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A Star is Born
The Universe was created about 13.7 billion years ago (Big Bang!)

H, He, and traces of light elements formed 3 minutes after the Big Bang (BBN)

Stars and galaxies form from H and He clouds about 1 billion years after BB

In stellar nurseries molecular clouds convert gravitational energy into thermal energy

At about 10 million K protons overcome their Coulomb repulsion and fuse (pp chain)

p + p → d + e+ + νe
p + d → 3He + γ
3He + 3He→ 4He + p + p

ALL (gravity, strong, electroweak) interactions critical to achieve stardom

Thermonuclear fusion halts the gravitational collapse

Stellar evolution continues through several thermonuclear stages
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Stellar Nucleosynthesis

Stars are incredibly efficient thermonuclear furnaces
After H-burning terminates the stellar core contracts
Gravitational energy is transformed into thermal energy
The heavier He-ashes (with a larger Z ) can now fuse

Thermonuclear fusion continues until the formation of an Iron core
Thermonuclear fusion terminates abruptly: Supernova!
Every C in our cells, O in the air, and Fe in our blood was made in stars

We all truly are “star stuff”...Carl Sagan
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Death of a Star — Birth of a Pulsar: Core-Collapse Supernova

Massive stars create all chemical elements: from 6Li to 56Fe

Once 56Fe is produced the stellar core collapses

Core overshoots and rebounds: Core-Collapse Supernova!

99% of the gravitational energy radiated in neutrinos

An incredibly dense object is left behind: A neutron star or a black hole

Neutron stars are solar mass objects with 10 km radii
Core collapse mechanism and r-process site remain uncertain!
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S. Chandrasekhar and X-Ray Chandra
White dwarfs resist gravitational collapse through electron degeneracy pressure rather
than thermal pressure (Dirac and R.H. Fowler 1926)

During his travel to graduate school at Cambridge under Fowler, Chandra works out the
physics of the relativistic degenerate electron gas in white dwarf stars (at the age of 19!)

For masses in excess of M =1.4 M� electrons becomes relativistic and the degeneracy
pressure is insufficient to balance the star’s gravitational attraction (P∼n5/3 →n4/3)

“For a star of small mass the white-dwarf stage is an initial step towards complete
extinction. A star of large mass cannot pass into the white-dwarf stage and one is left
speculating on other possibilities” (S. Chandrasekhar 1931)

Arthur Eddington (1919 bending of light) publicly ridiculed Chandra’s on his discovery

Awarded the Nobel Prize in Physics (in 1983 with W.A. Fowler)

In 1999, NASA lunches “Chandra” the premier USA X-ray observatory
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Some Historical Facts

Chandrasekhar shows that massive stars will collapse (1931)
Chadwick discovers the neutron (1932)
... predicted earlier by Ettore Majorana but never published!
Baade and Zwicky introduce the concept of neutron stars (1933)
Oppenheimer-Volkoff compute masses of neutron stars using GR (1939)
Predict M?'0.7 M� as maximum NS mass or minimum black hole mass
Jocelyn Bell discovers pulsars (1967)
Gold and Pacini propose basic lighthouse model (1968)
Pulsars are rapidly rotating Neutron Stars!
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Jocelyn Bell
Worked with Anthony Hewish on constructing a radio telescope to study quasars

In 1967 as a graduate student (at the age of 24!) detected a bit of “scruff”

Jocelyn Bell discovers amazing regularity in the radio signals (P=1.33730119 s)

Speculated that the signal might be from another civilization (LGM-1)
Paper announcing the first pulsar published in Nature (February 1968)
A Hewish, S J Bell, J D H Pilkington, P F Scott, R A Collins

Antony Hewish and Martin Ryle awarded the Nobel Prize in Physics in 1974

The “No-Bell” roundly condemned by many astronomers (Fred Hoyle)

“I believe it would demean Nobel Prizes if they were awarded to research students, except
in very exceptional cases, and I do not believe this is one of them”
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Neutron Star Crust: Preface by Jocelyn Bell

Preface 1

Preface

Jocelyn Bell Burnell ∗

University of Oxford, Denys Wilkinson Building
Keble Road, Oxford OX1 3RH, UK

I judge myself fortunate to be working in an exciting and fast moving area
of science and at a time when the public has become fascinated by questions re-
garding the birth and evolution of stars, the nature of dark matter and dark en-
ergy, the formation of black holes and the origin and evolution of the universe.

The physics of neutron stars is one of these fas-
cinating subjects. Neutron stars are formed in su-
pernova explosions of massive stars or by accretion-
induced collapse of smaller white dwarf stars. Their
existence was confirmed through the discovery of ra-
dio pulsars during my thesis work in 1967. Since
then this field has evolved enormously. Today we
know of accretion-powered pulsars which are pre-
dominantly bright X-ray sources, rotation-powered
pulsars observed throughout the electromagnetic
spectrum, radio-quiet neutron stars, and highly mag-
netized neutron stars or magnetars. No wonder there
has been an explosion in the research activity related
to neutron stars!

It is now hard to collect in a single book what we
already know about neutron stars along with some of
the exciting new developments. In this volume ex-
perts have been asked to articulate what they believe
are the critical, open questions in the field. In order for the book to be useful to a more
general audience, the presentations also aim to be as pedagogical as possible.

This book is a collection of articles on the neutron stars themselves, written by well-
known physicists. It is written with young researchers as the target audience, to help this
new generation move the field forward. The invited authors summarize the current status of

∗j.bellburnell@physics.ox.ac.uk

2 Jocelyn Bell Burnell

the field, both observational and theoretical, and identify some of the critical problems on
which major progress may be expected in the next decade.

Dr. Carlos Bertulani’s and Dr. Jorge Piekarewicz’s goal has been to put together a
comprehensive review of some of the main theoretical ideas related to the structure and
dynamics of neutron stars, with special emphasis on the nuclear physics. I have found
the idea very timely and have gladly accepted their invitation to write the preface to this
collection of review articles.

I believe that this book will have a wide readership. Most articles are accessible to a
graduate student, or to a non-practitioner researcher, without much knowledge of the field.
Moreover, I expect that this book will become a useful resource for the many established
practitioners. I hope you agree with me, find the book enjoyable to read, and useful to have
on your shelves.

Jocelyn Bell Burnell
University of Oxford
January 2012

Table of Contents 5

Table of Contents

Preface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
Neutron star crust and molecular dynamics simulation
C. J. Horowitz, J. Hughto, A. Schneider, and D. K. Berry . . . . . . . . . . . . . . . . . . . . . . . . . . 6
Nuclear pasta in supernovae and neutron stars
G. Watanabe and T. Maruyama . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
Terrestrial and astrophysical superfluidity: cold atoms and neutron matter
A. Gezerlis and J. Carlson . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
Pairing correlations and thermodynamic properties of inner crust matter
J. Margueron and N. Sandulescu . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
The crust of spinning-down neutron stars
R. Negreiros, S. Schramm, and F. Weber . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
Influence of the nuclear symmetry energy on the structure and composition of the

outer crust
X. Roca-Maza, J. Piekarewicz, T. Garcı́a-Gálvez, and M. Centelles . . . . . . . . . . . . . . . 104
Equation of state for proto-neutron star
G. Shen . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129
From nuclei to nuclear pasta
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Biography of a Neutron Star: The Crab Pulsar

SN 1054 first observed as a new “star” in the sky on July 4, 1054
Event recorded in multiple Chinese and Japanese documents
Event also recorded by Anasazi residents of Chaco Canyon, NM
Crab nebula and pulsar became the SN remnants

Name: PSR B0531+21 Distance: 6,500 ly
POB: Taurus Temperature: 106 K
Mass: 1.4 M� Density: 1014g/cm3

