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Nuclear “trencadis

Nuclear vs heufron matter
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SCGF Ladder approximation SURREY

In-medium interaction Ladder self-energy

T e Self-consistent resummation
e Energy and momentum integral
e @Finite T (Matsubara)
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One-body properties
Momentum distribution
Thermodynamics & EoS

Transport

Ramos, Polls & Dickhoff, NPA 503 1 (1989)
Alm ef al., PRC 53 2181 (1996)

Dewulf ef al., PRL 90 152501 (2003)

Frick & Muther, PRC 68 034310 (2003)
Rios, PhD Thesis, U. Barcelona (2007)
Soma & Bozek, PRC 78 054003 (2008)
Rios & Soma PRL 108 012501 (2012) 5




UNIVERSITY OF

SURRE

k=0
1 1 1 1 1 0 1 _
-0.2 -
-0.4 - ~
>
= -0.6 . o
- =}
=, -0.8 - <
3 . 1 - il
=
qu 1.2 .
- 1.4} 1 -
| 1.6} -
6 Avis 1 =
ke=1.33 fm’ 181 7
_12 1 1 1 1 1 _7 1 1 1 1 1 _2 1 1 1 1 1
150 -100 -50 0 50 100 150 -150-100 -50 0 50 100 150 -150-100 -50 0 50 100 150
o—u [MeV] o—u [MeV] o—u [MeV]
1 1 1 1
10° . . - ; ' = -
— T=0 MeV
Av18 y T TaMev = ;
10'1 k|:=1 33 fm - “‘
=~ C RS \“‘
é » 9 0.8 \‘:\\:}‘\ n
<10 5 A
C _Q \‘ |‘|‘
2 = \
O 103 e O 6 T “\‘ -
c D ¥
HT; ©
= a4
g ' E 04} ]
Q
(D b
107 GC’
_ € 0.2} -
-6 1 1 1 L L o
10 S
200  -100 0 100 200  -100 0 100 200  -100 0 100
o—u [MeV] o—u [MeV] w—-u [MeV] 0 I I
Extrapolat T) (13 Gb worth dat R A
e Extrapolate X(k,®;T) ( worth data) Momentum, k/ke

e Constraining with properties A. Rios, in preparation 6



Availlable data

Av18

20 o 600 00 6Gssmmmmunen
=
9 15 “ ””””””” ‘,,,,¢,",",,"w~_
2 | e o o
- © © 00 00 ©CCNNENND CND
O i © © 00 00 ©0ocHIIEEND ND
210 e ® 0 00 00 ©00INNNINesND—
G | ®© © 00 00 0oossumD |

g ® © 00 00 ©occoumD

= ® © 00 00 ©occsmED
G sle o ocliiiiiimm

| ® o 00 000 °

‘ ® o000

; ® o00 o \
N T S R
0.001 0.01 0.1 1

Self-energy, spectra

Density, p [fm™]

UNIVERSITY OF

SURREY

function & thermodynamics



' UNIVERSITY OF

e Advantages SURREY
e All kinds of NN Interactions v/

3N interactions foo (Arianna’s talk) ¢
e Short-range & tensor correlations v/

e Density & isospin dependence v/
e Access to off-shell spectral function v
e No artificial separation of MF vs correlations ¢/
e Thermodynamically consistent ¢/
e Limitations
e Non-relativistic X
e Missing diagramse X
e No real-space picture (e.g. correlators) X
e NO nuclear surface X



Momentum distribution, n(k)
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Momentum distribution, n(k)
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Momentum distribution, n(k)
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e Dependence on NN inferaction under control

* PNM: 4-5%

at low k

; SURREY
i d”k _
n(k) = <akak> VJ(QT‘_)g n(k) = p
0=0.16 fm", T=0 MeV 0=0.16 fm", T=0 MeV
— T T T T T 1 T3 1 T T §10O )
—— e s < s 1 F . Neutron ! =
s —— AvliS - ! -
) - CD-Bom| | . matter 1 £
| —= N3LO - L - 410"
. FFG {1 ' - g
| 1 F 4107 &
. u Z =
| 1 T ] =
i q)
| 1 T : 1 4 =
| 1 E W 310 =
] I ] wl I - ] I ] I ] I ] I ‘I\‘I ] a 2
0.5 | 1.5 2 O 05 1 15 2 25 3
Momentum, k/kF Momentum, k/kF
e SNM: 11-13% at low k, at high k



Momentum distribution, n(k)
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0=0.16 fm~ T=5 MeV

Free Fermi Gas SCGF, Argonne v18
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o affect depletion = non-perturbative effect

A. Rios et al., PRC 79 064308 (2009) 10



Momentum distribution, n(k)
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Momentum distribution, n(k)
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Momentum distribution, n(k)
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Momentum distribution, n(k)
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Theoretical confirmation

Asymmetric matter momentum distribution
EBHF calculation, T=0

: II i Neutron
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Neutron, nn(k) [fm3]

(k) [fm’]
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Momentum distribution, n(k)
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Confirmed by other approaches SURREY
Schematic model FHNC
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EoS for neutron matter: SRG
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Hebeler, Lattimer, Pethick, Schwenk
ApJ 773 11 (2013)

16

e Error band from fits in ChPT ¢z, ¢3 parameters
e Finite temperature & higher densities available

Schwenk talk, Arianna’s talk tomorrow!
Carbone, Polls & Rios, PRC 90 054322 (2014); A. Carbone, PhD thesis 25



