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@ Nuclear matter at low density: Isotope spectra
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liquid-gas phase transition _ to neutron stars

@ Spinodal (mechanical) instability
= multifragmentation

@ Interparticle correlations:

pairing effects

Glitch phenomena, cooling processes, ...
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Neutron distillation

Isospin distillation mechanism — = -
Liquid phase is more symmetric than

ST <T gas phase!
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@ Nucleons form paired states (Cooper pairs)
= Pairing treatment: BCS theory (analogous to electrons in metals in
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@ Pairing correlations active at low density = impact on spinodal instability
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@ ANM = only nn or pp pairing

@ Pairing interaction: nucleons of the same type
Vs.

Symmetry potential: nucleons of different type
= Different isotopic feature of ANM
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Pairing effect on ANM instability: why and how?

@ Nucleons form paired states (Cooper pairs)
= Pairing treatment: BCS theory (analogous to electrons in metals in

the superconducting phase)

@ Pairing correlations active at low density = impact on spinodal instability

5
@ ANM = only nn or pp pairing

@ Pairing interaction: nucleons of the same type
Vs.

Symmetry potential: nucleons of different type
= Different isotopic feature of ANM
@ Extension of mean-field approach: Hartree-Fock-Bogoliubov (HFB) theory

= unified formalism for pairing and mean-field effective interaction
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BCS theory at zero temperature: gap equation

Ground state: Fermi sea

\HF) = TT &} l0)
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v2 Occupation number
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BCS theory at zero temperature: gap equation

Ground state: Fermi sea Ground state: only Cooper pairs
HF theory BCS theory
\HF) = TT &} l0) — 1BCS) = [ (uxls + wils] 1) [0)
k<kp k>0
En = Z (26kvZln — Thv2ln) Es = Z (26xv2|s — TVEls — Dgvicugls)
k<kg k>0
i
v2 Occupation number

&k = ex—py  pg = p—T,  Effective chemical potential

My = Z Vi ket VEr | nys Mean-field potential
k/
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BCS theory at zero temperature: gap equation

Ground state: Fermi sea

Ground state: only Cooper pairs

BCS theory
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BCS theory at zero temperature: gap equation

Ground state: Fermi sea

Ground state: only Cooper pairs

HF theory BCS theory
\HF) = TT 2} o) — 1BCS) = [ (uxls + wils] 1) [0)
k<kp k>0
2 2
En = Z (2§ka|n - I—I<V/<|n) Es = Z (2§kv,§|s — I'kvE|5 — Akvkuk|5)
k<kg k>0
v
1 T T T
v2 Occupation number :
&k = ex—py  pg = p—T,  Effective chemical potential
M = Z \_/kk'kk’VEf|n,s Mean-field potential "
k’ K 30 7R0 0 16 20 240 280 3
Ay =— Z th?k’/?’ virugr|s  Energy gap = Gap equation

k’>0

N=2 Z vf|5 Particle number conservation = Density equation

k>0
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Gap and density equations: effective interaction

@ Effective pairing interaction
L q
V,r(rf,rj): E(I_Pa)"ﬂ(Pq)‘s(r/‘j’) q=pn

zero range = energy cutoff ex = 16 MeV
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Gap and density equations: effective interaction

@ Effective pairing interaction
1 q
Vrlriorj) = S (1= Po)vilpg)d(ry)  a=pn

zero range = energy cutoff ey = 16 MeV

1S pairing gap of neutron matter
L.G. Cao, U. Lombardo, P. Schuck, Phys. Rev. C74, 064301 (2006)
‘ : : : : : :

Energy gap A, (p,) (MeV)

L L L L L L
o 0,01 0,02 0,03 0,04 0,05 0,06 0,07

Density p, (fim %)

(Brueckner calculations with Argonne vy4 potential)
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Gap and density equations: effective interaction