Radius: 10 km Pressure: 1029 atm
Period: 33 ms Magnetic Field: 1012 G
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A Grand Challenge: How does subatomic matter organize itself?
“Nuclear Physics: Exploring the Heart of Matter” (2010 Committee on the Assessment and Outlook for Nuclear Physics)

Consider nucleons (A) and electrons (Z ) in a volume V at T ≡0
Enforce charge neutrality protons = electrons + muons
Enforce conservation laws: Charge and Baryon number
n→p+e−+ν̄ (beta decay) p+e−→n+ν (electron capture)

Impossible to answer such a question under normal laboratory
conditions — as such a system is in general unbound!
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Solution: Gravitationally Bound Neutron Stars

Neutron Stars are bound by gravity NOT by the strong force
Binding Energy/nucleon ∼ 100 MeV (neutron matter is unbound!)
Gravity is the catalyst for the formation of novel states of matter
Coulomb (“Wigner”) crystal of neutron-rich nuclei
Coulomb frustrated pasta structures
Strange quark matter, meson condensates, color superconductors
None of these exotic states can be produced in the laboratory!

Neutron stars are the natural meeting place of astrophysics, general
relativity, atomic, nuclear, particle, and condensed-matter physics.
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Neutron Stars as Nuclear Physics Gold Mines
Neutron Stars satisfy the Tolman-Oppenheimer-Volkoff equation
General-Relativistic extension of Newtonian gravity√

Rs/R? =vesc/c ∼ 1/2
Only Physics sensitive to is: Equation of State
EOS must span 10-11 orders of magnitude in baryon density

dM
dr

= 4πr2E(r)

dP
dr

= −G
E(r)M(r)

r2

[
1 +

P(r)

E(r)

]

[
1 +

4πr3P(r)

M(r)

] [
1− 2GM(r)

r

]−1

Need an E vs P relation!
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NP-101: Bethe-Weizsäcker Mass Formula (circa 1935-36)
Nucleus as two (proton/neutron) quantum drops
Nuclear forces saturate⇒ equilibrium density
Nuclei penalized for developing a surface
Nuclei penalized by the Coulomb repulsion
Nuclei penalized if N 6=Z
B(Z ,N) = −avA + asA2/3 + acZ 2/A1/3 + aa(N−Z )2/A + . . .

+ shell corrections (2,8,20,28,50,82,126, ...)

av'16.0, as'17.2, ac'0.7, aa'23.3 (in MeV)

Neutron stars are gravitationally bound (av<aa)

J. Piekarewicz (FSU) Neutron Stars FSU Colloquium 14 / 24



NP-101: Bethe-Weizsäcker Mass Formula (circa 1935-36)
Nucleus as two (proton/neutron) quantum drops
Nuclear forces saturate⇒ equilibrium density
Nuclei penalized for developing a surface
Nuclei penalized by the Coulomb repulsion
Nuclei penalized if N 6=Z
B(Z ,N) = −avA + asA2/3 + acZ 2/A1/3 + aa(N−Z )2/A + . . .

+ shell corrections (2,8,20,28,50,82,126, ...)

av'16.0, as'17.2, ac'0.7, aa'23.3 (in MeV)

Neutron stars are gravitationally bound (av<aa)

J. Piekarewicz (FSU) Neutron Stars FSU Colloquium 14 / 24



NP-101: Bethe-Weizsäcker Mass Formula (circa 1935-36)
Nucleus as two (proton/neutron) quantum drops
Nuclear forces saturate⇒ equilibrium density
Nuclei penalized for developing a surface
Nuclei penalized by the Coulomb repulsion
Nuclei penalized if N 6=Z
B(Z ,N) = −avA + asA2/3 + acZ 2/A1/3 + aa(N−Z )2/A + . . .

+ shell corrections (2,8,20,28,50,82,126, ...)

av'16.0, as'17.2, ac'0.7, aa'23.3 (in MeV)

Neutron stars are gravitationally bound (av<aa)

J. Piekarewicz (FSU) Neutron Stars FSU Colloquium 14 / 24



NP-101: Bethe-Weizsäcker Mass Formula (circa 1935-36)
Nucleus as two (proton/neutron) quantum drops
Nuclear forces saturate⇒ equilibrium density
Nuclei penalized for developing a surface
Nuclei penalized by the Coulomb repulsion
Nuclei penalized if N 6=Z
B(Z ,N) = −avA + asA2/3 + acZ 2/A1/3 + aa(N−Z )2/A + . . .

+ shell corrections (2,8,20,28,50,82,126, ...)

av'16.0, as'17.2, ac'0.7, aa'23.3 (in MeV)

Neutron stars are gravitationally bound (av<aa)

J. Piekarewicz (FSU) Neutron Stars FSU Colloquium 14 / 24



NP-101: Bethe-Weizsäcker Mass Formula (circa 1935-36)
Nucleus as two (proton/neutron) quantum drops
Nuclear forces saturate⇒ equilibrium density
Nuclei penalized for developing a surface
Nuclei penalized by the Coulomb repulsion
Nuclei penalized if N 6=Z
B(Z ,N) = −avA + asA2/3 + acZ 2/A1/3 + aa(N−Z )2/A + . . .

+ shell corrections (2,8,20,28,50,82,126, ...)

av'16.0, as'17.2, ac'0.7, aa'23.3 (in MeV)

Neutron stars are gravitationally bound (av<aa)

J. Piekarewicz (FSU) Neutron Stars FSU Colloquium 14 / 24



NP-101: Bethe-Weizsäcker Mass Formula (circa 1935-36)
Nucleus as two (proton/neutron) quantum drops
Nuclear forces saturate⇒ equilibrium density
Nuclei penalized for developing a surface
Nuclei penalized by the Coulomb repulsion
Nuclei penalized if N 6=Z
B(Z ,N) = −avA + asA2/3 + acZ 2/A1/3 + aa(N−Z )2/A + . . .

+ shell corrections (2,8,20,28,50,82,126, ...)

av'16.0, as'17.2, ac'0.7, aa'23.3 (in MeV)

Neutron stars are gravitationally bound (av<aa)

J. Piekarewicz (FSU) Neutron Stars FSU Colloquium 14 / 24



Neutron Radii and the Symmetry Energy

Neutron densities still uncertain after more than 80 years
Poor understanding of the symmetry energy/pure neutron matter
Penalty for breaking N =Z symmetry
Symmetry Energy ≈ PNM - SNM [B(Z ,N) = −aa(N−Z )2/A + . . .]
Slope (pressure) of pure neutron matter poorly constrained
Neutron skin strongly correlated to the pressure of pure neutron matter
Pressure of PNM pushes against surface tension⇒ neutron skin
Pressure of PNM pushes against gravity⇒ neutron-star radius
The larger the neutron skin, the larger the neutron-star radius!!
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FIG. 1: (Color online) Correlation of the quantal selfconsis-
tent S value in 208Pb with the slope of the symmetry energy
L (a), the ratio L/J (b), and with J −asym(A) (c), for various
nuclear models (DD and PC stand for density dependent and
point coupling models). From left to right, the correlation
factors are r = 0.961, 0.945 and 0.970.

clear forces by asymmetric semi-infinite nuclear matter
(ASINM) calculations [12, 21, 22]. The contribution of
asym(A) to the nucleus energy is asym(A) (I + xAIC)2A,
where I = (N − Z)/A and IC = e2Z/(20JR) is due to
Coulomb. One has R = r0A

1/3. A small correction to
asym(A) from surface compression [12] is neglected here.
Let us mention that (1) may be derived also from the
notion of surface symmetry energy [4, 19].

