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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
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Nuclear Structure, Error Bars, and Correlations: Statistical
Reinhard-Nazarewicz, PRC81 (2010) 051303(R) Fattoyev-Piekarewicz, PRC86 (2012) 015802; PRC84 (2011) 064302

Empirical constants determined from optimization of a quality measure
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The Enormous Reach of the Neutron Skin
Reinhard-Nazarewicz, PRC 81 (2010) 051303; Fattoyev-Piekarewicz, PRC 86 (2012) 015802; PRC 84 (2011) 064302

Neutron skin as proxy for neutron-star radii . . . and more!
Calibration of nuclear functional from optimization of a quality measure
Predictions accompanied by meaningful theoretical errors
Covariance analysis least biased approach to uncover correlations
Neutron skin strongly correlated to a myriad of neutron star properties:

Radii, Enhanced Cooling, Moment of Inertia, . . .
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The Electric Dipole Polarizability in 208Pb
RCNP: A. Tamii et al., PRL 107, 062502 (2011)

IVGDR: Coherent oscillations of protons against neutrons

Nuclear symmetry energy as the restoring force
RCNP: polarized proton inelastic scattering at very forward angles
Cross sections at very small angles arise purely from CoulEx
High-resolution exp. in excellent agreement with photo-absorption data
Accurate measurement of E1 polarizability: ↵D =(20.1±0.6) fm3

E1 polarizability as a complement to R
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Neutron Skin and Dipole Polarizability in 208Pb
Roca-Maza et al., PRL 106, 252501 (2011); PRC (in press)

Neither J nor L are measurable observables; requires theoretical input
Statistical and systematic correlation analyses essential
Seek laboratory/astrophysical observables strongly correlated to J, L, . . .
Use strong r

208
skin vs L correlation to constrain L

r
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Neutron Skin and Dipole Polarizability in 208Pb . . . continuation
Roca-Maza et al., PRL 106, 252501 (2011); PRC (in press); Zhang and Chen, arXiv:1302.5327

Use strong J↵208
D vs L correlation to constrain J
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Neutron Skin and Dipole Polarizability: A look forward

r

208
skin and ↵208

D strong isovector indicators used to constrain J and L

Neither r

48
skin nor ↵48

D correlate strongly with L

Too large surface to volume ratio - far from bulk limit
48Ca a doubly magic, neutron-rich nucleus within ab-initio reach
Critical insights for DFT, role of three-body force, . . .
PREX-II and CREX as powerful calibrating anchors for skins at FRIB
CREX fully approved by JLAB PAC; ↵48

D being analyzed at RCNP
rskin and ↵D in both 48Ca and 208Pb:
Powerful four-legged stool of isovector observables!!
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Tin Skins: A look backwards
Chen et al., PRC 82, 024321 (2010); Lattimer and Lim ApJ. 771, 51 (2013)

Hadronic experiments with large and uncontrolled uncertainties:
proton scattering, anti-protonic atoms, pygmy and spin-dipole modes

J ⇡ e
J + L/9

⇣
e
J=26.65±0.20 MeV, J=32.3±1.0 MeV; Zhang and Chen

⌘

Not all observables—and theoretical models—are created equal
Enormous disservice to both the nuclear- and astro-physics communities

LIE-WEN CHEN, CHE MING KO, BAO-AN LI, AND JUN XU PHYSICAL REVIEW C 82, 024321 (2010)

FIG. 3. (Color online) The neutron skin thickness !rnp of 208Pb,
120Sn, and 48Ca from SHF with MSL0 by varying individually L (a),
GV (b), GS (c), E0(ρ0) (d), Esym(ρ0) (e), K0 (f), m∗

s,0 (g), m∗
v,0 (h),

ρ0 (i), and W0 (j).

macroscopic quantity ρ0. These features imply that the binding
energies and charge rms radii of finite nuclei can be reasonably
reproduced when we perform the correlation analysis shown in
Fig. 3 by varying individually the macroscopic quantity. This
is particularly the case when we only change the macroscopic
quantities L and Esym(ρ0) from the MSL0 in the correlation
analyses.

Experimentally, much effort has been devoted to deter-
mining the values of !rnp for finite nuclei using various
methods. In particular, the !rnp of heavy Sn isotopes has
been systematically measured [49–54]. As an illustration, we
first show in Fig. 6(a) the comparison of available Sn !rnp

data with our calculated results using different values of 20,
60, and 100 MeV for L and the default values for all other
quantities in MSL0. It is seen that the value L = 60 MeV best
describes the data. To be more precise, the χ2 evaluated from
the difference between the theoretical and experimental !rnp

FIG. 4. (Color online) Relative deviation of the binding
energies of 208Pb, 120Sn, and 48Ca obtained using SHF
with MSL0 from the measured values by varying individ-
ually L (a), GV (b), GS (c), E0(ρ0) (d), Esym(ρ0) (e),
K0 (f), m∗

s,0 (g), m∗
v,0 (h), ρ0 (i), and W0 (j).