@ Effective pairing interaction
1 q
Vrlriorj) = S (1= Po)vilpg)d(ry)  a=pn

zero range = energy cutoff ey = 16 MeV
@ Density equation

2

Pq =

L.G. Cao, U. Lombardo, P. Schuck, Phys. Rev. C74, 064301 (2006)
T T T T T T T

4n2h3 Jo

(2m)3/2 /;L;Jre,\ dev/e {1 B Ei canh (BEAH 1Sy pairing gap of neutron matter

A

@ Gap equation
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8mw2h3 A
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(Brueckner calculations with Argonne vy4 potential)
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Gap and density equations: effective interaction

@ T =0 = strength v (pq) = vr(pq)
@ Effective pairing interaction

a
vr(pg) = V:: [1 - (ﬂ) ] also for pp

1
V,r(r,',rj): E(lfPU)V:(Pq)‘s(rU) q=pn po

zero range = energy cutoff ep = 16 MeV
@ Density equation

om)3/2 * E
pg = & /“‘7 A deve |1 — i tanh (BiA) N. Chamel, Phys. Rev. C82, (2010)
472p3 0 EA 2 T T T
-100F
@ Gap equation 20 e

2m)®/2 rug+ E,
1:—V7r(,0q)%/ aTen deﬁtanh (ﬁiA)
8m2h3 Jo Ep 2

1
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. . \
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Gap and density equations: effective interaction

@ T =0 = strength v (pq) = vx(pq)
@ Effective pairing interaction

«@
) vr(pg) = V,,/‘} [1 —-n (%) ] also for pp
0
Vr(ri rj) = 5(1 = Po)valpg)8(ry)  a=p,n

zero range = energy cutoff ey = 16 MeV
@ Density equation

_@m)*/2 pugten 3 BEA
pqii./o dev/e l—E—tanh( 2 )

472p3 A

@ Gap equation

Energy gap A (p,)) (MeV)
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1:7Vw(ﬂq)%/“q Adeﬁtanh(ﬁ A)
o E, 2

8m2h3 A

L L el I

0,01 0,02 0,03 0,04 0,05 0,06 0,07
Density p, (fm”)

1

B=7 Ea= 2402 E=c—py, pug =nq— Ug

Burrello S., Colonna M., Matera F. Pairing effects on spinodal decomposition of ANM



Liquid-gas phase transition and spinodal instability
Pairing effects on spinodal instability in ANM

HFB theory: pairing effective interaction
Effect on isospin distillation

Gap and density equations: effective interaction

@ Effective pairing interaction

1
Vrlrin) = S = Po)va(pq)d(ry)  a=p,n

zero range = energy cutoff ey = 16 MeV
@ Density equation

(2m)3/2 gt 3 BEA
pq:m./o dev/e l—atanh (?>

@ Gap equation

2m)3/2  pukte E,
1:7v7,(pq)i/ q Adeﬁtanh(ﬁ A)
8r2r3 Jo En 2
1 2 2 * *
[3:7, En=\/E2+ D2, € =€ — g, pg =pq— Ug
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Energy gap A (p,)) (MeV)

@ T =0 = strength v (pq) = vx(pq)

«@
vr(pg) = V,,/‘} [1 —-n (%) ] also for pp
0
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@ T = T¢ superfluid <+ normal phase
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Gap and density equations: effective interaction

@ T =0 = strength v (pq) = vx(pq)
@ Effective pairing interaction

«@
. vr(pg) = V,,/‘} [1 —-n (%) ] also for pp
0
Vi (riy rj) = 5(1 — Po)va(pq)d(ry)  a=p,n

zero range = energy cutoff ey = 16 MeV T T T T
@ Density equation F

Py =002

I L I
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pqii./o dev/e l—E—tanh (?>

472p3 A

S

@ Gap equation

Energy gap A (p,)) (MeV)
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@ T = T¢ superfluid <+ normal phase
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Effect on chemical potential derivatives (T = 0)

@ Energy density functional in paired ANM (p = 2A/v,):

Sl o o2 (2) 5 (2) o

q

Ll = 9 (pE/A)

_ q q
=p, +UL+U
apq q ™ ANM

Burrello S., Colonna M., Matera F. Pairing effects on spinodal decomposition of ANM