The neutron skin thickness of nuclei is obtained as

S =
√

3/5
[
t − e2Z/(70J)

]
+ Ssw (2)

in the DM [12, 23]. The quantity t gives the distance
between the neutron and proton mean surface locations:

t =
3r0

2

J/Q

1 + xA
(I − IC)

=
2r0

3J
[J − asym(A)] A1/3 (I − IC), (3)

where in the second line we have introduced the surface
symmetry term ass(A) = [J−asym(A)]A1/3 using Eq. (1).
The second term in Eq. (2) is due to Coulomb repulsion,
and Ssw =

√
3/5

[
5(b2

n − b2
p)/(2R)

]
is a correction caused

by an eventual difference in the surface widths bn and bp

of the neutron and proton density profiles.
We first illustrate the aforesaid correlation of S of

heavy nuclei with L in Fig. 1(a). It depicts the quantal
self-consistent value of S in 208Pb against L for multiple
Skyrme, Gogny, and covariant models of different nature
[2, 3, 4, 5, 6, 7, 18, 21, 24]. In Fig. 1(b) we show that
a similar correlation exists with the ratio L/J , which is
proportional to γ if a scaling (ρ/ρ0)

γ holds for csym(ρ).
And in Fig. 1(c) we show that the close dependence of S
on J − asym(A) predicted by the DM is borne out in the
quantal S value, using forces where we have computed
Q in ASINM. It reassures one that the DM expression

TABLE I: Value of J , asym(A) and density ρ that fulfils
csym(ρ) = asym(A) for A = 208, 116 and 40, in various nu-
clear models. J and asym are in MeV and ρ is in fm−3. Here
csym(ρ) was computed exactly as 1

2
∂2e(ρ, δ)/∂δ2|δ=0 from the

EOS of the models.

A = 208 A = 116 A = 40

Model J asym ρ asym ρ asym ρ

NL3 37.4 25.8 0.103 24.2 0.096 21.1 0.083

NL-SH 36.1 26.0 0.105 24.6 0.099 21.3 0.086

FSUGold 32.6 25.4 0.099 24.2 0.092 21.9 0.078

TF [17] 32.6 24.2 0.094 22.9 0.086 20.3 0.071

SLy4 32.0 25.3 0.100 24.2 0.093 22.0 0.079

SkX 31.1 25.7 0.103 24.8 0.096 22.8 0.084

SkM* 30.0 23.2 0.101 22.0 0.094 19.9 0.079

SIII 28.2 24.1 0.093 23.4 0.088 21.8 0.078

SGII 26.8 21.6 0.104 20.7 0.098 18.9 0.084

incorporates the proper elements for the study. Many
of the given nuclear interactions are accurately fitted to
experimental binding energies, single-particle data, and
charge radii of a variety of nuclei. However, their isospin
structure is not sufficiently firmed up as seen e.g. in the
differing predictions for S(208Pb). There is thus a need
to deepen our knowledge of isospin-sensitive observables
like S and of their constraints on csym(ρ).

We bring into notice a genuine relation between the
symmetry energy coefficients of the EOS and of nuclei:
csym(ρ) equals asym(A) of a heavy nucleus like 208Pb at
a density ρ ≈ 0.1 fm−3. Indeed, the relation holds sim-
ilarly down to medium mass numbers, at lower ρ values
and a little more spread. Table I exemplifies this fact
with several nuclear models, where we show the density
fulfilling csym(ρ) = asym(A) for A = 208, 116, and 40.
We find that this density can be parametrized as

ρA = ρ0 − ρ0/(1 + cA1/3) (4)

with c fixed by ρ 208 = 0.1 fm−3 (which gives ρ 116 ≈ 0.093
fm−3 and ρ 40 ≈ 0.08 fm−3 for the models of Table I).

The relation “csym(ρ) = asym(A)” can be very help-
ful to elucidate other correlations of isospin observables
with csym(ρ) and to gain deeper insights into them. For
example, it allows one to replace asym(A) in Eq. (3) for
a heavy nucleus by csym(ρ) # J − Lε + 1

2Ksymε2 with ε

computed at ρ ≈ 0.1 fm−3 [25]:

t =
2r0

3J
L

(
1 − ε

Ksym

2L

)
εA1/3

(
I − IC

)
. (5)

The imprint of the density content of the symmetry en-
ergy on the neutron skin appears now explicitly. The
leading proportionality of (5) with L explains the ob-
served linearity of S of a heavy nucleus with L in nuclear
models [2, 4, 7]. The correction with Ksym does not alter
the situation as ε ∼ 1/9 is small. One can use Eq. (5) in
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Neutron Radii and the Symmetry Energy

Neutron densities still uncertain after more than 80 years
Poor understanding of the symmetry energy/pure neutron matter
Penalty for breaking N =Z symmetry
Symmetry Energy ≈ PNM - SNM [B(Z ,N) = −aa(N−Z )2/A + . . .]
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FIG. 1: (Color online) Correlation of the quantal selfconsis-
tent S value in 208Pb with the slope of the symmetry energy
L (a), the ratio L/J (b), and with J −asym(A) (c), for various
nuclear models (DD and PC stand for density dependent and
point coupling models). From left to right, the correlation
factors are r = 0.961, 0.945 and 0.970.

clear forces by asymmetric semi-infinite nuclear matter
(ASINM) calculations [12, 21, 22]. The contribution of
asym(A) to the nucleus energy is asym(A) (I + xAIC)2A,
where I = (N − Z)/A and IC = e2Z/(20JR) is due to
Coulomb. One has R = r0A

1/3. A small correction to
asym(A) from surface compression [12] is neglected here.
Let us mention that (1) may be derived also from the
notion of surface symmetry energy [4, 19].

The neutron skin thickness of nuclei is obtained as

S =
√

3/5
[
t − e2Z/(70J)

]
+ Ssw (2)

in the DM [12, 23]. The quantity t gives the distance
between the neutron and proton mean surface locations:

t =
3r0

2

J/Q

1 + xA
(I − IC)

=
2r0

3J
[J − asym(A)] A1/3 (I − IC), (3)

where in the second line we have introduced the surface
symmetry term ass(A) = [J−asym(A)]A1/3 using Eq. (1).
The second term in Eq. (2) is due to Coulomb repulsion,
and Ssw =

√
3/5

[
5(b2

n − b2
p)/(2R)

]
is a correction caused

by an eventual difference in the surface widths bn and bp

of the neutron and proton density profiles.
We first illustrate the aforesaid correlation of S of

heavy nuclei with L in Fig. 1(a). It depicts the quantal
self-consistent value of S in 208Pb against L for multiple
Skyrme, Gogny, and covariant models of different nature
[2, 3, 4, 5, 6, 7, 18, 21, 24]. In Fig. 1(b) we show that
a similar correlation exists with the ratio L/J , which is
proportional to γ if a scaling (ρ/ρ0)

γ holds for csym(ρ).
And in Fig. 1(c) we show that the close dependence of S
on J − asym(A) predicted by the DM is borne out in the
quantal S value, using forces where we have computed
Q in ASINM. It reassures one that the DM expression

TABLE I: Value of J , asym(A) and density ρ that fulfils
csym(ρ) = asym(A) for A = 208, 116 and 40, in various nu-
clear models. J and asym are in MeV and ρ is in fm−3. Here
csym(ρ) was computed exactly as 1

2
∂2e(ρ, δ)/∂δ2|δ=0 from the

EOS of the models.

