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Abstract. Core collapse supernovae are gigantic explosions of massive stars that radiate 99% of their energy
in neutrinos. This provides a unique opportunity for large scale parity or charge conjugation violation.
Parity violation in a strong magnetic field could lead to an asymmetry in the neutrino radiation and recoil
of the newly formed neutron star. Charge conjugation violation in the neutrino-nucleon interaction reduces
the ratio of neutrons to protons in the neutrino driven wind above the neutron star. This is a problem for
r-process nucleosynthesis in this wind. On earth, parity violation is an excellent probe of neutrons because
the weak charge of a neutron is much larger than that of a proton. The Parity Radius Experiment (PREX)
at Jefferson Laboratory aims to precisely measure the neutron radius of 208Pb with parity violating elastic
electron scattering. This has many implications for astrophysics, including the structure of neutron stars,
and for atomic parity nonconservation experiments.

PACS. 25.30.Bf Elastic electron scattering – 11.30.Er Charge conjugation, parity, time reversal, and other
discrete symmetries – 26.60+c Nuclear matter aspects of neutron stars – 97.60.Bw Supernovae

1 Introduction

Can there be large scale parity violation in astrophysics?
For example, the 1960s science fiction movie Journey to
the Far Side of the Sun visits a parity double of earth. In
the real world, core collapse supernovae provide a unique
opportunity for macroscopic parity violation. These gigan-
tic explosions of massive stars are dominated by neutrinos
that transport 99% of the energy. This is because no other
known particle can diffuse through the very dense matter
of the collapsed star. In Sect. 2 we discuss how the weak
interactions of these neutrinos may lead to large scale par-
ity or charge conjugation violation.

On earth, parity violation can be used to probe neu-
trons because the weak charge of a neutron is much larger
than that of a proton. In Sect. 3 we describe the Parity
Radius Experiment (PREX) at Jefferson Laboratory that
aims to use parity violating electron scattering to mea-
sure the neutron radius in 208Pb. This measurement has
many implications for astrophysics including properties of
neutron stars, nuclear structure, and atomic parity non-
conservation.

2 Parity violation in supernovae

In this section we explore large scale parity or charge con-
jugation violation in core collapse supernovae. When the
center of a massive star has burned to 56Fe, thermonu-
clear reactions cease and the core of the star collapses,
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in a fraction of a second, all the way to nuclear densi-
ties. This forms a proto-neutron star with half the mass
of the sun and a radius of order 10 kilometers. The proto-
neutron star is initially hot and lepton rich. Over a period
of seconds, its very large gravitational binding energy of
over 100 MeV/nucleon is radiated away in neutrinos. Note,
that any electromagnetic or strongly interacting particles
diffuse very slowly at these high densities. This immense
neutrino burst involves 1058 neutrinos and carries about
3 × 1053 ergs. In an historic first, about 20 neutrinos were
detected from SN1987A.

The proto-neutron star is so dense that even weakly
interacting neutrinos diffuse. They interact thousands of
times before leaving the star. Could there be a signature
of all of these weak interactions? One possibility is par-
ity violation in a strong magnetic field. This may lead to
an asymmetry in the number of neutrinos emitted along
the field compared to those emitted against the field, see
Fig. 1. The neutrinos carry away so much momentum that
a few % asymmetry in the neutrino radiation can lead to
a recoil of the neutron star at hundreds of kilometers per
second [1]. Indeed, many neutron stars are observed to
have large galactic velocities that presumably came from
kicks at birth of 500 km/s or larger. Unfortunately, ex-
plicit calculations of the neutrino asymmetry from parity
violation have proved complicated and uncertain. A very
strong magnetic field, of order 1015 gauss or more, may be
required to produce the few percent asymmetry that can
explain the observed velocities of neutron stars.

Charge conjugation (C) violation is closely related to
parity (P) violation. In the standard model, the product
CP is approximately conserved so the large P violation
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Fig. 1. Parity violation in a strong magnetic field could lead
to an up/ down asymmetry in the neutrino flux

implies large C violation. As a result of C violation, neu-
trino nucleon cross sections are systematically larger than
antineutrino-nucleon cross sections. This changes the com-
position of the neutrino driven wind during a supernova
and may be important for nucleosynthesis. The intense
neutrino flux blows some baryons off of the neutron star
and into a high entropy wind. As this wind cools, the nu-
cleons can condense to form heavy nuclei. This wind is the
most promising site for r-process nucleosynthesis. In the
r-process, seed nuclei rapidly capture several neutrons to
form about half of the elements heavier than Fe.

The ratio of neutrons to protons in the wind is set by
the rates of neutrino and antineutrino capture.

