yieldsS,,(w) = 27 8(w). Indeed, if one tions may be relevant near the “neutrinosphere,” where
ignores recoil effects, the neutrino cannot gain or loseiz = 0.1. However, for the conditions in a SN core
energy in avN collision. Also, Q, = 0 in agreement EQ. (4) yieldsI', ope/T = 20-50 [5]. While we will ar-
with the fact that free nucleons do not emit radiation. gue that this perturbative result likely is an overestimate

Nucleon-nucleon collisions with a spin-dependent forceof the truel',, it still indicates that multiple-scattering
cause a nontrivial evolutioor(z). Still, in [7 dw S,(w)  €ffects may be expected to suppress bdthy) and
the e’ factor gives u2w 5(¢). Therefore, one finds that Qa/np.
the “sum” sz dw Sy(w) = (4/3ng) 2m(a(0) - ¢ (0)) is “Calibration” of I', at high density—In the ansatz
independent of the time evolution of(r). Therefore, un- EQ. (5) forS, it was implicitly assumed thdf,, increases
less theNN interaction establishes spin-spin correlationslinearly with density, as fof'; ope. Itis unlikely that this
which are absent in a noninteracting medium, one find$s correct—a similar “averaging effect” which reduces
the sum rulef "2 dw Sy (w) = 27. the vN cross section also affectSN collisions. For

In Ref. [8] the static spin-density structure function ['c.ope = T, one should consider the trué, to be a
S, (k) = ffw S, (w,k)dw/2m, and notably its long- slowly increasing, but unknown, function of the density.

wavelength limitk — 0, has been used to study corre- 1h€ neutrino signal of SN 1987A offers a unique
lation effects for SN neutrino opacities. We believe thatP0SSibility to test for the actual behavior df,. The
it is crucial to keep the dynamical structure because th@€utrino signal of a SN depends sensitively on the
» dependence is not essentiablyw). Still, the results Neutrino opacity at high density, which is dominated
of [8] indicate a significant reduction &f, (k) due toNN ~ PY 4. Since oy drops precipitously ifl';, =T, we,

interactions so that the partial pairing of spins may reducd Principle, have an experimental probe bf,(p,T).
[+°°de () below its free valuer. To this end, three of us (W.K., H.-T.J., and G.R.)

Ansatz for S,(w).—Motivated by a classical have performed detailed numerical calculations of the
(o).
bremsstrahlung calculation, we assume a functional

form S, (w) = F(,wﬂs(a)/T)b(a)/T), whereTl’, is the 10 g7 TTRE T LPTTT T

spin-fluctuation rates(x) a dimensionless even function = .7 =

normalized such that(0) = 1, andb(x) = 1 for x > 0 N x,’ ]

and ¢* for x < 0 to satisfy detailed balance. If one " (0,)/T? § B

models theVN interaction by a one-pion exchange (OPE) 1| N TSI \\ S -

potential, one finds for a single species of nucleons [4,9] = =

1/2 L ]

TyopE = 4V a2 nBY;/z = (8.6 MeV) py3 T11({2, B J

N (4) 1 = Excluded b\ 3

= Calibration -

where a, = (f2my/m,)*/4m =~ 15 with f = 1.0 is Coonnl 1 an ﬁ Cornl N
the pion fine structure constant;s = p/10'3 g cm 3, 1 10 100

Tio =T/10 MeV, and the vacuum valuemy = r,/T

940 MeV has been used. In the following we shall _ )
use the classical result(x) = 1. The detailed large- FIG. 2. Schematic dependence of the average axial-vedior
: ttering cross sectidiar,) and of the axion emission rate per

behavior depends on the assumed short-range behavior?ﬁcﬁeonQ /np on T,.. The broken lines correspond to the
the NN interaction pOtential, but the OPE pOtential is too naive results which are characterized By: 0in Eq (5) for