A = 208 A = 116 A = 40

Model J asym ρ asym ρ asym ρ

NL3 37.4 25.8 0.103 24.2 0.096 21.1 0.083

NL-SH 36.1 26.0 0.105 24.6 0.099 21.3 0.086

FSUGold 32.6 25.4 0.099 24.2 0.092 21.9 0.078

TF [17] 32.6 24.2 0.094 22.9 0.086 20.3 0.071

SLy4 32.0 25.3 0.100 24.2 0.093 22.0 0.079

SkX 31.1 25.7 0.103 24.8 0.096 22.8 0.084

SkM* 30.0 23.2 0.101 22.0 0.094 19.9 0.079

SIII 28.2 24.1 0.093 23.4 0.088 21.8 0.078

SGII 26.8 21.6 0.104 20.7 0.098 18.9 0.084

incorporates the proper elements for the study. Many
of the given nuclear interactions are accurately fitted to
experimental binding energies, single-particle data, and
charge radii of a variety of nuclei. However, their isospin
structure is not sufficiently firmed up as seen e.g. in the
differing predictions for S(208Pb). There is thus a need
to deepen our knowledge of isospin-sensitive observables
like S and of their constraints on csym(ρ).

We bring into notice a genuine relation between the
symmetry energy coefficients of the EOS and of nuclei:
csym(ρ) equals asym(A) of a heavy nucleus like 208Pb at
a density ρ ≈ 0.1 fm−3. Indeed, the relation holds sim-
ilarly down to medium mass numbers, at lower ρ values
and a little more spread. Table I exemplifies this fact
with several nuclear models, where we show the density
fulfilling csym(ρ) = asym(A) for A = 208, 116, and 40.
We find that this density can be parametrized as

ρA = ρ0 − ρ0/(1 + cA1/3) (4)

with c fixed by ρ 208 = 0.1 fm−3 (which gives ρ 116 ≈ 0.093
fm−3 and ρ 40 ≈ 0.08 fm−3 for the models of Table I).

The relation “csym(ρ) = asym(A)” can be very help-
ful to elucidate other correlations of isospin observables
with csym(ρ) and to gain deeper insights into them. For
example, it allows one to replace asym(A) in Eq. (3) for
a heavy nucleus by csym(ρ) # J − Lε + 1

2Ksymε2 with ε

computed at ρ ≈ 0.1 fm−3 [25]:

t =
2r0

3J
L

(
1 − ε

Ksym

2L

)
εA1/3

(
I − IC

)
. (5)

The imprint of the density content of the symmetry en-
ergy on the neutron skin appears now explicitly. The
leading proportionality of (5) with L explains the ob-
served linearity of S of a heavy nucleus with L in nuclear
models [2, 4, 7]. The correction with Ksym does not alter
the situation as ε ∼ 1/9 is small. One can use Eq. (5) in
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FIG. 1: (Color online) Correlation of the quantal selfconsis-
tent S value in 208Pb with the slope of the symmetry energy
L (a), the ratio L/J (b), and with J −asym(A) (c), for various
nuclear models (DD and PC stand for density dependent and
point coupling models). From left to right, the correlation
factors are r = 0.961, 0.945 and 0.970.

clear forces by asymmetric semi-infinite nuclear matter
(ASINM) calculations [12, 21, 22]. The contribution of
asym(A) to the nucleus energy is asym(A) (I + xAIC)2A,
where I = (N − Z)/A and IC = e2Z/(20JR) is due to
Coulomb. One has R = r0A

1/3. A small correction to
asym(A) from surface compression [12] is neglected here.
Let us mention that (1) may be derived also from the
notion of surface symmetry energy [4, 19].

The neutron skin thickness of nuclei is obtained as

S =
√

3/5
[
t − e2Z/(70J)

]
+ Ssw (2)

in the DM [12, 23]. The quantity t gives the distance
between the neutron and proton mean surface locations:

t =
3r0

2

J/Q
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=
2r0

3J
[J − asym(A)] A1/3 (I − IC), (3)

where in the second line we have introduced the surface
symmetry term ass(A) = [J−asym(A)]A1/3 using Eq. (1).
The second term in Eq. (2) is due to Coulomb repulsion,
and Ssw =
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[
5(b2
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p)/(2R)

]
is a correction caused

by an eventual difference in the surface widths bn and bp

of the neutron and proton density profiles.
We first illustrate the aforesaid correlation of S of

heavy nuclei with L in Fig. 1(a). It depicts the quantal
self-consistent value of S in 208Pb against L for multiple
Skyrme, Gogny, and covariant models of different nature
[2, 3, 4, 5, 6, 7, 18, 21, 24]. In Fig. 1(b) we show that
a similar correlation exists with the ratio L/J , which is
proportional to γ if a scaling (ρ/ρ0)

γ holds for csym(ρ).
And in Fig. 1(c) we show that the close dependence of S
on J − asym(A) predicted by the DM is borne out in the
quantal S value, using forces where we have computed
Q in ASINM. It reassures one that the DM expression

TABLE I: Value of J , asym(A) and density ρ that fulfils
csym(ρ) = asym(A) for A = 208, 116 and 40, in various nu-
clear models. J and asym are in MeV and ρ is in fm−3. Here
csym(ρ) was computed exactly as 1
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∂2e(ρ, δ)/∂δ2|δ=0 from the

EOS of the models.
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NL3 37.4 25.8 0.103 24.2 0.096 21.1 0.083
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incorporates the proper elements for the study. Many
of the given nuclear interactions are accurately fitted to
experimental binding energies, single-particle data, and
charge radii of a variety of nuclei. However, their isospin
structure is not sufficiently firmed up as seen e.g. in the
differing predictions for S(208Pb). There is thus a need
to deepen our knowledge of isospin-sensitive observables
like S and of their constraints on csym(ρ).

We bring into notice a genuine relation between the
symmetry energy coefficients of the EOS and of nuclei:
csym(ρ) equals asym(A) of a heavy nucleus like 208Pb at
a density ρ ≈ 0.1 fm−3. Indeed, the relation holds sim-
ilarly down to medium mass numbers, at lower ρ values
and a little more spread. Table I exemplifies this fact
with several nuclear models, where we show the density
fulfilling csym(ρ) = asym(A) for A = 208, 116, and 40.
We find that this density can be parametrized as

ρA = ρ0 − ρ0/(1 + cA1/3) (4)

with c fixed by ρ 208 = 0.1 fm−3 (which gives ρ 116 ≈ 0.093
fm−3 and ρ 40 ≈ 0.08 fm−3 for the models of Table I).

The relation “csym(ρ) = asym(A)” can be very help-
ful to elucidate other correlations of isospin observables
with csym(ρ) and to gain deeper insights into them. For
example, it allows one to replace asym(A) in Eq. (3) for
a heavy nucleus by csym(ρ) # J − Lε + 1

2Ksymε2 with ε

computed at ρ ≈ 0.1 fm−3 [25]:

t =
2r0

3J
L

(
1 − ε

Ksym

2L

)
εA1/3

(
I − IC

)
. (5)

The imprint of the density content of the symmetry en-
ergy on the neutron skin appears now explicitly. The
leading proportionality of (5) with L explains the ob-
served linearity of S of a heavy nucleus with L in nuclear
models [2, 4, 7]. The correction with Ksym does not alter
the situation as ε ∼ 1/9 is small. One can use Eq. (5) in
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Neutron Radii and the Symmetry Energy

Neutron densities still uncertain after more than 80 years
Poor understanding of the symmetry energy/pure neutron matter
Penalty for breaking N =Z symmetry
Symmetry Energy ≈ PNM - SNM [B(Z ,N) = −aa(N−Z )2/A + . . .]
Slope (pressure) of pure neutron matter poorly constrained
Neutron skin strongly correlated to the pressure of pure neutron matter
Pressure of PNM pushes against surface tension⇒ neutron skin
Pressure of PNM pushes against gravity⇒ neutron-star radius
The larger the neutron skin, the larger the neutron-star radius!!
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FIG. 1: (Color online) Correlation of the quantal selfconsis-
tent S value in 208Pb with the slope of the symmetry energy
L (a), the ratio L/J (b), and with J −asym(A) (c), for various
nuclear models (DD and PC stand for density dependent and
point coupling models). From left to right, the correlation
factors are r = 0.961, 0.945 and 0.970.

clear forces by asymmetric semi-infinite nuclear matter
(ASINM) calculations [12, 21, 22]. The contribution of
asym(A) to the nucleus energy is asym(A) (I + xAIC)2A,
where I = (N − Z)/A and IC = e2Z/(20JR) is due to
Coulomb. One has R = r0A

1/3. A small correction to
asym(A) from surface compression [12] is neglected here.
Let us mention that (1) may be derived also from the
notion of surface symmetry energy [4, 19].