νe + n → p + e− (1)

ν̄e + p → n + e+ (2)

Because of C violation, the cross section for 2 is signifi-
cantly smaller than the cross section for 1. This decreases
the ratio of neutrons to protons in the wind by 20%.
As a result, the wind is unlikely to be significantly neu-
tron rich [2] and present simulations do not have enough
neutrons to synthesize all of the r-process elements. Fur-
thermore, it appears very difficult to change conditions
to make the wind significantly neutron rich. This is an
important problem for r-process nucleonsynthesis in the
neutrino driven wind. Possible alternative sites, although
these also have problems, include neutron star mergers
and accretion disks around black holes. The site of the
r-process remains an important open problem in nuclear
astrophysics.

3 The parity radius experiment (PREX)

Parity violation is a uniquely clean probe of neutron densi-
ties. This is because the weak charge of a neutron is much

larger than that of a proton. Determining neutron den-
sities of heavy nuclei has important implications for the
neutron rich matter that is present in many astrophysi-
cal objects. In this section we describe the Parity Radius
Experiment (PREX) at Jefferson Laboratory to measure
parity violation in elastic electron scattering from 208Pb,
and mention some of its implications.

The parity violating asymmetry A for elastic electron
scattering provides a purely electroweak probe of neutron
densities. In Born approximation, A is

A =
GF Q2

4π21/2α
FW (Q2)/Fch(Q2), (3)

and involves the ratio of the weak form factor FW (Q2) to
the charge form factor Fch(Q2). The charge form factor
is just the Fourier transform of the charge density at the
momentum transfer Q of the experiment and is known
from electron scattering. Likewise the weak form factor
is the Fourier transform of the weak charge density. This
directly gives the neutron density since most of the weak
charge is carried by neutrons. At low momentum transfers
A is very sensitive to the difference in neutron and proton
root mean square radii.

A heavy nucleus such as 208Pb is expected to have a
neutron rich skin because of the neutron excess and be-
cause of the Coulomb barrier that prevents protons from
being at large distances. The thickness of this skin has
many implications for the properties of neutron rich mat-
ter as we discuss below. However the skin thickness has
never been cleanly measured because all hadronic probes
of neutron densities have significant uncertainties from the
strong interaction. Parity violation provides a very clean
way to measure the neutron skin thickness.

The Parity Radius Experiment (PREX) is proposed at
Jefferson Laboratory to measure A for elastic scattering
of 850 MeV electrons off 208Pb at a scattering angle of six
degrees [3]. The goal is to determine A to ±3%. This allows
one to determine the neutron rms radius to 1% (±0.05
fm) [4]. Because it is a purely electro-weak reaction, the
theoretical interpretation of the results is very clean.

3.1 Coulomb distortions
and transverse analyzing power

A heavy nucleus has a large charge Z that will signifi-
cantly distort the electron waves. This invalidates the sim-
ple Born approximation formula in 3. However, Coulomb
distortions can be included exactly by numerically solving
the Dirac equation for an electron moving in the Coulomb
potential plus the very small (axial-vector) weak poten-
tial [5]. This involves summing over a very large num-
ber of partial waves, because of the long range of the
Coulomb potential. However, there are standard tech-
niques for improving the convergence of this sum. We find
that Coulomb distortions reduce A by about 30% [5]. Since
the experimental goal is a 3% measurement it is very im-
portant that distortions are accurately included.

One way to check the distortions is to look at the par-
ity allowed transverse analyzing power Ay. If the initial
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Fig. 2. Analyzing power Ay for elastic scattering of 850 MeV
electrons from 208Pb versus laboratory scattering angle

electron spin is transverse to the scattering plane, the an-
alyzing power Ay gives the asymmetry for scattering to
the left compared to scattering to the right. Time reversal
invariance requires Ay to vanish in Born approximation.
However, Ay is nonzero when Coulomb distortions are in-
cluded. Therefore, Ay provides a direct test of the same
Coulomb distortions. Furthermore, a nonzero Ay could be
an important source of systematic errors. This is because
the beam may have a small residual transverse polariza-
tion, and this coupled with Ay could lead to a false asym-
metry that changes sign with the beam helicity. There
is considerable interest in Ay for electron-proton scatter-
ing [6].

In Fig. 2 we show the transverse asymmetry Ay for the
scattering of 850 MeV electrons off 208Pb. This is based
on an exact numerical solution of the Dirac equation that
sums up any number of photon exchanges. The nucleus
is assumed to remain in its ground state at all times. In-
termediate states involving excited states of Pb are not
included. However, the elastic scattering is coherent and
leads to a cross section proportional to Z2. Each inter-
mediate state, involving the excitation of a given proton,
is not coherent and contributes a cross section of order
unity. Even when one sums over the Z protons this only
gives a total contribution of order Z and this is small com-
pared to the Z2 coherent contribution. Therefore our elas-
tic approximation should be good for a heavy nucleus like
208Pb. We find that Ay is relatively large, comparable in
magnitude to A and has significant structure in diffraction
minima. It would be useful to measure Ay using a modest
amount of running with transversely polarized beam. This
can be done during PREX. Note, that Ay grows with Z
because it is sensitive to Coulomb distortions. Therefore
Ay is smaller for lighter nuclei. We will present more Ay

results in a future publication [7].

