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Schematic cross section of a Neutron Star 
outer crust 
nuclei,  e-   

inner crust 
nuclei, n,  e-  

Nuclear matter layer 
n, p, e- , µ-  

exotic core             
(a) hyperonic matter 
(b) kaon condensate 
(c) quark matter 

ρdrip = 4.3 Í1011 g/cm3 

 ~1.5 Í1014 g/cm3 

M ∼ 1.4 M¤                                R ∼ 10 km 



J.M.	  La'mer	  ,	  M.	  Prakash,	  Science	  	  304(2004)	  



ρ=	  0.16	  fm-‐3	  =	  2.8	  x	  1014	  g	  cm-‐3	  

N.	  Chamel	  and	  P.	  Haensel,	  Living	  Rev.	  RelaJvity	  11	  







β-‐stable	  nuclear	  ma.er	  

q  Equilibrium with 
respect to the weak 
interaction processes 

µn !µp = µe

q   Charge neutrality µnnn ep +=
To be solved for any given value of the total baryon number density  nB 
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Symmetry energy determines  the proton fraction in uniform neutron star matter …  



.. and influences the neutron drip line   



A proper calculation of the composition of the 
outer crust  must minimize  the energy density 
of a Coulomb lattice of nuclei in an uniform 
background  of electrons for a given baryon 
density n: 



S.B.	  Rüster	  et	  al.,	  Phys.	  Rev.	  C73	  035804	  (2006)	  

Detailed calculation using experimental masses as much as possible   





Many	  works	  have	  studied	  the	  coexistence	  of	  nuclei	  and	  neutron	  gas	  	  in	  the	  inner	  crust.	  
	  This	  is	  an	  inhomogeneous	  system,	  difficult	  to	  aVack	  with	  ab	  iniJo	  techniques.	  	  
Different	  methods	  have	  been	  applied:	  
	  
-‐	  Macroscopic	  (Liquid	  drop)	  
	  
-‐	  Semiclassical	  analysis	  (Thomas-‐Fermi)	  

-‐	  	  Molecular	  dynamics	  
	  
-‐	  	  Quantum	  calculaJons	  (HF,HFB)	  



Wigner-‐Seitz	  approximaJon	  
to	  crystal	  structure	  

N.	  Chamel	  and	  P.	  Haensel,	  Living	  Rev.	  RelaJvity	  11	  



THE FIRST  STUDY OF THE CRUST INCLUDING A MICROSCOPIC 
DESCRIPTION (HARTREE-FOCK) OF THE CLUSTERS:	  
	  

J.	  Negele,	  D.	  Vautherin,	  Nucl.	  Phys.	  	  A207	  (1973)	  298	  



EffecJve	  interacJons	  like	  Skyrme	  force	  SLy4	  have	  been	  fiVed	  to	  properJes	  of	  finite	  nuclei	  
and	  to	  ab	  iniJo	  calculaJons	  in	  uniform	  maVer.	  
If	  one	  gives	  too	  much	  weight	  to	  the	  fits	  in	  uniform	  maVer,	  agreement	  
with	  experimental	  data	  in	  nuclei	  	  deteriorates.	  
One	  can	  	  aVempt	  at	  describing	  the	  crust	  with	  a	  given	  effecJve	  forces	  or	  matching	  
a	  funcJonal	  describing	  finite	  nuclei	  with	  one	  describing	  	  uniform	  maVer	  

A.	  Gezerlis,	  J.	  Carlson	  
PRC	  81	  (2010)	  025803	  



Comparison between phenomenological forces and 
microscopic calculations (BBG) at sub-saturation 
densities in uniform neutron and nuclear matter. 