The neutron skin thickness of nuclei is obtained as

S =
√

3/5
[
t − e2Z/(70J)

]
+ Ssw (2)

in the DM [12, 23]. The quantity t gives the distance
between the neutron and proton mean surface locations:

t =
3r0

2

J/Q

1 + xA
(I − IC)

=
2r0

3J
[J − asym(A)] A1/3 (I − IC), (3)

where in the second line we have introduced the surface
symmetry term ass(A) = [J−asym(A)]A1/3 using Eq. (1).
The second term in Eq. (2) is due to Coulomb repulsion,
and Ssw =

√
3/5

[
5(b2

n − b2
p)/(2R)

]
is a correction caused

by an eventual difference in the surface widths bn and bp

of the neutron and proton density profiles.
We first illustrate the aforesaid correlation of S of

heavy nuclei with L in Fig. 1(a). It depicts the quantal
self-consistent value of S in 208Pb against L for multiple
Skyrme, Gogny, and covariant models of different nature
[2, 3, 4, 5, 6, 7, 18, 21, 24]. In Fig. 1(b) we show that
a similar correlation exists with the ratio L/J , which is
proportional to γ if a scaling (ρ/ρ0)

γ holds for csym(ρ).
And in Fig. 1(c) we show that the close dependence of S
on J − asym(A) predicted by the DM is borne out in the
quantal S value, using forces where we have computed
Q in ASINM. It reassures one that the DM expression

TABLE I: Value of J , asym(A) and density ρ that fulfils
csym(ρ) = asym(A) for A = 208, 116 and 40, in various nu-
clear models. J and asym are in MeV and ρ is in fm−3. Here
csym(ρ) was computed exactly as 1

2
∂2e(ρ, δ)/∂δ2|δ=0 from the

EOS of the models.

A = 208 A = 116 A = 40

Model J asym ρ asym ρ asym ρ

NL3 37.4 25.8 0.103 24.2 0.096 21.1 0.083

NL-SH 36.1 26.0 0.105 24.6 0.099 21.3 0.086

FSUGold 32.6 25.4 0.099 24.2 0.092 21.9 0.078

TF [17] 32.6 24.2 0.094 22.9 0.086 20.3 0.071

SLy4 32.0 25.3 0.100 24.2 0.093 22.0 0.079

SkX 31.1 25.7 0.103 24.8 0.096 22.8 0.084

SkM* 30.0 23.2 0.101 22.0 0.094 19.9 0.079

SIII 28.2 24.1 0.093 23.4 0.088 21.8 0.078

SGII 26.8 21.6 0.104 20.7 0.098 18.9 0.084

incorporates the proper elements for the study. Many
of the given nuclear interactions are accurately fitted to
experimental binding energies, single-particle data, and
charge radii of a variety of nuclei. However, their isospin
structure is not sufficiently firmed up as seen e.g. in the
differing predictions for S(208Pb). There is thus a need
to deepen our knowledge of isospin-sensitive observables
like S and of their constraints on csym(ρ).

We bring into notice a genuine relation between the
symmetry energy coefficients of the EOS and of nuclei:
csym(ρ) equals asym(A) of a heavy nucleus like 208Pb at
a density ρ ≈ 0.1 fm−3. Indeed, the relation holds sim-
ilarly down to medium mass numbers, at lower ρ values
and a little more spread. Table I exemplifies this fact
with several nuclear models, where we show the density
fulfilling csym(ρ) = asym(A) for A = 208, 116, and 40.
We find that this density can be parametrized as

ρA = ρ0 − ρ0/(1 + cA1/3) (4)

with c fixed by ρ 208 = 0.1 fm−3 (which gives ρ 116 ≈ 0.093
fm−3 and ρ 40 ≈ 0.08 fm−3 for the models of Table I).

The relation “csym(ρ) = asym(A)” can be very help-
ful to elucidate other correlations of isospin observables
with csym(ρ) and to gain deeper insights into them. For
example, it allows one to replace asym(A) in Eq. (3) for
a heavy nucleus by csym(ρ) # J − Lε + 1

2Ksymε2 with ε

computed at ρ ≈ 0.1 fm−3 [25]:

t =
2r0

3J
L

(
1 − ε

Ksym

2L

)
εA1/3

(
I − IC

)
. (5)

The imprint of the density content of the symmetry en-
ergy on the neutron skin appears now explicitly. The
leading proportionality of (5) with L explains the ob-
served linearity of S of a heavy nucleus with L in nuclear
models [2, 4, 7]. The correction with Ksym does not alter
the situation as ε ∼ 1/9 is small. One can use Eq. (5) in
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Slope (pressure) of pure neutron matter poorly constrained
Neutron skin strongly correlated to the pressure of pure neutron matter
Pressure of PNM pushes against surface tension⇒ neutron skin
Pressure of PNM pushes against gravity⇒ neutron-star radius
The larger the neutron skin, the larger the neutron-star radius!!
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FIG. 1: (Color online) Correlation of the quantal selfconsis-
tent S value in 208Pb with the slope of the symmetry energy
L (a), the ratio L/J (b), and with J −asym(A) (c), for various
nuclear models (DD and PC stand for density dependent and
point coupling models). From left to right, the correlation
factors are r = 0.961, 0.945 and 0.970.

clear forces by asymmetric semi-infinite nuclear matter
(ASINM) calculations [12, 21, 22]. The contribution of
asym(A) to the nucleus energy is asym(A) (I + xAIC)2A,
where I = (N − Z)/A and IC = e2Z/(20JR) is due to
Coulomb. One has R = r0A

1/3. A small correction to
asym(A) from surface compression [12] is neglected here.
Let us mention that (1) may be derived also from the
notion of surface symmetry energy [4, 19].

The neutron skin thickness of nuclei is obtained as

S =
√

3/5
[
t − e2Z/(70J)

]
+ Ssw (2)

in the DM [12, 23]. The quantity t gives the distance
between the neutron and proton mean surface locations:

t =
3r0

2

J/Q

1 + xA
(I − IC)

=
2r0

3J
[J − asym(A)] A1/3 (I − IC), (3)

where in the second line we have introduced the surface
symmetry term ass(A) = [J−asym(A)]A1/3 using Eq. (1).
The second term in Eq. (2) is due to Coulomb repulsion,
and Ssw =

√
3/5

[
5(b2

n − b2
p)/(2R)

]
is a correction caused

by an eventual difference in the surface widths bn and bp

of the neutron and proton density profiles.
We first illustrate the aforesaid correlation of S of

heavy nuclei with L in Fig. 1(a). It depicts the quantal
self-consistent value of S in 208Pb against L for multiple
Skyrme, Gogny, and covariant models of different nature
[2, 3, 4, 5, 6, 7, 18, 21, 24]. In Fig. 1(b) we show that
a similar correlation exists with the ratio L/J , which is
proportional to γ if a scaling (ρ/ρ0)

γ holds for csym(ρ).
And in Fig. 1(c) we show that the close dependence of S
on J − asym(A) predicted by the DM is borne out in the
quantal S value, using forces where we have computed
Q in ASINM. It reassures one that the DM expression

TABLE I: Value of J , asym(A) and density ρ that fulfils
csym(ρ) = asym(A) for A = 208, 116 and 40, in various nu-
clear models. J and asym are in MeV and ρ is in fm−3. Here
csym(ρ) was computed exactly as 1

2
∂2e(ρ, δ)/∂δ2|δ=0 from the

EOS of the models.