FIG. 5. (Color online) Same as Fig. 4 but for the charge rms radii.

values is shown as a function of L in Fig. 6(b). The most
reliable value of L is found to be L = 54 ± 13 MeV within a
2σ uncertainty.

Since the value of !rnp depends on both L and Esym(ρ0),
a two-dimensional χ2 analysis as shown by the gray band
in Fig. 6(c) is necessary. It is seen that increasing the value
of Esym(ρ0) systematically leads to smaller values of L.
More quantitatively, the value of L varies from 67±10.5 to
37±15.5 MeV when the value of Esym( ρ0) changes from 26
to 34 MeV. Furthermore, we have estimated the effects of
nucleon effective mass by using m∗

s,0 = 0.7m and m∗
v,0 = 0.6m

as well as m∗
s,0 = 0.9m and m∗

v,0 = 0.8m, in accord with
the empirical constraint m∗

s,0 > m∗
v,0 [6,55], and the resulting

constraints are shown by the dashed and dotted lines. As
expected from the results shown in Fig. 3, the effects of the

FIG. 6. (Color online) (a) The !rnp data for Sn isotopes from
different experimental methods and results from SHF calculation
using MSL0 with L = 20, 60, and 100 MeV. (b) χ 2 as a function
of L. (c) Constraints on L and Esym(ρ0) from the χ 2 analysis of the
!rnp data on Sn isotopes (gray band as well as dashed and dotted
lines).
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PREX is Wrong! r

208
skin =0.33+0.16

�0.18 fm

Statistical error large: Models with r

208
skin &0.15 fm within 1�

Statements from the Literature:
“LPREX =(148.5±113.5) mean value discrepant but errors very large” (Lattimer 2013)

“. . . if L=(64.8±15.7)MeV one obtains r

208
skin &(0.194±0.024) fm” (Carbone 2010)

“. . . QMC combined with NStars give L=(36�55)MeV to 95% C.L.” (Tsang 2012)

“. . . permissible ranges reasonably restricted: L=(44�60)MeV” (Lattimer 2013)
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So, is PREX central value already ruled out?

J. Piekarewicz (FSU) Neutron Skins and Giant Resonances ICNT-2013 MSU 11 / 13



Is PREX Wrong? Is PREX central value already ruled out?
F. Fattoyev and JP (submitted to PRL)

Is it possible to construct models that reproduce real data and have thick skins?
Three models: TFa, TFb, TFc with:

r

208
skin =(0.25, 0.30, 0.33) fm and L=(83, 123, 135)MeV

To compute nuclear masses, charge radii, monopole excitations, and MvsR
So far, no evidence that these models are significantly worse or better than FSUGold, . . .

-2

0

2

(B
-B

ex
p )
/B
ex
p (
%
)

40Ca16O 48Ca 68Ni 90Zr100Sn116Sn 208Pb144Sm132Sn

16O40Ca 48Ca 68Ni 90Zr100Sn116Sn132Sn144Sm208Pb

NL3
FSU
IU-FSU

-2

0

2

(R
ch
-R

ex
p

ch
)/R

ex
p

ch
(%
)

PR
EL
IM
IN
AR
Y

TFa
TFb
TFc

90 116 144 208
A

13

14

15

16

17

18

19

E
G
M
R
(M
eV
)

NL3
FSU
IU-FSU
TFa
TFb
TFc

Efit=69A
-0.3MeV

RCNP

TAMU

PR
EL
IM
IN
AR
Y

8 10 12 14 16 18
R(km)

0

1

2

3

M
/M

su
n

NL3

FSUIU-FSU

T
Fa TFc

TFb

PR
EL
IM
IN
AR
Y

Steiner et al.
4U 1608-52
EXO 1745-248
4U 1820-30

Demorest’10

Antoniadis’13

Suleimanov’11
R>14km for
M<2.3Msun

“The reports of my death have been greatly

exaggerated” Mark Twain
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Future Directions in Nuclear Structure . . . some thoughts
Theoretical Pillar:
Search for an accurately-calibrated microscopic theory that both predicts and provides
well-quantified theoretical uncertainties from finite nuclei to neutron stars

(Some) Experimental Pillars: Neutron Skins and Giant Resonances
Neutron Skins: Very compelling case; thickness of neutron skins emerges from a
competition between surface tension and DDSE (where do the extra neutrons go?)
PREX-II and PREX-III and/or 124Sn and/or 112Sn? Physics case must be compelling
IsGMR: Strong sensitivity to the DDSE: K0(↵) = K0 + (Ksym�6L + . . .)↵2

Softness of Sn? Measurement of GMRs for exotic (large ↵) nuclei at FRIB, . . .

IvGDR: Electric Dipole Polarizability as a strong isovector indicator: J↵
D

/
⇣

1 + 5
3

L

J

✏
A

⌘

Systematics of ↵
D

vs L (RCNP); Measurement of ↵
D

for exotic (large ↵) nuclei at GSI,
FRIB, . . .; Correlating emergence of low-energy dipole strength with development of
neutron-rich skin (Pygmy), . . .

All part of a coherent plan that involves critical laboratory and astrophysical data
All observables (and theories) are created equal but some are more equal than others!
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