M.	  Baldo,	  C.	  Maieron,	  P.Schuck,	  X.	  Vinas,	  	  	  Nucl.	  Phys.	  A736(2004)241	  

Neutron	  
maVer	  

Nuclear	  
maVer	  

Symmetry	  
energy	  



I.	  Vidaña	  et	  al.	  ,	  
Phys.	  Rev.	  C80	  (2009)	  045806	  



H.S.	  Than	  et	  al,	  PRC	  80	  (2009)	  064312	  



Finite nuclei : correlation between symmetry energy and energy of the GDR  

208Pb	  



Hartree-‐Fock	  equaJons	  for	  Skyrme	  interacJon	  in	  spherical	  systems	  	  

EffecJve	  mass	  

Schrödinger	  equaJon	  

Mean	  field	  potenJal	  



Looking for the energy minimum at a fixed baryon density 
considering the system as a whole (no distinction between the  
nucleus and the neutron gas)  

Density = 1/30 saturation 
density  

Wigner-Seitz 
approximation 



The  structure of nuclei and Z/N ratio are dictated by beta 
equilibrium epn µµµ +=

Proton density in the nuclear cluster 

Asymptotic density: 
Uniform superfluid neutron matter 

Neutron density in the nuclear cluster 



	  The	  inner	  crust:	  coexistence	  of	  finite	  nuclei	  with	  a	  sea	  of	  free	  neutrons	  

J.	  Negele,	  D.	  Vautherin	  
Nucl.	  Phys.	  	  A207	  (1974)	  298	  





Permanence of shell structure 



Resonant states studied through phase shift analysis 

3	  π/2	  

π/2	  



The strongest transitions involve resonant states 



The WS cell without protons should be like a piece of neutron matter. 

Check the linear response to the operator   



Response in the cell for the  
various multipolarities L 
(q= 0.51 fm-1  ) 

Summing over L, we recover 
the analytic result in  
neutron matter for S(q,E) 
 



Response to the operator dU/dr Y2M 



S.	  Baroni	  et	  al.,	  Phys.	  Rev.	  C	  82(2010)015807	  	  

2+ 3- 

1364Sn 

176Sn 

132Sn 

506Sn 

Evolution of the RPA response:  from 
exotic nuclei to the crust 



N.	  Chamel,	  S.	  Naimi,	  E.	  Khan,	  J.	  Margueron,	  	  Phys.	  Rev.	  C75	  (2007)	  055806	  

First	  calculaJon	  of	  band	  structure	  beyond	  the	  	  WS	  approximaJon	  

Fermi	  gas	  	  



Integrated  number of levels  

Wigner-‐Seitz	  approximaJon	  deteriorates	  at	  the	  boVom	  layers	  of	  the	  
crust,	  when	  the	  distance	  between	  clusters	  becomes	  too	  small	  and	  the	  
results	  depend	  on	  the	  specific	  boundary	  condiJons.	  	  



Spherical	  nuclei	  may	  become	  unstable	  when	  they	  occupy	  a	  large	  fracJon	  of	  the	  cell	  

G.	  Watanabe	  



Fraction of space occupied  
by nuclear clusters 

K.	  Oyamatsu	  

Black: proton and neutrons  
White: neutron gas 





Self-consistent Modeling: QMD 

0.1ρ0	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  0.175ρ0	  	  	  	  	  	  	  	  	  	  	  	  	  	  0.35ρ0	  	  	  	  	  	  	  	  	  	  	  	  	  	  0.5ρ0	  	  	  	  	  	  	  	  	  	  	  	  	  0.55ρ0	  	  

n  Quantum Molecular Dynamics (QMD): semi-classical 
dynamical simulations with nucleonic degrees of 
freedom (Watanabe and Sonoda, nucl-th/0512020). 

n  Pasta shapes emerge without pre-conditioning. 
 n  Pasta formation from compression and cooling 

demonstrated. 



SLy4: transition 
to uniform matter 

FPS: transition to 
pasta phase  



F. Douchin, P. Haensel, PLB 485 (2000) 107 

SLy4 





K. Oyamatsu and K. Iida, PRC 75 (2007) 015801 



Active lines of development in microscopic studies of 
 the  inner crust (spherical nuclei, 1S0 pairing) 

Study the inhomogeneous structure of the  Wigner-Seitz cell: 
-  Isotopic composition 
-  Mean field 
-  Collective excitations 
-  Superfluidity within BCS theory and beyond 
-  Specific heat, cooling 
-  Vortices  