A = 208 A = 116 A = 40

Model J asym ρ asym ρ asym ρ

NL3 37.4 25.8 0.103 24.2 0.096 21.1 0.083

NL-SH 36.1 26.0 0.105 24.6 0.099 21.3 0.086

FSUGold 32.6 25.4 0.099 24.2 0.092 21.9 0.078

TF [17] 32.6 24.2 0.094 22.9 0.086 20.3 0.071

SLy4 32.0 25.3 0.100 24.2 0.093 22.0 0.079

SkX 31.1 25.7 0.103 24.8 0.096 22.8 0.084

SkM* 30.0 23.2 0.101 22.0 0.094 19.9 0.079

SIII 28.2 24.1 0.093 23.4 0.088 21.8 0.078

SGII 26.8 21.6 0.104 20.7 0.098 18.9 0.084

incorporates the proper elements for the study. Many
of the given nuclear interactions are accurately fitted to
experimental binding energies, single-particle data, and
charge radii of a variety of nuclei. However, their isospin
structure is not sufficiently firmed up as seen e.g. in the
differing predictions for S(208Pb). There is thus a need
to deepen our knowledge of isospin-sensitive observables
like S and of their constraints on csym(ρ).

We bring into notice a genuine relation between the
symmetry energy coefficients of the EOS and of nuclei:
csym(ρ) equals asym(A) of a heavy nucleus like 208Pb at
a density ρ ≈ 0.1 fm−3. Indeed, the relation holds sim-
ilarly down to medium mass numbers, at lower ρ values
and a little more spread. Table I exemplifies this fact
with several nuclear models, where we show the density
fulfilling csym(ρ) = asym(A) for A = 208, 116, and 40.
We find that this density can be parametrized as

ρA = ρ0 − ρ0/(1 + cA1/3) (4)

with c fixed by ρ 208 = 0.1 fm−3 (which gives ρ 116 ≈ 0.093
fm−3 and ρ 40 ≈ 0.08 fm−3 for the models of Table I).

The relation “csym(ρ) = asym(A)” can be very help-
ful to elucidate other correlations of isospin observables
with csym(ρ) and to gain deeper insights into them. For
example, it allows one to replace asym(A) in Eq. (3) for
a heavy nucleus by csym(ρ) # J − Lε + 1

2Ksymε2 with ε

computed at ρ ≈ 0.1 fm−3 [25]:

t =
2r0

3J
L

(
1 − ε

Ksym

2L

)
εA1/3

(
I − IC

)
. (5)

The imprint of the density content of the symmetry en-
ergy on the neutron skin appears now explicitly. The
leading proportionality of (5) with L explains the ob-
served linearity of S of a heavy nucleus with L in nuclear
models [2, 4, 7]. The correction with Ksym does not alter
the situation as ε ∼ 1/9 is small. One can use Eq. (5) in
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FIG. 1: (Color online) Correlation of the quantal selfconsis-
tent S value in 208Pb with the slope of the symmetry energy
L (a), the ratio L/J (b), and with J −asym(A) (c), for various
nuclear models (DD and PC stand for density dependent and
point coupling models). From left to right, the correlation
factors are r = 0.961, 0.945 and 0.970.

clear forces by asymmetric semi-infinite nuclear matter
(ASINM) calculations [12, 21, 22]. The contribution of
asym(A) to the nucleus energy is asym(A) (I + xAIC)2A,
where I = (N − Z)/A and IC = e2Z/(20JR) is due to
Coulomb. One has R = r0A

1/3. A small correction to
asym(A) from surface compression [12] is neglected here.
Let us mention that (1) may be derived also from the
notion of surface symmetry energy [4, 19].

The neutron skin thickness of nuclei is obtained as

S =
√

3/5
[
t − e2Z/(70J)

]
+ Ssw (2)

in the DM [12, 23]. The quantity t gives the distance
between the neutron and proton mean surface locations:

t =
3r0

2

J/Q

1 + xA
(I − IC)

=
2r0

3J
[J − asym(A)] A1/3 (I − IC), (3)

where in the second line we have introduced the surface
symmetry term ass(A) = [J−asym(A)]A1/3 using Eq. (1).
The second term in Eq. (2) is due to Coulomb repulsion,
and Ssw =

√
3/5

[
5(b2

n − b2
p)/(2R)

]
is a correction caused

by an eventual difference in the surface widths bn and bp

of the neutron and proton density profiles.
We first illustrate the aforesaid correlation of S of

heavy nuclei with L in Fig. 1(a). It depicts the quantal
self-consistent value of S in 208Pb against L for multiple
Skyrme, Gogny, and covariant models of different nature
[2, 3, 4, 5, 6, 7, 18, 21, 24]. In Fig. 1(b) we show that
a similar correlation exists with the ratio L/J , which is
proportional to γ if a scaling (ρ/ρ0)

γ holds for csym(ρ).
And in Fig. 1(c) we show that the close dependence of S
on J − asym(A) predicted by the DM is borne out in the
quantal S value, using forces where we have computed
Q in ASINM. It reassures one that the DM expression

TABLE I: Value of J , asym(A) and density ρ that fulfils
csym(ρ) = asym(A) for A = 208, 116 and 40, in various nu-
clear models. J and asym are in MeV and ρ is in fm−3. Here
csym(ρ) was computed exactly as 1

2
∂2e(ρ, δ)/∂δ2|δ=0 from the

EOS of the models.

A = 208 A = 116 A = 40

Model J asym ρ asym ρ asym ρ

NL3 37.4 25.8 0.103 24.2 0.096 21.1 0.083

NL-SH 36.1 26.0 0.105 24.6 0.099 21.3 0.086

FSUGold 32.6 25.4 0.099 24.2 0.092 21.9 0.078

TF [17] 32.6 24.2 0.094 22.9 0.086 20.3 0.071

SLy4 32.0 25.3 0.100 24.2 0.093 22.0 0.079

SkX 31.1 25.7 0.103 24.8 0.096 22.8 0.084

SkM* 30.0 23.2 0.101 22.0 0.094 19.9 0.079

SIII 28.2 24.1 0.093 23.4 0.088 21.8 0.078

SGII 26.8 21.6 0.104 20.7 0.098 18.9 0.084

incorporates the proper elements for the study. Many
of the given nuclear interactions are accurately fitted to
experimental binding energies, single-particle data, and
charge radii of a variety of nuclei. However, their isospin
structure is not sufficiently firmed up as seen e.g. in the
differing predictions for S(208Pb). There is thus a need
to deepen our knowledge of isospin-sensitive observables
like S and of their constraints on csym(ρ).

We bring into notice a genuine relation between the
symmetry energy coefficients of the EOS and of nuclei:
csym(ρ) equals asym(A) of a heavy nucleus like 208Pb at
a density ρ ≈ 0.1 fm−3. Indeed, the relation holds sim-
ilarly down to medium mass numbers, at lower ρ values
and a little more spread. Table I exemplifies this fact
with several nuclear models, where we show the density
fulfilling csym(ρ) = asym(A) for A = 208, 116, and 40.
We find that this density can be parametrized as

ρA = ρ0 − ρ0/(1 + cA1/3) (4)

with c fixed by ρ 208 = 0.1 fm−3 (which gives ρ 116 ≈ 0.093
fm−3 and ρ 40 ≈ 0.08 fm−3 for the models of Table I).

