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Bose condensation and strong coupling pairing: BCS-BEC ;

crossover
Leggett 1980, Nozieres & Schmitt-Rink 1985

BEC BCS
Interaction: Strong Interaction: Weak
In free space:  Bound pair (boson) Crossover In free space:  No bound pair is
is already formed formed

In medium: Bound pairs (Cooper
pairs)_are formed,
then_condensate

In medium: Condensate of bosons

Average distance
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Size of correlated pair S-
E/d<<1 E&d= 0.2~1.10 E/d>1

Pairing gap k;
Ale>1 Ale;= 1.3~0.2 Afe<<1 pP=3

Scattering length a & density
1/k.a>1 1/kja=-1~1 1/ka< -1
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Size of correlated pair Ml 2!
£/d<<1 E/d= 0.2~1.10 £/d>1
Pairing gap
Ale>1 Ale;= 1.37~0.2 Afe<<1
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Singlet-S;® nntHE{EF

virtual state _ But with strong E-,p-dependence
? é Large scattering length
a=-18.5fm “ Iy B it
rog = 2.8 fm i

© Henneck np 93
+ VPI&SU np 94

kea<-20 | ¢

Cf. Saturation den5|ty_3 1/k.a~0 g - Vriast py o
pl’l = 0.085 ﬁn 10
k., =136 fm™ _
d = /0_1/3 = 23 fm 2, T 200 300 '"":)0

E, (MeV)

Wiringa et al, PRC51, 38 (1995)

Triplet-SDIE nptEE{EFH
having a bound state

a=>5.4fm
e = 1.8 fm



pairing gap in neutron matter

BCS (mean-field) calculation & ab initio calculations

® Strong density dependence
® A = (1~0.5) Ageg

ab initio
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Strong pairing in dilute neutron matte

Large scattering length a=
nn-attraction

-18fm for

“Large” pair gap vs. Fermi energy A/e, > (0.2 at low-densities

Monte-Carlo calculation Mean-field calculation (BCS approx.)
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Gezerlis & Carlson, PRC81,025803 (2010) MM, PRC73,044309(2006)



Small Cooper pair in dilute neutron matter

BCS calculation using A bare force %G3RS)

Gogny force (D1)

Neutron pairing gap
fm 4 g
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Pair wave function has large amplitude
at short relative distances r~2-3 fm

MM, PRC73,044309(2006)
Margueron et al, PRC77,054309(2008)

Cooper pair wave function
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Skyrme HFBE"‘% With Y. Zhang

1. Coordinate-space HFB with very large box to guarantee the asymptotics

h=h A NgGo)\_ (9" Fo)
A —h+i)\gPGo)) T g? (Fo)
1, Radius size = 100 fm
2, Mesh diagonalization method

3, Continuum states with

sufficiently large orbital ang. mom. L_ .~ 100 hbar

cut

2. Pairing force (p-dep. contact force) reproducing the nn-scat. length a=-18 fm

( ) n[,On( )] (1 2) Vo= -458.4 < a,,=-18.5fm
0.59
V,lp,1=v,(1-071(p,/008)"")  E_ =60 MeV

cut

3. Ca, Ni, Zr, Sn from stable nuclei to neutron drip-line

EXPHEF/NO—NFTESNTINS 1241387, ZHI[2ED



B RPEF/\O—1% 1241387y

J. Meng, P.Ring, Phys. Rev. Lett. 80, 460 (1996), 1th

Y. Zhang, M. Matsuo, J. Meng, Phys. Rev. C86, 054318 (2012)
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neutron density [fm'1]

mm
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=-458.4 MeV fm™

total
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neutron pair density [fm]

y=:pt:

partial wave composition
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v, = -458.4 MeV fm™

v=458 (a=-18fm)
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neutron pair density [fm ]

10? total 5/2
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10°F . e plf2 9712

TENI

107 f . S N . | — h9/2
; R d5/2 h11/2

Ll ' Ll
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v, = -458.4 MeV fm”
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> lcut=72, converge to r=40 fm

:> lcut=128, converge to r= 80 fm
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(a) (c) With much deeper Fermi
surface, the asymptotic tail of
particle density is governed
by the lowest discrete g.p.
state.

(b) similar strong coherence with
previous two cases.
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A NEUTRON STAR: SURFACE and INTERIOR
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D.N. Aguilera, V. Cirigliano, J.A. Pons, S. Reddy, R. Sharma, PRL 102, 091101 (2009)
V. Cirigliano, S. Reddy, R. Sharma, PRC 84, 045809 (2011)
N. Chamel, D. Page, S. Reddy, PRC 87, 035803 (2011)

[EFAIKES THIE SN . 8 FIRENEAnderson-BoboliubovE B D E R E—RIZEBAEMNMELLIZE S

0.14
- T=10%K
L \ 0.12}
—~ 20 i".sPh
e L PN ] 0.10}
(&) /‘ \ 4
w = H T -
'T; 18_ e 7 —_ 0.08F
> e i e
) P 2] 0.06
2 61 -l / ’
= [t I Ly A—— ] 0.04}
2 ! . IPh [ g0 ]
14 i o
L | L / 0.02¢
i F e 1
I L gt Ph ]
PRI (NSNS U ST ST ST ST I ' ST ST ST ST B S | (.00 —— — = B == —
T 12 13 14 1 12 13 14 11.5 12.0 125 13.0 13.5 14.0
-3 3 log:a(p(gm/ce))
log,, p(gcm™) log,, p (gcm™)

FIG. 1. (Color online) The velocities of the two eigenmodes. The

i sha a ; . Mivity in ¢ . . . . .. .
FIG. 2 (color online). Thermal conductivity in a NS crust for dotted lines are v; and v, with mixing ignored.

T = 10% K (left) and T = 107 K (right). The dotted-dashed (red)
curve shows the contribution due to SPHs. The thick (thin) solid
lines show the electron conductivity in the direction longitudinal
(perpendicular) to the magnetic field lines for B = 103 G (i)
and B = 10" G (ii). The dashed line (yellow) is the LPH
contribution.
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