Study the influence of the Coulomb lattice: 
- Band structure, Level density 
-  Entrainment, effective mass 
-  Transport  properties 
-  Ion vibrations  
-  Specific heat 



A few basic questions about pairing  correlations  

1.  Does superfluidity affect the results found 
      by Negele and Vautherin? 

2.     What is the spatial dependence of the pairing gap?  
        How important are the nuclear clusters?  

  3.   How much are the gaps affected by many-body processes ? 

  4.   Can we prove experimentally that the crust is really     
superfluid?  



Commonly used approach:   
just use the  value of the pairing gap at the Fermi energy  
 calculated in neutron/neutron star  matter  

Independence of the BCS pairing gap  
from the specific bare potential 
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Reminder:	  the	  BCS	  equaJons	  

Gap equation  Number equation  

Probability to be occupied   Probability to be empty    



The	  simplest	  case:	  constant	  G	  

Ĥ = !k (ak
+ak + ak
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Matrix	  elements	  of	  the	  pairing	  
InteracJon	  	  in	  the	  1S0	  channel	  

The	  equaJon	  for	  the	  (state-‐
dependent)	  gap	  

The	  quasi-‐parJcle	  energies	  

Gap	  equaJon	  in	  uniform	  maVer	  	  

Plane	  waves	  in	  Jme	  reversal	  

Thermal	  factor	  

Fermi	  energy	  
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The	  weak-‐coupling	  approximaJon:	  



The	  choice	  of	  the	  pairing	  interacJon	  	  

	  	  -‐	  	  	  	  Bare	  force	  (Argonne	  v18,	  Paris,	  CD	  Bonn…)	  
	  

-‐	  	  	  	  	  EffecJve	  finite	  range	  force	  (Gogny)	  
	  

	  -‐	  	  	  	  EffecJve	  zero-‐range,	  density-‐dependent	  forces	  
	  

	  -‐	  	  	  	  Vlow-‐k	  
	  



Bare	  vs.	  effecJve	  forces	  



Bare	  vs.	  effecJve	  forces	  	  

V-‐lowk	  

V14	  

Gogny	  D1	  

m*=m	   m*=meff	  



E.	  Garrido,	  E.	  Moya	  de	  Guerra,	  P.	  Sarriguren,	  P.	  Schuck,	  PRC60	  (1999)64312	  

Density	  dependent,	  zero-‐range	  forces	  	  



	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  UNIFORM	  MATTER	  
	  
Coherence	  length	  of	  nuclear	  systems	  is	  much	  larger	  than	  interparJcle	  
spacing	  
	  
Pairing	  gaps	  have	  a	  strong	  dependence	  on	  the	  effecJve	  mass	  
	  
Bare	  potenJals	  with	  hard	  cores	  yield	  similar	  pairing	  gaps;	  	  
Vlowk	  reproduce	  them	  for	  a	  free	  single-‐parJcle	  spectrum	  	  
	  
The	  Gogny	  force	  (its	  parameters	  are	  fiVed	  in	  finite	  nuclei)	  
	  reproduce	  the	  pairing	  gaps	  at	  low	  density,	  while	  they	  give	  	  
larger	  gaps	  close	  to	  saturaJon	  
	  
The	  density	  dependence	  of	  zero	  range	  forces	  is	  partly	  due	  to	  simulate	  
the	  momentum	  dependence	  of	  the	  matrix	  elements	  of	  realisJc	  forces	  
	  



Pairing	  in	  finite	  nuclei	  	  

Most	  osen,	  pairing	  correlaJons	  in	  finite	  nuclei	  	  are	  calculated	  with	  effecJve	  
forces	  which	  in	  some	  cases	  (Gogny,SkP),	  	  have	  some	  parameters	  determined	  by	  
the	  comparison	  with	  experimental	  data	  about	  pairing	  correlaJons	  	  (quasiparJcle	  
energies,	  odd-‐even	  mass	  differences)	  	  