The relation “csym(ρ) = asym(A)” can be very help-
ful to elucidate other correlations of isospin observables
with csym(ρ) and to gain deeper insights into them. For
example, it allows one to replace asym(A) in Eq. (3) for
a heavy nucleus by csym(ρ) # J − Lε + 1

2Ksymε2 with ε

computed at ρ ≈ 0.1 fm−3 [25]:

t =
2r0

3J
L

(
1 − ε

Ksym

2L

)
εA1/3

(
I − IC

)
. (5)

The imprint of the density content of the symmetry en-
ergy on the neutron skin appears now explicitly. The
leading proportionality of (5) with L explains the ob-
served linearity of S of a heavy nucleus with L in nuclear
models [2, 4, 7]. The correction with Ksym does not alter
the situation as ε ∼ 1/9 is small. One can use Eq. (5) in
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Heaven on Earth: Neutron-Star Structure

Same dynamical origin to neutron skin and NS radius
Same pressure creates neutron skin and NS radius

Correlation among observables differing by 18 orders of magnitude!

Large neutron skin and small neutron radius?
May be evidence in favor of a phase transition (quark matter?)

Synergy between astrophysical and laboratory observables!
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PREX: Pb Radius EXperiment

First purely electroweak (clean!) measurement of Rn(208Pb)
Promised a 1% measurement of Rn(208Pb)
Uses parity violation as Z0 couples preferentially to neutrons

Organizing Committee

Chuck Horowitz (Indiana)

Kees de Jager (JLAB)

Jim Lattimer (Stony Brook)

Witold Nazarewicz (UTK, ORNL)

Jorge Piekarewicz (FSU

Sponsors: Jefferson Lab, JSA

PREX is a fascinating experiment that uses parity

violation to accurately  determine the neutron

radius in 208Pb. This has broad applications to

astrophysics, nuclear structure, atomic parity non-

conservation and tests of the standard model.  The

conference will begin with introductory lectures

and we encourage new comers to attend.

For more information contact horowit@indiana.edu

Topics

Parity Violation

Theoretical descriptions of neutron-rich nuclei and

bulk matter

Laboratory measurements of neutron-rich nuclei

and bulk matter

Neutron-rich matter in Compact Stars / Astrophysics

Website: http://conferences.jlab.org/PREX

up-quark down-quark proton neutron
γ-coupling +2/3 −1/3 +1 0
Z0-coupling ≈ +1/3 ≈ −2/3 ≈ 0 −1

gv =2tz − 4Q sin2 θW≈2tz−Q
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PREX: Measurement of the Neutron Radius of 208Pb
through Parity Violation in Electron Scattering; PRL 108, 112502 (2012) [Ran for 2 months April-June 2010]

Dipole polarizability as a proxy for the neutron skin in 208Pb
Strong correlation between dipole polarizability and neutron skin
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The Stellar Crust: Non-Uniform Nuclear Matter
Neutron stars contain a non-uniform crust above the liquid core
Neutron star crust extends for about 1 km out of about 10-12 km
Uniform neutron-rich matter is unstable against cluster formation
even at the expense of creating a surface
Exotic states speculated to exist in the stellar crust:
Coulomb crystal of neutron-rich nuclei (outer crust)
Coulomb frustrated pasta structures (inner crust)

Preface 1

Preface

Jocelyn Bell Burnell ∗

University of Oxford, Denys Wilkinson Building
Keble Road, Oxford OX1 3RH, UK

I judge myself fortunate to be working in an exciting and fast moving area
of science and at a time when the public has become fascinated by questions re-
garding the birth and evolution of stars, the nature of dark matter and dark en-
ergy, the formation of black holes and the origin and evolution of the universe.

The physics of neutron stars is one of these fas-
cinating subjects. Neutron stars are formed in su-
pernova explosions of massive stars or by accretion-
induced collapse of smaller white dwarf stars. Their
existence was confirmed through the discovery of ra-
dio pulsars during my thesis work in 1967. Since
then this field has evolved enormously. Today we
know of accretion-powered pulsars which are pre-
dominantly bright X-ray sources, rotation-powered
pulsars observed throughout the electromagnetic
spectrum, radio-quiet neutron stars, and highly mag-
netized neutron stars or magnetars. No wonder there
has been an explosion in the research activity related
to neutron stars!

It is now hard to collect in a single book what we
already know about neutron stars along with some of
the exciting new developments. In this volume ex-
perts have been asked to articulate what they believe
are the critical, open questions in the field. In order for the book to be useful to a more
general audience, the presentations also aim to be as pedagogical as possible.

This book is a collection of articles on the neutron stars themselves, written by well-
known physicists. It is written with young researchers as the target audience, to help this
new generation move the field forward. The invited authors summarize the current status of

∗j.bellburnell@physics.ox.ac.uk

2 Jocelyn Bell Burnell

the field, both observational and theoretical, and identify some of the critical problems on
which major progress may be expected in the next decade.

Dr. Carlos Bertulani’s and Dr. Jorge Piekarewicz’s goal has been to put together a
comprehensive review of some of the main theoretical ideas related to the structure and
dynamics of neutron stars, with special emphasis on the nuclear physics. I have found
the idea very timely and have gladly accepted their invitation to write the preface to this
collection of review articles.

I believe that this book will have a wide readership. Most articles are accessible to a
graduate student, or to a non-practitioner researcher, without much knowledge of the field.
Moreover, I expect that this book will become a useful resource for the many established
practitioners. I hope you agree with me, find the book enjoyable to read, and useful to have
on your shelves.

Jocelyn Bell Burnell
University of Oxford
January 2012
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The Outer Crust: 10−10ρ0 . ρ . 10−3ρ0

Coulomb Crystal of Neutron-Rich Nuclei
Neutrons, protons, and a uniform electron Fermi gas
Composition emerges from relatively simple dynamics:
E/Atot = M(N,Z )/A + 3/4Y 4/3

e kFermi + lattice

bcc Crystal of neutron-rich nuclei immersed in a uniform e− gas
As density increases in the outer crust, 56Fe, 62Ni, . . ., 118

36 Kr82(?)
Neutron-drip line defines the outer-inner crust interface
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The Inner Crust: 10−3ρ0 . ρ . 10−1ρ0

“Frustration and Nuclear Pasta”
Frustration emerges from a dynamical (or geometrical) competition

Impossibility to simultaneously minimize all elementary interactions

Emergence of a multitude of competing (quasi) ground states

Universal in complex systems (nuclei, e− systems, magnets, proteins,...)

Emergence of complex topological shapes “Nuclear Pasta” or “Micro-emulsions"
“In 2D-electron systems with Coulomb interactions, a direct transition—whether first or
second order—from a liquid to a crystalline state is forbidden” (Spivak-Kivelson)

Coherent neutrino scattering from “warm” nuclear pasta may play an
important role in the energetics of core-collapse supernovae
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Neutron Stars as Physics Gold Mines
Astrophysics: What is the minimum mass of a black hole?

Atomic Physics: Pure neutron matter as a Unitary Fermi Gas

Condensed-Matter Physics: Signatures for the liquid to crystalline state transition?

General Relativity: Rapidly rotating neutrons stars as a source of gravitational waves?

Nuclear Physics: What are the limits of nuclear existence and the EOS of nuclear matter?