Pulsar glitches
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Espinoza, Lyne, Stappers & Kramer
MNRAS 414 1679 (2011)

-— ions, electrons

-%—— electrons, neutrons, nuclei

\ neut.ron-proton Fermi liquid
few % electron Fermi gas

quark gluoh plasma?

superfluid

-----------------

e Crystalline crust + dripped neutron superfluid

e Crust slows down due to magnetic braking

e Superfluid can only spin if vortices move out

|f vortices are pinned to nuclear lattice, they experience a fime lag

e At some critical pile-up, a lot of vortices are released and crust spins up

Haskell & Melatos, Int. J. Mod. Phys. D 1530008 (2015); arxiv:1502.07062 26
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Supertluid in the core R IPREY

RESEARCH ARTICLE

A l AL A 1l l LA 1 1 l | I I A
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0.06 0.15

n, (fm-3)
Fig. 2. Temperature dependence of neutron superfluid models as a
function of baryon number density for the BSk20 nudear equation
of state. Thick curved lines are the superfluid critical temperature for the
(labeled) models from (23). The vertical solid line indicates the separation
between the crust (shaded region) and the core. Vertical dotted lines de-
note the density at which the superfluid moment of inertia (using the SFB
superfluid model) is 1.6% of the total stellar moment of inertia for neutron
stars of different mass (labeled in units of solar mass). The (nearly horizon-

tal) dashed line is the temperature of a 14 Ms,, neutron star at an age of
11,000 years.
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Fig. 3. Neutron star mass from pulsar observables G and interior tem-
perature T. Data points are for pulsars with measured G from glitches and
T from an age or surface temperature observation (see Table 1). Lines
(labeled by neutron star mass, in units of solar mass) are the theoretical
prediction for G and T using the BSk20 nuclear equation of state and
SFB neutron superfluid models.

pulsar; _dashed line) for a 1.4 Msl,_,, neutron sta_ir_l_milt using thg BSk20

Ho et al., Sci. Adv. 2015:1:e1500578 27
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Dean & Hjorth-Jensen, Rev. Mod. Phys. 75 607 (2003)

BCS equation
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e Single-particle spectrum choice: g} = 5 U(k)— p
* Angular gap dependence: AL = Z |A£\2
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Maurizio, Holt & Finelli, Phys. Rev. C 90, 044003 (2014) 29



Bardeen-Cooper-Schrieffer pairing 3 & {RREY
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W+ W

e BCS is lowest order in Gorkov Green'’s function expansion
e T-maftrix can be extended to paired systems

e But full self-consistency is still missing
Bozek, Phys. Rev. C 62 054316 (2000); Muether & Dickhoff, Phys. Rev. C 72 054313 (2005) 3
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e BCS is lowest order in Gorkov Green'’s function expansion

e T-maftrix can be extended to paired systems

e But full self-consistency is still missing
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Nuclear matter, p=0.16 fm-3

—  full prop. T=5MeV
« full prop. T=0

s e s QP T=5MeV

— - QP T=0

' Quasi-particle <« BCS
RN
2Xk  2ler — y

Full off-shell

// — w+; )A(kaw)A(k,w’)

k [fm ]

e How does removal of strength affect pairinge
e Necessarily decreases gap
e We use normal properties throughout 3
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Beyond BCS 201: LRC

(a)
25 + 1

1T|V[]11) =
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2,25, T

Ast(q) =

PMH

/\é, ph recoupled
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Effective Landau
parameters

G-matrix

(b)
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Gor21') 4

)(12] A(22')

A%T(Q)

1 — A%T(Q) X For

e Bare NN potential only is not the only possible interaction

e Diagram (a

e Diagram (c):

): nuclear inferaction
e Diagram (b): in-medium interaction, density and spin fluctuations
iINncluded by Landau parameters

Gao, Lombardo & Schuck, Phys Rev C 74 064301 (2006) 33
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Pairing gap, Ag [MeV]

UNIVERSITY OF

1 3
SO - PF2
3.0-_'"'I"/'\'I""I""I""I""I__ | | | | |:

_ ——— BCS CDBONN] —— BCS CDBONN

: | BCSAVi8 | [ BCS AV18 0.8
o5L BCS N3LO - l BCS N3LO / ]

: - - - CDBONN : . - - - CDBONN )

[ AV18 : - AV18 -
2.0 N3LO . - N3LO / 0.6
o 1 F { 04
1.0f 1 | / ]

E 1} 1 0.2
05¢F - i l

f »-“’MO'.Q
OO i PP PR BPEPEET PP TS D Tt — IO | S OO

0. O O 5 1.0 1.5 20 25 30 00 05 10 15 20 25 3.0

Fermi momentum, Kg [fm'1] Fermi momentum, kg [fm'1]

e Effect Is robust: independent of NN potential
e 3NF effect not included in SRC, BCS indicates

o channel under control in astrophysical situations
Ho, Elshamouty, Heinke, Potekhin, PRC 91 015806 (2015) 35




Pairing gap, Ag [MeV]
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Conclusions %Nﬁ'zﬁsl'{ﬁ)f

* Ab Initio nuclear theory to treat correlations
* Talk to us If you need quantitative answers!

*Different NN forces give robust predictions
* Approximations introduced meaningfully

* Challenges ahead:
*2 body propagators and momentum distributions
* Pairing in 1sospin asymmetric matter
* Consistent treatment of cooling, glitch & EoS
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