3.2 Atomic parity nonconservation and PREX

Atomic parity nonconservation experiments provide im-
portant low energy tests of the standard model. Parity

violation involves the overlap of atomic electrons with the
weak charge density of the nucleus and this is primar-
ily carried by the neutrons. Therefore, precision atomic
experiments are sensitive to the neutron radius. In the fu-
ture, the most accurate low energy parity test of the stan-
dard model may involve the combination of an atomic ex-
periment and PREX to constrain the neutron density [4].
Note, that the Colorado Cs experiment is presently lim-
ited by atomic theory uncertainties in the electron density
at the nucleus [8]. One way to reduce these electron wave
function uncertainties is to measure the ratio of parity vio-
lation in two different isotopes. Such a ratio measurement
can be very sensitive to the neutron radii of the isotopes.
These radii can be constrained by PREX or future parity
violating electron scattering experiments.

3.3 The equation of state of neutron rich matter,
PREX, and neutron stars

Measuring the neutron radius in Pb constrains the Equa-
tion of State (EOS), pressure versus density, of neutron
rich matter. The pressure forces neutrons in the skin of a
heavy nucleus out against the surface tension. Therefore,
the higher the pressure, the larger will be the neutron ra-
dius. Thus a measurement of the neutron radius in 208Pb
determines the pressure of neutron matter at just below
normal nuclear density [9].

A neutron star is a gigantic nucleus, see for exam-
ple [10] for an introduction. Its structure depends only
on the equations of General Relativity and the EOS of
neutron rich matter. The central density of a neutron star
can be a few or more times the nuclear density. There-
fore, measuring the radius of a neutron star, which is ex-
pected to be of order 10 km, will determine the EOS at
high densities [11]. Astronomers are working hard to mea-
sure neutron star radii. One approach is to determine both
the X-ray luminosity and surface temperature. Thermody-
namics allows one to determine the surface area assuming
black body radiation plus model corrections for non-black
body effects in the atmosphere [12].

It is very interesting to compare the low density in-
formation on the EOS from the Pb radius with the high
density information from a neutron star radius. There are
many possible exotic phases of QCD at high densities.
These include quark matter, strange matter, pion or kaon
condensates, and color superconductivity. An exotic phase
could show up as an abrupt softening of the EOS with in-
creasing density. Note, if an exotic phase has a stiff EOS
(high pressure) then it will not be thermodynamically fa-
vored.

The following scenario would provide an exciting in-
dication of an exotic high density phase. PREX could
measure a large Pb radius. This would show that the
EOS is stiff at low density. If the radius of a neutron star
then turns out to be small, this shows that the high den-
sity EOS is relatively soft. Although these measurements
would not, by themselves, determine the nature of the high
density phase, they would strongly suggest interesting be-
havior. It has proved very difficult to find other signatures
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of an exotic phase in the center of neutron stars. Finally,
we note that PREX has many other implications for the
solid crust of neutron stars [13] and for how neutron stars
cool [14].

3.4 Neutron rich nuclei and PREX

PREX also has important implications for the structure
of neutron rich nuclei that can be studied in radioactive
beams. The Rare Isotope Accelerator (RIA) would pro-
duce such nuclei, and their properties are interesting for
several reasons. For example as discussed in Sect. 2, r-
process nucleosynthesis involves the capture of many neu-
trons to produce very neutron rich nuclei.

The radius of Pb determines the density dependence
of the symmetry energy S(ρ). The symmetry energy de-
scribes how the energy of nuclear matter rises as one moves
away from equal numbers of neutrons and protons. It
is very important for the structure of neutron rich nu-
clei. The energy of pure neutron matter at density ρ,
Eneutron(ρ), is approximately,

Eneutron(ρ) ≈ Enuclear(ρ) + S(ρ), (4)

where Enuclear is the energy of symmetric nuclear matter
(N = Z) and is largely known. Determining the pressure
of neutron matter by measuring the neutron radius gives
dEneutron/dρ and this gives dS/dρ. Thus PREX will de-
termine the density dependence of the symmetry energy
which is poorly constrained at present.

4 Conclusions: Parity violation
and astrophysics

Core collapse supernovae are dominated by neutrinos.
This provides a unique opportunity for large scale par-
ity or charge conjugation violation. Parity violation in a
strong magnetic field could lead to an asymmetry in the
neutrino radiation and recoil of the newly formed neutron
star. Charge conjugation violation in the neutrino driven
wind above a neutron star reduces the ratio of neutrons to

protons. This is a large problem for r-process nucleosyn-
thesis in the wind.

On earth, parity violation probes neutrons because the
weak charge of a neutron is much larger than that of a pro-
ton. The Parity Radius Experiment (PREX) at Jefferson
Laboratory aims to measure the neutron radius of 208Pb
to 1% by using parity violating elastic electron scattering.
Because it is an electroweak reaction, the theoretical inter-
pretation of this measurement is very clean. The neutron
radius of Pb has many implications for atomic parity non-
conservation experiments, neutron stars, and the structure
of neutron rich nuclei.
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