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pairing phenomenon

Pairing is a two particle correlation around the Fermi surface

As such it manifests in all quantum-mechanical many fermion
systems:

Microscopically,

‘metals: superconducting electrons
Bardeen, Cooper, Schrieffer, Superconductivity in metals, Phys. Rev. 108 (1957) 1175

~atoms: superfluidity of 3He-3He anisotropic phases

‘nuclei: odd-even effect
Bohr, Mottelson, Excited spectrum in odd-even nuclei, Phys. Rev. 110 (1958) 936

‘quark phase: color superconductivity
Macroscopically,

‘neutron stars: post-glitches and cooling
Migdal, neutron star, Soviet Physics JETP 10 (1960) 176

estellar evolution: reaction cross section



Important for formation of a weekly bound halo nucleus!
S. S. Zhang, M. S. Smith, Z. S. Kang, J. Zhao, Phys. Lett. B 730, 30 (2014).
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Two ways for pairing in nuclei N=Z(l—g(k)_5‘”j

E(k)
o Pairing gap interpolation AGk) = ZV(kk)A(k)
 E()
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S. Goriely, N. Chamel and J. M. Pearson, PRL 102 (2009) 152503

o Parameftrize eff. pairing interaction
by fitting pairing gap
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Important for neutron capture on Exotic Nuclei!
S. S. Zhang, J. P. Peng, M. S. Smith, G. Arbanas, R. L. Kozub, Phys. Rev. C 91, 045802 (2015).
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Superfluid states of neutron stars (NSs)

has been reviving after the real-time temperature | .’*NEUTF‘O“;LA“: P —

measurements of the CasA remnant

W. C. G. Ho and C. O. Heinke, Nature (London) 462 (2009) 71 i

*———— ATMOSPHERE

O Cooling of NSs: A | " \

CRUST
OUTER CORE

demands pairing gaps for |
v'1S, neutron-neutron (crust)
v'1S, proton-proton (inner core)

v'3PF, neutron-neutron (inner core)

O Superfluid States occurs at
v'high isospin imbalance = (N-Z)/(N+Z)
v'high baryon density p =p, + p,
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A nuclear system is a strong interacting Fermi system :

Effective interaction:

O short range correlations
Since the nuclear force is a short range force, a mean field can be
built up to describe g.s. of nuclei and EoS of nuclear matter.

» MICroscopic BHEF, DBHF calcs.
» phenomenological Skyrme, RMF calcs.

O / ong range correlations (collective excitations)

» MICTroscopic induced interaction, ....

GE Brown et al, Phys Rep 124 (1985) 1
» phenomenological extending Skyrme forces

Milano group, PRC 87 (2013) 054303



Effective Nuclear Interaction e(k)—¢,
byond BHF N=Zkl ==

_ NV (k, kDALY
o The BHF 1s a mean field theory Alk) = ; E(k")

- where the interaction of a particle with surrounding medium is
approximated with a potential

e
O o
BHF Self-Energy : 2 = 25yp+ X

o G-matrix

coll

- an effective interaction accouting for short range correlations

A

0 medium
——— g- /T polarization
2 effects




Isospin-dependent pairing interaction

in asymmetric nuclear matter

@ Evolution of the paring gaps from PNM to SNM

¢ Effective pairing interaction with the momentum cut-off
from infinite nuclear matter to finite nuclei

S. S. Zhang, L. G. Cao, U. Lombardo, E. G. Zhao and S. G. Zhou
PRC81 (2010) 044313




Theoretical framework

PRC81 (2010) 044313

Step 1. Solve pure BCS gap equation with realistic interaction Argonne AV g
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e(k)=k>/2m+

U ( k) - Skyrme- LNS potential
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Step 2. Renormalize the pairing interaction (effective int.)

Vik,kY=V, (kk

bare

)_

|k "~k |>Ak

bare

PRC 73 (2006) 014313
m* - effective mass
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Step 3. Solve gap equation with effective pairing interaction.
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- Neutron and proton gaps in ANM PRC81 (2010) 044313
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- PRCS1 (2010) 044313

Sensitivity to the chosen momentum cut-off k. = |kg - k

pairing effective interaction
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For a cut-off large enough (with Argonne AV g, k., ~ 5 fm-1),
the eff. int. and the gap saturates to the exact value;

v k., : range of nonlocality of the chosen potential for the pairing correlations

v Its large value casts doubt on zero range pairing interactions
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One way: Gap interpolation for ANM

1Sy neutron and proton gaps

PRC81 (2010) 044313
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Aq<pn,pp>=ASM<p><1—\ﬂbiANM<pq>ﬂ%

S. Goriely, N. Chamel and J. M. Pearson, PRL 102 (2009) 152503

The GCP gap interpolation formula seems not to be valid.