singular at short distances to yield a useful answer. Q./np and byS,(w) = 27 5(w) for (o4).
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cooling of newborn neutron stars with modified axial- Energy transfer invN collisions—In previous SN
vector neutrino opacities [5]. The result of this studystudies of neutrino transpory N collisions have been
is that reduced neutrino opacities shorten the neutrintaken to be energy conserving [13,14] becad$e) o
pulse dramatically and increase the number of event§(w) for scattering ofv’s from single, “heavy” nucleons.
and the event energies in the Kamiokande Il and IMBThe v, (and7,, v,, and ;) spectra are formed at the
detectors. The best fit to the data is achieved if oneadius whereve scattering andv, 7, < ¢~ ¢* become
ignores opacity suppression effects entirely. An overalinefficient for transferring energy between the neutrinos
reduction by more than 50% seems to be excluded. Thiand the medium. However, the,’s must diffuse through
is still compatible with the expected reduction@f in a  a considerable overburden of nuclear material before they
bulk nuclear medium which entails an opacity suppressiomrscape. In general, this material will have a temperature
by (30-40)% [4], but would be incompatible with any that is lower than the temperaturg that characterizes the
significant reduction due to either “pairing” of nucleon v, spectrum. Thus the average, energies are usually
spins by theNN interaction or broadening of,(w). found to be a factor of.3—1.8 larger than those of,’s,
Similar conclusions follow from Ref. [10], where the which react vig8 processes and decouple at lower density
opacity was indirectly lowered by increasing the numberand temperature.
of neutrino species. A broad S, (w) such as in Eq. (5) would allow for en-
Of course, the SN 1987A observations encompasergy transfer between the neutrinos and the medium. Fur-
very few events. Probably the most reliable measure ofher, even forvN processes thé function is only an
the opacities in the deep interior is the neutrino pulseapproximation that neglects recoil corrections. Their in-
duration, as the number of events and their energieslusion would modify the expected,, 7,, v,, and 7,
are largely determined by the spectral features of thepectra. In turn, energy conservation and a reduced en-
neutrino flux and thus by the conditions near the neutrorergy flux in these flavors would imply increased and
star surface. It is worrying that a long signal, and thusy, energy and number fluxes. This is important in plan-
large opacities, are mostly supported by the three lataing for detection of SN neutrinos at Superkamiokande
Kamiokande events which are separated from the firsbr SNO, for understanding the explosion mechanism
eight by a7 s break. If the late events had some otherof type Il supernovae [15,16], and for the conjecture
cause besides the Kelvin-Helmholtz cooling such as latethat r-process nucleosynthesis occurs in the high-entropy
time accretion, possibly triggered by a reverse shock [11]medium that surrounds the protoneutron star [17].
then reduced opacities might become more tolerable. For neutrinos with a blackbody spectrum the average
Barring this possibility, we infer thal’, cannot grow recoil energy transfer imN collisions with nondegenerate
linearly with density but reaches a value of, at most, a fewnucleons is(Ae),y = 30T, (T — T,)/my [14,18], and
timesT in a SN core. Values fof,, to the right of the the average energy exchangks),y in inelastic vNN
hatched band in Fig. 2 seem to be excluded. If correct, thiscatterings is
resultimplies that the OPE value fby, is an overestimate.
Axion bounds—Previous axion“ bc_)unds _frqm SN ) I de gle=e1/Tr I derei(er — 81)So (81 — &)
1987A had been based on the “naive emission rate = T e T. [* 3 —
(dashed line in Fig. 2), and had employed a perturbative Jo deisie=/T [ dererSq(e1 — e2)
estimate ofl',. During the first few seconds after col-
lapsel’, ops/T = 20-50 throughout the SN core. This
would take one somewhat to the right of the maximum ofWith Eq. (5), the sum rule fof,(w), ands(x) = 1 we
the solid line in Fig. 2. If our calibration df, is correct, find numerically (Ae),ny = ¢ %F(, (T — T, (T, T)""/2,
one is somewhat to the left of the maximum. Either waywhere¢ ™! = 1 + log,,(1 + T',,/T) within 15% for1 <
Q. is near its theoretical maximum so that the “naive”T,/T < 2 and0.1 < I',/T < 10. For conditions near
Q. is suppressed by about a factor of 10. Becagse the neutrinosphere, both theVv and v NN processes can
is proportional to the square of the axion mass, previougherefore transfer several MeV of energy to the medium.
limits on m, are relaxed by about a factor of 3. Even though the energy exchange per interaction may be
The often-quoted limitn, < 1073 eV was based on small, a typical neutrino experiencé8-100 interactions
Cy =105 for N=p and n [12]. In popular axion during the diffusion process through the protoneutron star
models these couplings are much smaller, for examsurface layers. The net effect may lead to substantially
ple, C, = 0 in the so-called Kim-Shifman-Vainshtein- lower average energies of thg,’s and7,’s. Thus, both
Zakharov (KSVZ) model. Therefore, in a detailed review v N recoil and the inelastie NN modes of energy transfer
[7] it was shown that translating the SN 1987A boundare potentially important near the neutrinosphere where
on the aN coupling into a bound onn, really yields the spectra are formed.
m, =3 X 1073 eV in the KSVZ and other typical mod-  The same conclusion is reached by comparing the recoil
els. Together with the above suppression effect we corenergy transfer rates between neutrinos and a medium
clude thatn, < 1072 eV is not excluded. of nucleons, and between neutrinos and a medium of

(6)
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