Particle Physics: QCD made simple — the CFL phase of dense quark matter

22 AUGUST 2000    PHYSICS TODAY © 2000 American Institute of Physics, S-0031-9228-0008-010-8

Quantum chromodynamics,
familiarly called QCD, is

the modern theory of the
strong interaction.1 Historic-
ally its roots are in nuclear
physics and the description of
ordinary matter—understand-
ing what protons and neu-
trons are and how they inter-
act. Nowadays QCD is used to
describe most of what goes on at high-energy accelerators.

Twenty or even fifteen years ago, this activity was
commonly called “testing QCD.” Such is the success of the
theory, that we now speak instead of “calculating QCD
backgrounds” for the investigation of more speculative
phenomena. For example, discovery of the heavy W and Z
bosons that mediate the weak interaction, or of the top
quark, would have been a much more difficult and uncer-
tain affair if one did not have a precise, reliable under-
standing of the more common processes governed by
QCD. With regard to things still to be found, search
strategies for the Higgs particle and for manifestations of
supersymmetry depend on detailed understanding of pro-
duction mechanisms and backgrounds calculated by
means of QCD.

Quantum chromodynamics is a precise and beautiful
theory. One reflection of this elegance is that the essence
of QCD can be portrayed, without severe distortion, in the
few simple pictures at the bottom of the box on the next
page. But first, for comparison, let me remind you that the
essence of quantum electrodynamics (QED), which is a
generation older than QCD, can be portrayed by the sin-
gle picture at the top of the box, which represents the
interaction vertex at which a photon responds to the pres-
ence or motion of electric charge.2 This is not just a
metaphor. Quite definite and precise algorithms for calcu-
lating physical processes are attached to the Feynman
graphs of QED, constructed by connecting just such inter-
action vertices.

In the same pictorial language, QCD appears as an
expanded version of QED. Whereas in QED there is just
one kind of charge, QCD has three different kinds of
charge, labeled by “color.” Avoiding chauvinism, we might
choose red, green, and blue. But, of course, the color
charges of QCD have nothing to do with physical colors.
Rather, they have properties analogous to electric charge.
In particular, the color charges are conserved in all phys-
ical processes, and there are photon-like massless parti-
cles, called color gluons, that respond in appropriate ways

to the presence or motion of
color charge, very similar to
the way photons respond to
electric charge.

Quarks and gluons
One class of particles that
carry color charge are the
quarks. We know of six differ-
ent kinds, or “flavors,” of

quarks—denoted u, d, s, c, b, and t, for:  up, down,
strange, charmed, bottom, and top. Of these, only u and d
quarks play a significant role in the structure of ordinary
matter. The other, much heavier quarks are all unstable.
A quark of any one of the six flavors can also carry a unit
of any of the three color charges. Although the different
quark flavors all have different masses, the theory is per-
fectly symmetrical with respect to the three colors. This
color symmetry is described by the Lie group SU(3). 

Quarks are spin-1/2 point particles, very much like
electrons. But instead of electric charge, they carry color
charge. To be more precise, quarks carry fractional elec-
tric charge (+ 2e/3 for the u, c, and t quarks, and – e/3 for
the d, s, and b quarks) in addition to their color charge.

For all their similarities, however, there are a few
crucial differences between QCD and QED. First of all,
the response of gluons to color charge, as measured by the
QCD coupling constant, is much more vigorous than the
response of photons to electric charge. Second, as shown
in the box, in addition to just responding to color charge,
gluons can also change one color charge into another. All
possible changes of this kind are allowed, and yet color
charge is conserved. So the gluons themselves must be
able to carry unbalanced color charges. For example, if
absorption of a gluon changes a blue quark into a red
quark, then the gluon itself must have carried one unit of
red charge and minus one unit of blue charge.

All this would seem to require 3 × 3 = 9 different
color gluons. But one particular combination of gluons—
the color-SU(3) singlet—which responds equally to all
charges, is different from the rest. We must remove it if
we are to have a perfectly color-symmetric theory. Then
we are left with only 8 physical gluon states (forming a
color-SU(3) octet). Fortunately, this conclusion is vindicat-
ed by experiment!

The third difference between QCD and QED, which is
the most profound, follows from the second. Because glu-
ons respond to the presence and motion of color charge
and they carry unbalanced color charge, it follows that
gluons, quite unlike photons, respond directly to one
another. Photons, of course, are electrically neutral.
Therefore the laser sword fights you’ve seen in Star Wars
wouldn’t work. But it’s a movie about the future, so maybe
they’re using color gluon lasers.

We can display QCD even more compactly, in terms of

FRANKWILCZEK is the J. Robert Oppenheimer Professor of Physics at
the Institute for Advanced Study in Princeton, New Jersey. Next month
he moves to Cambridge, Massachusetts, to take up the Herman Feshbach
Chair of Physics at the Massachusetts Institute of Technology.

QCD MADE SIMPLE
Quantum chromodynamics is

conceptually simple. Its realization
in nature, however, is usually
very complex. But not always.

Frank Wilczek

It is all connected ...
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My Outside Collaborators

B. Agrawal (Saha Inst.)
M. Centelles (U. Barcelona)
G. Colò (U. Milano)
C.J. Horowitz (Indiana U.)
W. Nazarewicz (U. Tennessee)
N. Paar (U. Zagreb)
M.A. Pérez-Garcia (U. Salamanca)
P.G.- Reinhard (U. Erlangen-Nürnberg)
X. Roca-Maza (U. Milano)
D. Vretenar (U. Zagreb)

Organizing Committee

Chuck Horowitz (Indiana)

Kees de Jager (JLAB)

Jim Lattimer (Stony Brook)

Witold Nazarewicz (UTK, ORNL)

Jorge Piekarewicz (FSU

Sponsors: Jefferson Lab, JSA

PREX is a fascinating experiment that uses parity

violation to accurately  determine the neutron

radius in 208Pb. This has broad applications to

astrophysics, nuclear structure, atomic parity non-

conservation and tests of the standard model.  The

conference will begin with introductory lectures

and we encourage new comers to attend.

For more information contact horowit@indiana.edu

Topics

Parity Violation

Theoretical descriptions of neutron-rich nuclei and

bulk matter

Laboratory measurements of neutron-rich nuclei

and bulk matter

Neutron-rich matter in Compact Stars / Astrophysics

Website: http://conferences.jlab.org/PREX
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Nuclear Physics at FSU
from 2007 Long Range Plan and 2010 Committee on the Assessment and Outlook for Nuclear Physics

Recommendation: We recommend completion of the 12 GeV CEBAF upgrade at
Jefferson Lab. The upgrade will enable new insights into the structure of the nucleon, the
transition between the hadronic and quark/gluon descriptions of nuclei, and the nature of
confinement (V. Crede and P. Eugenio; S. Capstick and W. Roberts)

Recommendation: We recommend construction of the Facility for Rare Isotope Beams
(FRIB), a world-leading facility for the study of nuclear structure, reactions, and
astrophysics. Experiments with the new isotopes produced at FRIB will lead to a
comprehensive description of nuclei, elucidate the origin of the elements in the cosmos,
and provide understanding of matter in the crust of neutron stars (P. Cottle, K. Kemper, M.
Riley, G. Rogachev, S. Tabor, and I. Wiedenhover; D. Robson, A. Volya)

Recommendation: The experiments at the Relativistic Heavy Ion Collider (RHIC) have
discovered a new state of matter at extreme temperature and density—a quark-gluon
plasma that exhibits unexpected, almost perfect liquid dynamical behavior. We recommend
implementation of the RHiC II luminosity upgrade, together with detector improvements, to
determine the properties of this new state of matter (A. Frawley)
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