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What is a neutron star? What is the crust of neutron stars?

Neutron
Star Crust

Dr. Carlos Bertulani is a professor at the Department of Physic
and Astronomy, Texas A&M University-Commerce, Texas, and a
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research interest is the behavior of nuclear matter under
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strain the structure, dynamics, and composition of neutron stars. Dr. Piekare-
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Exploring foundamental physics with neutron stars

Nucleosynthesis F

g . ..
Superfluidity

Symmetry energy

,

Neutron Star

Neutron star is a
mass laboratory to study matter
~1.5 times the Sun  ynder extreme conditions
(density, temperature, ...)

Solid crust,
~1 Km thick

Diameter  [nterdisciplinary field:
~20Km  nuclear and particle
Heavy liquid interior physics, condensed
: Mostly neutl:ons, matter and plasma
@ Withotherparticles  hhygijcs, astrophysics, ...

Neutron stars are macroscopic superfluids
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Superfluidity & Neutron stars

Lombardo, Schulze, Lect.
Notes Phys. 578 (2001)
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1S, Pairing in uniform matter :

‘“theoretical errorbars”

large

-1
k. [ \
pIm ] Needs for
0 0.1 0.2 0.3 0.4 0.5 0.6 .
— BICS ' ' I I I I observational
2.5H Chen 93 constraints
=== Wambach 93
|-=-= Schulze 96
2H Schwenk 03
| ——- Fabrocini 05 BCS
. =+« (Cao 06
é’ “H e AFDMC 08 g Lt
z Ul QMC AV4 » { E Strong
I a - ~.....1 (maxat3 MeV),
0.5¢ auE 4~ Weak
[ T 1 (maxat 1 MeV).
ol T "“qe_z_erhg Carjson, Phys. Rev. C-8+(20710)
0 2 4 6 8 10 12
-k_.a



Superfluidity and rotation of

neutron stars

Lighthouse model

radiation

>

Observed pulse of Vela
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Slides from
P. Pizzochero,

Pulsar glitches

Univ. of Milano

Steady rotational slow-down
of Pulsar due to emission of
e.m. and gravitational waves

Pulsar glitches are recurrent
spin-ups of rotational
frequency (Aw ~ 108-10°w)
without external forces

Glitches as direct observational evidence of the existence
of macroscopic (km-sized) nucleon superfluidity inside NS

17



Superfluidity and cooling of
neutron stars
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o Atmosphere

Outer Crust
Inner Crust

Thermal relaxation of
Neutron stars

' Outer Core

Inner Core

Fast cooling of the core:

1010
crust
— after ~1 year: Tcore << Tcrust ~0.5 MeV,
= next ~10-100 years: thermalisation of
the crust: d2 10° N
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depend on the cluster structure
C,,, neutron specific heat



o Atmosphere

Outer Crust
Inner Crust

Thermal relaxation of
Neutron stars

Outer Core

Inner Core

Fast cooling of the core:
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Rapid cooling of Cas A
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Direct Observation of the Cooling of the Cassiopeia A Neutron Star
Heinke, Craig O.; Ho, Wynn C. G. 2010ApJ...719L.167H

D. Page, CompStar2012, Tahiti




Rapid cooling of Cas A
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Part Il:
Surprising features of superfluidity

Transition outer / inner crust
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From stable nuclei to nuclear matter

Nuclear Landscape
perheavy
126 nuclei

Increasing number of neutrons

Or increasing density R
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s N.. A Systematic study based on

‘ Ep

Nucleus Z  Ngrip
Ni 28 60 A 3.0
Kr 36 82 Ao 0.0 ,
Sr 38 82 As 0.0
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s N.. A Systematic study based on

‘ Ep

Nucleus Z  Ngrip
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Interaction of a shallow gas with a nucleus
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How does the pairing energy changes with R, . ?
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Interaction of a shallow gas with a nucleus

Fix Rbox, and decrease the total number of neutrons
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Temperature effects on superfluidity

pairing gap

Text-book features of BCS
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Neutrons specific heat in °0Zr
N=460, Z=40

Pairing field profile

. Neutron specific heat:
at various temperatures:

Classical regime
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Disappearance of superfluidi in the neutron gas

in the cluster
Fortin, Grill, J.M., Page, Sandulescu, PRC 88 065804 (2010)



Pairing reentrance phenomenon in Sn at the drip
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Temperature populates excited states:
1- Kinetic energy cost induces a quenching of pairing,
2- in some cases, pairing occurs among thermally occupied excited states.
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J.M. & Khan, PRC 2012



weakly bound nuclei

Towards a better understanding of the
neutron drip (line and -ing)

Usual
picture

q

With
continuum

*\-~::::fng 1

> neutron star crust




Pairing reentrance phenomenon

Superfluidity is destroyed by increasing the temperature...
But a bit of temperature sometimes helps in restoring superfluidity !

Pairing reentrance in asymmetric systems:

Pairing in Asymmetry detroys Temperature in asymmetric
symmetric systems pairing systems restore superfluidity

In nuclear matter: pairing in the T=0 (deuteron) channel Pairing in heated rotating nuclei
Sedrakian, Alm, Lombardo, PRC 55, R582 (1997) Dean, Langanke, Nam, and Nazarewicz

In spin-asymmetric cold atom gas PRL105, 212504 (2010).

Castorina, Grasso, Oertel, Urban, Zappala, PRA 72, 025601 (2005)
Chien, Chen, He, Levin, PRL 97, 090402 (2006)

In higly polarized Liquid 3He, “He
Frossati, Bedell, Wiegers, Vermeulen, PRL 57 (1986)

(ORS
Pairing reentrance in finite systems: 0000 e 0000 IT v
In magic nuclei, the presence of low-energy !
resonances, populated at low temperature, can SASACASEY

help superfluidity to appear. g/ g/
J.M., Khan, PRC 2012




Conclusions:

cold systems are fun!



- Conclusions:
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