S.	  Hilaire,	  J.F.	  Berger,	  M.	  Girod,	  W.	  Satula,	  P.	  Schuck,	  Phys.	  LeV.	  B531(2002)61	  

Comparison with experimental odd-even mass difference 

!(N ) " (#1)
N

2
B(N #1)+B(N +1)# 2B(N )[ ]



ρ=	  0.16	  fm-‐3	  =	  2.8	  x	  1014	  g	  cm-‐3	  

N.	  Chamel	  and	  P.	  Haensel,	  Living	  Rev.	  RelaJvity	  11	  



	  The	  inner	  crust:	  coexistence	  of	  finite	  nuclei	  with	  a	  sea	  of	  free	  neutrons	  

J.	  Negele,	  D.	  Vautherin	  
Nucl.	  Phys.	  	  A207	  (1974)	  298	  



Permanence of shell structure 
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Reminder:	  the	  BCS	  equaJons	  

Gap equation  Number equation  

Probability to be occupied   Probability to be empty    



The	  simplest	  case:	  constant	  G	  
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120Sn	  
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	  	  	  SpaJal	  dependence	  of	  the	  wavefuncJon	  of	  Cooper	  pairs	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (pairing	  density)	  	  

UNIFORM	  MATTER	  	  

V.F.	  Weisskopf,	  Contemp.	  Phys.	  22	  (1981)375	  

! (r1, r2 ) = UiVi !i (
!r1)

i
! !i

*(!r2 ) = UiVi e
i
!
ki"
!r

i
! ki # kF( )

ξ	  

Oscillations of momentum kF 
damped over a scale given by the 
coherence  length:  
        ξ =   h2 kF /mπΔ       <r12

2>1/2 ~ξ 
 



Potential and density calculated in a WS 
cell   at n ≅ 1013 g cm-3     (1364Sn)   



Single-particle wave functions 
used as a basis for simplified 
version of Hartree-Fock-
Bogoliubov equation 

Gap equation 

• Simplified because the self-consistency was considered only in the pairing channel. 

Calculated gaps for 
unbound states in a cell 
with nucleus 

Calculated gaps for 
unbound states in a cell 
without nucleus 

5-10% difference 

EF 



εF=13.5MeV 

Uniform Matter 

Pairing gap in the Wigner cell 

Potential in the Wigner cell Pairing gap in uniform neutron matter 

Proximity effects at the mean field level 

εF=13.5MeV 

P.M.	  Pizzochero	  et	  al.,	  
APJ	  569(2002)381	  



	  	  	  SpaJal	  dependence	  	  of	  pairing	  densiJes	  and	  pairing	  gaps	  

FINITE	  NUCLEI,	  FINITE	  RANGE	  FORCE	  	  
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HFB	  EquaJons	  are	  expanded	  on	  a	  basis	  



SpaJal	  descripJon	  of	  (non-‐local)	  pairing	  gap	  

The	  local-‐density	  approximaJon	  oversJmates	  the	  decrease	  of	  the	  pairing	  gap	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  in	  the	  interior	  of	  the	  nucleus.	  	  	  

R(fm)	   R(fm)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  R(fm)	  	  

The	  range	  of	  the	  force	  is	  small	  compared	  to	  the	  coherence	  length,	  but	  not	  compared	  to	  the	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  diffusivity	  	  of	  the	  nuclear	  poten;al	  	  

K	  =	  0.25	  fm	  -‐1	  

K	  =	  2.25	  fm	  -‐1	  

kF(R)	  



EF	  =	  13.5	  MeV	  	  
kF=	  	  0.8	  fm-‐1	  	  
λF	  =	  	  7.8fm	  
ΔNM	  (kF)	  =3.5	  MeV	  
ξ	  =	  3.2	  fm	  	  
	  	  	  <r212>1/2	  =	  4	  fm	  

EF	  =	  25	  MeV	  	  
kF	  (R)=	  	  1.1	  fm-‐1	  	  
λF	  =	  	  5.7	  fm	  
ΔNM	  (kF)	  =3.5	  MeV	  
ξ	  =	  4.1	  fm	  	  	  	  
	  <r212>1/2	  =	  3.8	  fm	  