Liquid-gas phase transition and spinodal instability HFB theory: pairing effective interaction
Pairing effects on spinodal instability in ANM Effect on isospin distillation

Effect on chemical potential derivatives (T = 0)

@ Energy density functional in paired ANM (g = 2A/v,):

S-S Frmer i [4(2) 2 (2) -]

q

(PE/A)
q q
+U;+U
w 99q ; ANM
* q
am, by = ong _ Orq 6U5r+aUANM

9pq dpq dpq dpq
2] del  oU]

a b= M _ ZF | ToANM
9pq 9pq 9pq
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Effect on chemical potential derivatives (T = 0)

@ Energy density functional in paired ANM (5 = 2A/v,):
E _ @ q Lz ‘ﬁq|2 A P B P\, Csym. 2
pAfE:P/vpf@5m+WWﬂ 2 |75 + +—=-I

P Po o+1 \po 2
525 T T T T T T T
8 (pE/A)
a _ — . * q q
P = g = pg + U+ Usyy
omg _Ong  BUF _
= = 9q
dpq dpq dpq
q q
3303 0025 003 0035 004 0045 005 0055 006 Ouq _ Ocp _ 2 ¢
Density p, (fm®) 9pq Apq 3 pq
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Effect on chemical potential derivatives (T = 0)

@ Energy density functional in paired ANM (5 = 2A/v,):

E dp p? ‘ﬁq|2 Alp B P\, Csym. 2
- _ 2 [ Z2F9p) v, AP P Lsym -
P Z{/,p () tvn (o) - |40 |5 (o) o () 75

q
525 T T T T T T T
500
475
< 450 9 (pE/A
i ui’,zi(p/)_:u;‘+U1+ugNM
2 425 dpq
2
©7 400
375
oy _omy  oug _
350 = + =5,
9pq 9pq Opq
q q
o2 0025 003 0035 004 0045 005 0055 006 Omq _ Ocp _2¢F
Density p, (fm®) 9pq Apq 3 pq
C
tan20, =
ar — br
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Effect on chemical potential derivatives (T = 0)

@ Energy density functional in paired ANM (5 = 2A/v,):

p— =

A=/

PO

dp p? \ﬁq|2 Alp B P\, Csym. 2
Prap)y P, i P Lsym -
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7 o014~ ]
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@ Effect on the asymmetry of unstable oscillation Pa Pa P
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@ Effect on the asymmetry of unstable oscillation

@ Energy density functional in paired ANM (5 = 2A/v,):

E
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@ increase at most of 20% of the asymmetry Z
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@ Effect on the asymmetry of unstable oscillation

@ Energy density functional in paired ANM (5 = 2A/v,):

E
p— =

A
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o
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()5 vn(pa)

|Pq|?
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@ increase at most of 20% of the asymmetry Z

@ competition between pairing and Csym
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Effect on chemical potential derivatives (T = 0)

@ Energy density functional in paired ANM (5 = 2A/v,):

E dp p? |ql?
— q q
p—==> 12| Zfp)-—+vr(pq) +p
A h3 2m 4
q
Ol T T T L e e A E e
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@ Effect on the asymmetry of unstable oscillation
= (isospin distillation)
@ increase at most of 20% of the asymmetry Z
@ competition between pairing and Csym
@ confirmed the leading role of Csym on distillation
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Effect on chemical potential derivatives (T # 0)

@ Normal phase: ok 2% 1472 (T :
p " Dpg ~ 3 12\ F
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Effect on chemical potential derivatives (T # 0)

2
ael ef 2 fluid .
@ Normal phase: £ ~2-¢ |14 22 (L 2P, 54 decreases with T
Pq q €q phase
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Effect on chemical potential derivatives (T # 0)

2
0el b 2 fluid i

@ Normal phase: £ ~ 29 |14 2 [T e, 5, decreases with T!
Opq 3 pq 12 | F phase 9

@ Normal <> superfluid: discontinuity on the 2nd derivatives of the energy

= 2nd order phase transition
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Effect on chemical potential derivatives (T # 0)

