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Exotic Nuclei in the Neutron Star Crust
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Structure of Neutron Stars — the Crust (Dany Page)
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Composition of the crust of a neutron star

lattice of nuclei surrounded by free electrons

² Wigner–Seitz–cell, lattice structure is bcc

² minimize E = Enuclei + Elattice + Eelectrons

² loop over all particle stable nuclei (up to 14.000)

² use atomic mass evaluation of 2003 by Audi, Wapstra, and Thibault

² extrapolate to the drip–line with various models

² =) sequence of nuclei A Z as a function of density

{ p.4



Comparison to previous work

² Baym, Pethick Sutherland (1971): droplet model from 1966

² Haensel, Zdunik, Dobaczewski (1989): Skyrme set SkP with
nuclei in spherical approximation and droplet model for
comparison

² Haensel and Pichon (1994): using the atomic mass table (!) from
1992 and the droplet model

² this work (Rüster, Hempel, JSB (2005)):

¨ uses atomic mass table from 2003

¨ includes effects from deformations for Skyrme forces

¨ compares various Skyrme parameterizations

¨ performs calculations for relativistic field–theoretical models,
also including effects from deformations
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Nuclear Models and Mass Tables

² Finite range droplet model: FRDM (Moeller, Nix, Myers, Swiatecki)

² Skyrme parameterizations:

¨ Extended Thomas-Fermi plus BCS pairing: SkSC4, SkSC18

¨ Skyrme Hartree-Fock plus BCS pairing: MSk7

¨ Skyrme Hartree-Fock-Bogoliubov (HFB): SLy4, SkP, SkM*, BSk8

(set SkSC4, SkSC1, MSk7, BSk8: S. Goriely, J. M. Pearson et al. (BRUSLIB))

(set SLy4, SkP, SkM*: Dobaczewski, Stoitsov, Nazarewicz)

² Relativistic parameterizations:

¨ Relativistic Mean–Field: NL3, NL-Z2, TMA

¨ Relativistic Point–Coupling: PCF1

¨ Chiral Effective Lagrangian: Chiral

(including deformations for set NL3: Lalazissis, Raman, Ring, and set TMA: Geng, Toki, Meng)
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Sequence of Nuclei for Skyrme sets (Hempel, Rüster, JSB 2005)

² fitted to properties of selected nuclei and to the equation of state for nuclear
matter (SLy4: also for neutron matter)

² sequence of neutron-rich nuclei beyond known ones: pronounced lines!

¨ for set SkM*: along Z=28, then N=82
¨ for set SkP: along Z=30 then Z=36
¨ for set SLy4: along N=50 then N=82

² new shell closures towards the neutron-dripline? { p.7



Sequence of Nuclei for Skyrme sets II (Hempel, Rüster, JSB 2005)

² using Skyrme parameterizations fitted to more than 1000 nuclear masses
(mass tables taken from BRUSLIB homepage)

² different approximation schemes: Extended Thomas–Fermi (SkSC4),
Hartree-Fock plus BCS pairing (MSk7), and full Skyrme HFB (BSk8)

² nearly similar trend: sequence along N=50 and N=82 () FAIR!)

² for more =) see talk of Matthias Hempel
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Exotic Nuclei in the Neutron Star Core:

Hyperons and Hypernuclei
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Structure of a Neutron Star — the Core (Fridolin Weber)

absolutely stable 
strange quark

matter

m

m
s

M ~ 1.4 M

R ~ 10 km

quarks
u,d,s

n,p,e,m

neutron star with
pion condensate

quark-hybrid
star

hyperon 
star

g/cm310
11

g/cm310
6

g/cm31014

Fe

n,p,e,ms u
e r c n d c t

gp

o
ni

u

p

r o
t o

n
s-p

K-

u d s

crust

N+e

H

traditional neutron star

strange star

nucleon star

N+e+n

S
,L

,X
,D

n superfluid

{ p.10



Neutron Star Matter for a Free Gas

(Ambartsumyan and Saakyan, 1960)

Hadron p,n § ¡ ¤ others
appears at: ¿ n0 4n0 8n0 > 20n0

but the corresponding equation of state results in a
maximum mass of only

Mmax ¼ 0:7M¯ < 1:44M ¯

(Oppenheimer and Volkoff, 1939)

=) effects from strong interactions are essential to
describe neutron stars!
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Baryon–Baryon Interactions

N¤: attractive ! ¤ -hypernuclei for A = 3 ¡ 209
U¤ = ¡ 30 MeV at n = n0

N§ : 4
§ He hypernucleus bound by isospin forces
§ ¡ atoms: potential is repulsive

N¥: attractive ! 7 ¥ hypernuclear events
U¥ = ¡ 28 MeV at n = n0

quasi-free production of ¥: U¥ = ¡ 18 MeV

¤¤ : attractive ! 5 ¤¤ hypernuclear measurements

YY: Y= ¤; § ; ¥, unknown!