EF	  (R)=	  44.5	  MeV	  	  
kF	  	  (R)=	  	  	  1.5	  fm-‐1	  	  
λF	  =	  	  4.2	  fm	  
ΔNM	  (kF)	  =1.6	  MeV	  
ξ	  =	  12	  fm	  	  	  	  
	  <r212>1/2	  =	  10.3	  fm	  

        ξ =   h2 kF /mπΔ 
       λF = 2π/kF   
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The ‘global’ functional: matching Fayans functional  
(for finite nuclei) with  Brückner calculations for neutron matter  

Microscopic,	  ‘exact’	  
descripJon	  
of	  neutron	  maVer	  

Phenomenological	  
funcJonal	  with	  	  
gradient	  terms:	  
‘knows	  how	  to	  deal	  
With	  the	  surface’	  

Matching	  condiJon	  

Simplified pairing description: constant G which reproduces 
the BCS gap in neutron matter  



Making	  the	  connecJon	  with	  finite	  nuclei:	  
Microscopic	  funcJonals	  in	  neutron	  maVer	  with	  gradient	  terms	  

Micr.	  
Correl.	  
term	  

Phen.	  
gradient.	  
term	  

+	  Spin	  Orbit,	  Coulomb	  

A	  related	  but	  different	  approach:	  constraining	  the	  parameters	  of	  Skyrme	  interacJon	  with	  the	  
results	  of	  Brueckner	  calculaJons	  in	  	  homogeneous	  maVer	  

L.G.	  Cao,	  U.	  Lombardo,	  C.W.	  Shen,	  N.Van	  Giai,	  PRC73(2006)14313	  	  



M.	  Baldo,	  U.	  Lombardo,	  E.E:	  Saperstein,	  S.V.	  Tolokonnikov,	  	  Nucl.	  Phys.	  A736(2004)241	  

New	  calculaJon	  of	  the	  opJmal	  properJes	  of	  the	  WIgner-‐Seitz	  cell	  including	  pairing	  	  

Without	  pairing	  

With	  pairing:	  
smoothing	  of	  
shell	  effects	  



Including pairing in crust structure calculations 

‘ Smoothing’  of  Z-shell effects due to neutron  pairing  



In search of the 
energy minimum  
as a function of 
the  Z value inside 
the WS cell 
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A few basic questions about pairing  correlations  

1.  Does superfluidity affect the results found 
      by Negele and Vautherin? 

2.     What is the spatial dependence of the pairing gap?  
        How important are the nuclear clusters?  

  3.   How much are the gaps affected by many-body processes ? 

  4.   Can we prove experimentally that the crust is really     
superfluid?  



Zwierlein et al.  Nature  435(2005)1047 

BEC	  

BCS	  





As a rule, rotational period of  a neutron star slowly 
increases because the system loses energy emitting 
electromagnetic radiation. 

Glitches 

One of the  proposed 
explanations 

Superfluid nature of 
nucleons in the inner crust 

P.W. Anderson and N.Itoh, Nature 256(1975)25 



A.G.	  Lyne,	  S.L.Shemar,	  F.	  Graham	  Smith,	  	  
Mon.	  Not.	  Roy.	  Soc.	  315(2000)534	  



pe
rio

d 

time 

∼2.5year 

As a rule, rotational period of  a neutron star slowly 
increases because the system loses energy emitting 
electromagnetic radiation. 

Glitches 

One	  of	  the	  	  accredited	  
explanaJons	  

Superfuid	  nature	  of	  nucleons	  
in	  the	  inner	  crust	  

Sudden spin ups are measured, at regular intervals  
glitch 

P.W. Anderson and N.Itoh, Nature 256(1975)25 



P.W. Anderson and N.Itoh, Nature 256(1975)25 

neutron matter of the inner 
crust  

superfluid in a rotating 
container  

in order to minimize  the 
energy of the system 

it develops an array of microscopic 
linear vortices of superfluid matter 

Each vortex line carries angular momentum 



A	  superfluid	  in	  a	  rotaJng	  container	  develops	  an	  array	  of	  microscopic	  linear	  vorJces	  

VorJces	  may	  pin	  to	  container	  impuri;es,	  what	  may	  modify	  their	  dynamics.	  Sudden	  
unpinning	  at	  criJcal	  period	  difference,	  due	  to	  Magnus	  force,	  would	  cause	  the	  glitch.	  