2
0el b 2 fluid i

@ Normal phase: £ ~ 29 |14 2 [T e, 5, decreases with T!
Opq 3 pq 12 | F phase 9

@ Normal <> superfluid: discontinuity on the 2nd derivatives of the energy
= 2nd order phase transition

@ Compressibility = jump depends on the density (disappears at pq = pum)
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Effect on chemical potential derivatives (T # 0)

2
0el b 2 fluid i

@ Normal phase: £ ~ 29 |14 2 [T e, 5, decreases with T!
Opq 3 pq 12 | F phase 9

@ Normal <> superfluid: discontinuity on the 2nd derivatives of the energy
= 2nd order phase transition

@ Compressibility = jump depends on the density (disappears at pq = pum)
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Effect on chemical potential derivatives (T # 0)
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@ Normal phase: £ ~ 29 |14 2 [T e, 5, decreases with T!
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@ Normal <> superfluid: discontinuity on the 2nd derivatives of the energy
= 2nd order phase transition

@ Compressibility = jump depends on the density (disappears at pq = pum)

@ Heat capacity
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Effect on chemical potential derivatives (T # 0)
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@ Normal phase: £ ~2-¢ |14 22 (L P, 54 decreases with T
Pq Pq €q phase

@ Normal <> superfluid: discontinuity on the 2nd derivatives of the energy
= 2nd order phase transition

@ Compressibility = jump depends on the density (disappears at pq = pum)

@ Heat capacity = implications on the astrophysical context
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Effect on chemical potential derivatives (T # 0)
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@ Normal < superfluid: discontinuity on the 2nd derivatives of the energy

= 2nd order phase transitio
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@ Compressibility = jump depends on the density (disappears at pq = pum)

0.4

@ Larger effect than T =0
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Effect on chemical potential derivatives (T # 0)
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@ Normal < superfluid: discontinuity on the 2nd derivatives of the energy

= 2nd order phase transitio
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@ Compressibility = jump depends on the density (disappears at pq = pum)

04
@ Larger effect than T =0
@ Double discontinuity 0.3
= n and p critical T =
0,2

Burrello S., Colonna M., M

p = 0.08 fm—3
T T T T T T T T T T T T T T T
C [=017r =02 ][ 1=05 ]
L ::\\\\\\\\\\\::\\\\\\\\\\\:
005 1 152 253005 1 1522530051 15 2 25 3
Temperature T (MeV)
atera F. Pairing effects on spinodal decomposition of ANM



Liquid-gas phase transition and spinodal in

Pairing effects on spinodal instability in ANM

stability

HFB theory: pairing effective interaction
Effect on isospin distillation

Effect on chemical potential derivatives (T # 0)
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decreases with T!

@ Normal < superfluid: discontinuity on the 2nd derivatives of the energy

= 2nd order phase transitio

n

@ Compressibility = jump depends on the density (disappears at pq = pum)

04
@ Larger effect than T =0
@ Double discontinuity 0.3
= n and p critical T =
0,2

@ Jump ~ <#>
= sizable effects on the

isotopic properties of clusters
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@ Clusterization studies with pairing confirm the leading role of the
symmetry energy in determining isotopic properties of density fluctuations

@ At the transition temperature (from superfluid to normal phase)
significant effects may appear for the asymmetry of the density oscillations
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Conclusions

@ Clusterization studies with pairing confirm the leading role of the
symmetry energy in determining isotopic properties of density fluctuations

@ At the transition temperature (from superfluid to normal phase)
significant effects may appear for the asymmetry of the density oscillations

@ = Implications in the astrophysical context

Thank Youl

Burrello S., Colonna M., Matera F. Pairing effects on spinodal decomposition of ANM



	Liquid-gas phase transition and spinodal instability
	Effective interactions: ANM
	Characterization of the instability in ANM

	Pairing effects on spinodal instability in ANM
	HFB theory: pairing effective interaction
	Effect on isospin distillation