‘I‘he other way: Fit exact gap by effective inter. for ANM

J. Margueron, H. Sagawa and K. Hagino, PRC 77 (2008) 054309
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New eff. pairing inter. for finite nuclei
1Sy neutron gaps in symmetric nuclear matter
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“50 neutron gaps in symmetric nuclear matter
L. G. Cao, U. Lombardo, and P. Schuck, PRC 74 (2006) 064301
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- ~ SCEG 54 (2011) 236
Neutron gap for zero-range effective pairing interaction

ZSS para. MSH para.
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Proton gap for zero-range effective pairing interaction
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On the basis of pure BCS approx.
The isospin effect

= from the isovector component of the nuclear mean field in ANM
the momentum cutoff window

= renormalized effective interaction
= pairing gap

check the interpolation formulism of the pairing gap (GCP)
= from that of SNM and PNM

= not to agree with microscopic results

improve the isospin and density dependent zero range
effective pairing interaction

= right fitting with the same procedure of MSH



Medium polarization

in asymmetric nuclear matter

¢ induced interaction
- from symmetric nuclear matter to neutron matter
- strong isospin dependece of density and spin-density
- spin-singlet state: crossover appears
- spin-triplet state: no crossoer:; repulsive

S. S. Zhang, L. G. Cao, U. Lombardo, P. Schuck
PRC93 (2016) 044329




Effective Nuclear Interaction

a) In - vacuum Scattering Amplitude
1

T=V+V T

b) In - medium Scattering Amplitude in BHF

Q12 G

G=V+V

¢) In - medium Scattering Amplitude 4 G_A

with Induced Int.
I'=G+GAG

courtesy to U. Lombardo

K.A. Brueckner

s
Wy fed

\\,

G.E.Brown



LANDAU theory of quasipaticle

To the limit g—>0 (Landau limit)
- the high momentum transitions of the scattering amplitude can be
incorporated in an effective interaction I'® such that

I(@=T+T Ag(@TI(q =T'*+IT'* A(qI'

where ' isthe g=0 limit, and A (q) is the full polarization propagator. L. Landau

Landau-Migdal parameters

- The effective interaction describing transitions around the Fermi surface (q=0)
- can be expressed in terms of a few phenomenological parameters

['“=F+F't,-t1,+Go,-0,+G'o,-0, 71,1,

n+an G':Gnn_Gni)
E.,= 3ér (14 F") symmetry energy
A. Migdal K =6¢,(1+F) compressibility
G —>  spin waves

courtesy to U. Lombardo G’ —>  Gamow - Teller R



Induced Interaction S. S. Zhang, L. G. Cao, U. Lombardo, P. Schuck

PRC 93, 044329 (2016)
I =G+GAG

induced

ph interaction: L j/ | 4 7Y

L= .G + @ -

S B A
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1
RPA

J,~S=°<q>=5 > 25+ (9) K (9) T ()

S

IS @)= T @A @ @

the diagonal matrix elements

Koo (q)=2A(q)
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the off-diagonal matrix elements

Nor(g) =— &(q)%gg();) w (4)

1/DS(Q) = (1 +X'TJSTST )(1 +ﬂ“z-'JST',T') _ﬂvz—ﬂ‘z" (JST,T' )2
free polarization propagator

k o
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) =2 [0)e )]
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= calculate pairing gap with induced interaction for ANM
= check new effective pairing interaction in finite nuclei

= understand phonon vibration from microscopic point of
view
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1S, pairing gaps in neutron and nuclear matter
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 In neutron matter,
screening reinforces the pairing suppression
- due to the dominance of spin density modes over pure density modes.

* In nuclear matter,
- the tensor force enhances pairing (antiscreening)

Self-energy effects renormalize the pairing interaction by a Z2 damping
factor, related to the depletion of the Fermi surface.