P.W. Anderson and N.Itoh, Nature 256(1975)25 



P.M.	  Pizzochero,	  
Orsay	  2005	  	  



Vortex	  spacing:	  	  







A	  simple	  argument:	  	  
	  
For	  sufficiently	  large	  densiJes,	  pairing	  is	  smaller	  within	  the	  nuclear	  volume	  	  
than	  outside;	  
	  
Vortex	  destroys	  pairing	  within	  its	  core;	  
	  
Then	  it	  is	  energeJcally	  convenient	  for	  the	  vortex	  to	  be	  placed	  on	  top	  of	  the	  
nucleus,	  rather	  than	  far	  from	  it:	  in	  this	  way,	  one	  saves	  pairing	  energy.	  	  
	  
	  
	  
	  	  	  	  

But	  we	  need	  a	  	  realisJc	  esJmate	  of	  the	  	  
	  vortex-‐nucleus	  interacJon	  



Much progress since 1995 …. 

C.J. Pethick, D.G.Ravenhall, Annu. Rev. Nucl. Sci.  45 (1995) 429  

…. But many important open problems remain 



Under certain conditions, the vortices can be 
unpinned from the lattice and deliver their 
angular momentum to the whole system:  
The star spins up. 

Angular 
momentum is 
transferred to star 
rotation. 

Crucial step: Calculation of the force which binds vortex 
to nuclei 

Pinning force cendec EEE !="

Etot=Ekin+Epot+Epair 

According to the model, vortex lines 
are pinned (bound) to nuclei of the 
lattice 

Elementary 
cell of nuclear 
lattice 



A	  basic	  issue	  for	  a	  model	  of	  glitches	  based	  on	  vortex	  unpinning	  
To	  determine	  the	  favoured	  vortex	  configuraJon	  
	  



P.	  Moroshkin	  et	  al.,	  	  
EPL	  90	  (2010)	  34002	  

Trapping of atoms by vortices in 4He 



Microscopic quantum calculation of the vortex-nucleus system  







(inside the cell) 



Pairing of Pinned Vortex
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Velocity of Pinned Vortex
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nucleus vortex pinned on a nucleus Sly4 5.8MeV 

In this region 
the gap is not 
completely 
suppressed 

the gap of a nucleus 
minus the gap of a 
vortex on a nucleus: 
on the surface there 
is the highest 
reduction of the gap. 

density x20[ fm− 3] density x20[ fm− 3]

density x10[ fm− 3]

Gap [MeV] Gap [MeV] 



The velocity field is suppressed in the nuclear region 

The superfluid flow is destroyed in the nuclear volume.   



Pinned vortex 

Nucleus 

Vortex in uniform matter 



   Pinned Vortex 2=v
In this case Cooper pairs are made of single particle levels of the same parity 

2=v

1=v



Vortex radii   



P.M. Pizzochero and P. 
Donati,  
Nucl. Phys. A742,363
(2004) Semiclassical 
model with spherical 
nuclei.  

* * 

* 

* * 



Conclusions and perspectives 

- We have solved the HFB equations for a single vortex in the crust of neutron 
stars, considering explicitly the presence of a spherical nucleus, generalizing previous 
studies in uniform matter.   

-Adoption of the more recent calculations for the inner crust nuclei. 
-Which interactions to adopt to describe the mean field. 
-Which is the role of medium polarization effects for the pairing? 
-Vortex dynamics 

-Numerical results at different densities with SII, Sly4, Skm* and SGII 
interaction indicate that the pinning energy is very small  and of the order of a 
few MeV. In particular pinning is found at low asymptotic neutron density.  

- We have found that finite size effects are important, (ν=1) vortex (at low 
and medium density) stays outside of the nuclear volume, where the 
pairing goes to zero. At high density the vortex expulsion can be 
cancelled (Skm* and SGII) and a situation similar to the semiclassical 
approximation is found. 