=) HYP2006 in Mainz, October 9–13! hypernuclear programs: KEK,
JLab, Daphne, J-PARC, and PANDA, HYPHI @FAIR!!! { p.12
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Neutron Star Matter and Hyperons

Hyperons appear at n ¼ 2n0!
(based on hypernuclear data!)

² nonrelativistic potential model (Balberg and Gal, 1997)

² quark-meson coupling model (Pal et al., 1999)

² relativistic mean–field models (Glendenning, 1985; Knorren, Prakash,

Ellis, 1995; JS and Mishustin, 1996)

² relativistic Hartree–Fock (Huber, Weber, Weigel, Schaab, 1998)

² Brueckner–Hartree–Fock (Baldo, Burgio, Schulze, 2000; Vidana et al.,

2000)

² chiral effective Lagrangian's (Hanauske et al., 2000)

² density-dependent hadron field theory (Hofmann, Keil, Lenske, 2001)

) neutron stars are strange !!!
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Impact of hyperons on the maximum mass of neutron stars

(Glendenning and Moszkowski 1991)

² neutron star with nucleons

and leptons only:

M ¼ 2:3M ¯

² substantial decrease of the

maximum mass due to

hyperons!

² maximum mass for “giant

hypernuclei”: M ¼ 1:7M ¯

² noninteracting hyperons

result in a too low mass:

M < 1:4M ¯ !

(uses consistently constraints from hypernuclear data)
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Composition of Neutron Star Matter

0.0 0.3 0.6 0.9 1.2 1.5
Density (fm

-3
)

10
-4

10
-3

10
-2

10
-1

10
0

B
ar

yo
n 

fr
ac

tio
n

L X
-

n

p

e

m

GM1

X
0

US=+30 MeV

UX=-18 MeV

² repulsive potential for § s: § hyperons do not appear at all!

² ¥ ¡ present in matter before n = 3n0

² hypernuclear potentials crucial for the composition!

² impact on cooling! fast cooling by hyperon direct URCA { p.15



Ultracompact Neutron Stars with Hyperons — Hyperon Stars

(Heintzmann, Hillebrandt, El Eid, Hilf 1974(!): Hyperon Stars within Pandharipande's EoS with hyperons)

² new stable solution in the

mass–radius diagram!

² neutron star twins:

M hyp » M n but

Rhyp < Rn

² selfbound compact stars

for strong attraction with

R = 7 ¡ 8 km (due to at-

tractive ¥¥ interaction)

(JSB, Hanauske, Stöcker, Greiner, PRL 89, 171101 (2002))
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Third Family of Compact Stars (Gerlach 1968)

(Glendenning, Kettner 2000; Schertler, Greiner, JSB, Thoma 2000)
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!

² third solution to the TOV equations besides white dwarfs and neutron stars,
solution is stable!

² generates stars more compact than neutron stars!

² possible for any first order phase transition!
{ p.17



Phase Transitions in QCD

Hadrons

m
N

neutron stars
nuclei

m

T

Tc

cm  / 3

RHIC, LHC

FAIR

Plasma

Quark-Gluon

early universe

Superconductivity
Color

² Early universe at zero density and high temperature

² neutron star matter at small temperature and high density

² first order phase transition at high density (not deconfinement)!
() CBM@FAIR!)
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Signals for a Third Family/Phase Transition?

² delayed collapse of a proto-neutron star to a black
hole (Thorsson, Prakash, Lattimer, 1994)

² spontaneous spin-up of pulsars (Glendenning, Pei,
Weber, 1997)

² mass-radius relation: rising twins (Schertler et al.,
2000)

² collapse of a neutron star to the third family?
(gravitational waves, ° -rays, neutrinos)

² secondary shock wave in supernova explosions?

² gravitational waves from colliding neutron stars?

² . . .
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Summary

² long–needed update of outer crust properties!

² hyperons have a substantial impact on neutron star
properties!

² ¤ hyperons appear at n = 2n0 in neutron star core

² sizable decrease in the maximum mass

² rapid cooling via hyperon direct URCA possible

² first order QCD phase transition likely at high densities

² ! generates a new, stable solution for compact stars!
(besides white dwarfs and neutron stars)

² impact for supernovae, neutron star mergers?!
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Running project: hot equation of state

² equation of state already calculated for zero temperature

² extension to finite temperature: sum over all nuclei (!) (started)

² treat inner crust by Gibbs construction of liquid and lattice

² inclusion of neutrinos (neutrino-chemical potential)

² inclusion of hyperons

² incorporate QCD phase transition(s)!

² =) input for supernova simulations and x-ray bursts as well as
neutron star mergers!