A few basic questions about pairing  correlations  

1.  Does superfluidity affect the results found 
      by Negele and Vautherin?  

2.     What is the spatial dependence of the pairing gap?  
        How important are the nuclear clusters?  

  3.   How much are the gaps affected by many-body processes ? 

  4.   Can we prove experimentally that the crust is really     
superfluid?  
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Pairing	  	  interacJon	  in	  neutron	  and	  nuclear	  maVer	  and	  exchange	  of	  p.h.	  excitaJons	  	  	  



antiscreening 
  Vind  > Vdir 

screening 
Vind  < Vdir 

L.G.	  Cao,	  U.	  Lombardo,	  P.	  Schuck	  
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Z=1  free Fermi gas 
Z<1  correlated Fermi system 
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Gap	  EquaJon	  	  



A.	  Gezerlis,	  J.	  Carlson	  PRC	  81	  (2010)	  025803	  



PAIRING GAP IN FINITE NUCLEI 

Medium effects increase the 
gap in  120Sn 

Medium effects decrease the 
gap 

PAIRING GAP IN NEUTRON MATTER 

F. Barranco  et al., Eur. J. Phys. A21(2004) 57 

Exp. 

 bare 

renorm. 
bare 

renorm. 



 
 

Connection with Self-consistent Green Function   

by extending the Dyson equation… 

to the case of superfluid nuclei (Nambu-Gor’kov), it is possible to consider both: 

and 

J. Terasaki et al., Nucl.Phys. A697(2002)126;   

cf.  C.Barbieri,  M. Hjorth-Jensen, PRC79 (2009)064313 



       USED FORMALISM  
(cf. Van der Sluys et al., NPA551(1993)210)  

 
 

Σpho
12 

Σ12 = Σpho
12 + Σbare

12 

	  
V(jj'λ)	  	  =	  	  βλ(2λ+1)-‐1/2<j||Ro	  dU/dr	  Yλ||j’>	  (uj	  ũj’	  –	  vj	  vj’)	  (2j+1)-‐1/2	  
W(jj'λ)	  =	  	  βλ(2λ+1)-‐1/2<j||Ro	  dU/dr	  Yλ||j’>	  (uj	  vj’	  +	  vj	  ũj’)	  (2j+1)-‐1/2	  
	  	  



For a superfluid system, 

The presence of the  nucleus 
lowers the pairing gap around 
the Fermi energy…. 

… increasing the specific heat 
   of the system  



T= 0.1 MeV 

T= 0.2 MeV 

T= 0.3 MeV 

Core      Surface 

 -------- With the nucleus 
 - - - - -  Uniform 

Specific heat along the inner crust  



	  
Neutron	  and	  electron	  specific	  heat	  going	  from	  the	  core	  to	  the	  surface	  of	  the	  star	  

	  
	  

The	  presence	  of	  the	  nucleus	  	  increases	  	  Cv	  but	  the	  electronic	  contribuJon	  is	  dominant.	  
But:	  effects	  beyond	  mean	  field	  can	  reduce	  the	  gap	  and	  change	  this	  picture…	  







The	  Jme	  tw	  is	  sensiJve	  to	  the	  specific	  heat	  of	  the	  crust.	  
Superfluidity	  tends	  to	  decrease	  Cv	  and	  to	  decrease	  tw	  ;	  	  
proximity	  effects	  act	  against	  this	  tendency.	  

	  	  	  	  Rapid	  cooling	  scenario	  	  

J.	  La'mer	  et	  al.,	  
APJ	  425(1994)802	  	  



Results from a recent detailed cooling calculation  

M.	  ForJn	  et	  al.,	  PRC	  82	  (2010)	  065804	  

Contributions to the specific heat   



Temperature evolution in the crust  

Temperature at the surface   













D.	  Page	  et	  al.	  APJ	  	  Suppl.	  155	  (2004)623	  	  



D.	  Page	  et	  al.,	  PRL106	  (2011)081101	  	  

Observed cooling of a young neutron star  (Cassiopeia A) 



C.H.	  Horowitz	  
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A review on the crust   



Neutron	  star	  biology	  



The	  Cheela	  civilizaJon	  