² note: only a couple of nuclear EoS on the market
(Lattimer and Swesty, Shen)
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Backup Slides
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¤ Single–Particle Energies
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² measured in (¼+ ; K + ) reactions

² spin–orbit splitting smaller than experimental resolution

² fit to single particle energies: U¤ = ¡ 27 MeV for A ! 1

² note: only for the ¤ (besides nuclei) do we know its in-medium properties!{ p.23



¤ potential in nuclear matter (JSB, Bondorf, Mishustin 1997)
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² hyperon potential in various (relativistic) parameterizations

² hyperon potential becomes repulsive above 2n0

² compatible with hypernuclear data, three-body interactions for hyperons
(MDG: Millener, Dover, Gal 1988)
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¤¤ Hypernuclei

two ¤s bound in a nucleus, produced by ¥¡ capture

1963 Danysz et al.: 10
¤¤ Be! 9

¤ Be+p + ¼¡

1966 Prowse: 6
¤¤ He! 5

¤ He+p + ¼¡

1991 Aoki et al.: 13
¤¤ B! 13

¤ C+ ¼¡

2001 E373 (KEK): 6
¤¤ He! 5

¤ He+p + ¼¡

2001 E906 (BNL): 4
¤¤ H! 4

¤ He+ ¼¡ (¼ 400events!)

² ¤¤ interaction is attractive

² no strong decay to the H-dibaryon seen
¤ + ¤ ! H Ã mH > 2m¤ ¡ B¤¤ » 2220MeV
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Modern many–body approaches to neutron stars

beyond mean-field . . .

² Relativistic Hartree-Fock (Huber et al. 1998):
Mmax = 1:3 ¡ 1:6M ¯ depending on hyperon coupling strength

² Brueckner-Hartree-Fock: using Nijmegen soft-core YN potential

² Vidana et al. (2000): M max = 1:47M ¯ (NN and YN interactions),
Mmax = 1:34M ¯ (NN, NY, YY interactions)

² Baldo et al. (2000): M max = 1:26M ¯ including nucleon
three-body forces

² too soft EoS, too low masses!

² three-body force for hyperons important!

{ p.26



Composition of Neutron Star Matter
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² attractive potential for § s and ¥s

² § ¡ appear shortly before ¤s around n = 2n0

² ¤s present in matter at n = 2:5n0, ¥ ¡ before n = 3n0
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Hyperon gap effects on cooling

² hyperon URCA process:

¤ ! p + e¡ + ¹º e ; § ¡ ! n + e¡ + ¹º e ; : : :

² happens immediately when hyperons are present!
(only suppressed by hyperon pairing gaps)

² Schaab, JSB, Balberg (1998): hyperon cooling
suppressed by pairing gaps (§ hyperons appear
before ¤s)

² Page, Lattimer, Prakash, Steiner (2000): fast hyperon
cooling for heavier stars, not suppressed by pairing
gaps! (tiny density range of unpaired ¤ hyperons
present as § hyperons appear later!)
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Phase Transition to Hypermatter
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² increase strength of YY interactions

² first order phase transition, mixed phase for a wide range of densities

² all hyperons (¤ , ¥0, ¥ ¡ ) appear at the start of the mixed phase
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Neutron Stars in Globular Cluster (Rutledge et al. (2002))

² X-ray observations with the
Chandra satellite of
globular cluster (NGC5139)

² spectra fitted with H
atmosphere

² most sources show a hot
spot from accretion
(extremely small radii)

² quiescent neutron stars
found (qNSs): thermal
emission from whole
surface measurable

² allows to constrain the EoS:
R1 = 14:3 § 2:5 km
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Central Compact Objects (CCOs) in Supernova Remnants

(Pavlov, Sanwal, Teter (2003))

² CCOs: point–like sources in the center of supernova remnants

² only observed in x–rays, radio–quiet, no pulsations seen

² temperatures of 0.2–0.5 keV and sizes of only 0.3–3 km!?!
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Cooling of Supernova Remnants (Kaplan et al. (2004))
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² newest data from four neutron stars suggest fast cooling (direct URCA)

² standard cooling curves are too high!

² large nuclear asymmetry energy generates fast cooling!

² strange particles (exotic matter) generate fast cooling! { p.32



Heavy Neutron Stars in Pulsar–White Dwarfs Systems?

(Nice, Splaver, Stairs (2003))

² four pulsars with a white dwarf
companion

² measure masses by changes in
the pulsar signal

² shaded area: from theoretical
limits for white–dwarf
companion

² massive pulsar J0751+1807:
M = 1:6 ¡ 2:8M ¯ (2¾!)

² Nice et al. (2005):
M = 2:1 § 0:2M ¯ (1¾) and
M = 1:6 ¡ 2:5M ¯ (2¾)!!!

{ p.33



RXJ 1856: Neutron Star or Quark Star? (Trümper et al. (2003))
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² two-component blackbody: small soft temperature, not spoiling the X-ray band

² this implies a rather LARGE radius so that the optical flux is right!

² conservative lower limit: R1 = 16:5 km (d/117 pc)

² does not exclude a third family of compact stars!
{ p.34


	Exotic Nuclei in the Neutron Star Crust

