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Outline

Many-body method
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* Nambu-Covariant Green’s functions
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Pairing gap, A [MeV]
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Why are pairin

* Glitches in period

* Pinning of neutron superfluid, crustal physics

* Proton superconductor?

*Neutron star cooling

* Neutrino rates through pair-breaking

* Astereoseismology
* Superfluid modes affected
* Potential observable signal in GW in BNS

y p g gaps hecessary!



4B Nuclear uncertainty quantification
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Forwards modelling
* Statistical propagation
 Bayesian analysis
* Emulators
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Nuclear uncertainty quantification
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From M-R to EoS

(Tolman-Oppenheimer-Volkov equations
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(Tolman-Oppenheimer-Volkov equations

aP(r) G im<(r) + 4w P(r)r3] [e(r) + P(r)]
dr c2 ] — 2Gm<(r)
dmdj(r) = 4mr?p(r)
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Nuclear uncertainty quantification

Hamiltonian

Astronuclear Neutron star
observations

* Matter composition
* Regulators & density reach

* Degeneracies?




Neutron star modelling
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Neutron star modelling
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Cooling curve of neutron stars
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 Observational data available for a handful of NS
* Sensitive to interior physics (mostly pairing)
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Pairing gaps & coolin
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Pairing gaps & coolin

t=0, “hot” protoneutron star
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Pairing gaps & coolin
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Pairing gaps & coolin
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_ Cooling:CasA
Cooling: Cas A
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* Nambu-Covariant Green’s functions
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Self-Consistent Green’s Functions
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#8 Self-Consistent Green’s Functions
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e Off-shell v/
* Matsubara formalism v/
* @-derivable v/



Isospin-asymmetric spectral functions
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B Momentum distribution
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B Momentum distribution
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ES EoS at finite temperature
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*Relevant & necessary for binary NS simulations
* Parameter-free first principles calculation
* Reproduces virial at low density
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B Self-Consistent Green’s Functions
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SCGF can treat:
*Explicitly asymmetric matter ¢/ but:

eFinite temperature v/

: . *Numerically intensive
«Systematic expansion ¢/

*Pairing?
*3 nucleon forces ¢/
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8 BCS+HF gaps in neutron matter

Slnglet gaps W|th 3NF Trlplet gaps W|th 3NF
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e Many-body uncertainty? X
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Triplet channel: limits of EFT
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g Triplet pairing: symmetric matter

35D, nuclear matter BCS gaps SRC-depleted 35D, gaps
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= 6 Muether & Dickhoff, PRC 72 054313 (2005)
=
'S d__ °
< * Massive gaps 3SD) channel but...
2 * No evidence of strong np nuclear pairing
T * Short-range correlations deplete gap

E o 0.3 .4 El..Fu !'I-IF! 10 1z 1.4
b * 3BF effect? Short-range effects? Deformation?

Maurizio, Holt & Finelli, PRC 90, 044003 (2014) Gezerli’s talk



g’ Triplet pairing: Gogny!?

— D1 ---D250 - DIN

----- D1S == D260 - NR71
D1P D280 ---D1AS
DM D300

S=1
10 S i
Vf?:o SRAY [1 —(—) 5’30]

a) we neglect it
b) will be there in nuclei!
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g’ Beyond-BCS: SRCs
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Bozek, PRC 62 054316 (2000)
Muther & Dickhoff, PRC 72 054313 (2005)
Rios, Polls & Dickhoff, ] Low T Phys 189 234 (2017)



g Beyond-BCS: SRCs
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Beyond-BCS: LRCs

‘)
LL" 1.0\ ®
_Z <k|Vnn k> AL' ph recoupled _
, 9 X% _M A /|2 k' G omatrix Effective Landau
L /
" ¥ ¥ T.&'
i ) ] e e
Vpair: ------------- > *:{ :vtr. +
e o |
. _f 1
& k ¢ ¥
(a) (b) (c)
1
(11|V[11) = ZZZ 5(28 + 1)(12|GRM|172") 4 (2'T|GRY|21") 4A(22")
2,2 5, T
A9
Aor(@) = g

1 - A%T(Q) X Fs

e Bare NN potential only is not the only possible interaction

e Diagram (a): nuclear interaction

* Diagram (b): in-medium interaction, density and spin fluctuations

e Diagram (c): included by Landau parameters

Cao, Lombardo & Schuck, PRC 74 064301 (2006)

parameters



Results
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Beyond -BCS in neutron matter: SRC
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Beyond -BCS in neutron matter: SRC
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Role of 3NFs

31—

BCS NN
SRC NN -

—— BCS NN+3NF
O SRC NN+3NF
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Pairing gap, A [MeV]
- o

o
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Pairing gap, A [MeV]
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Effective one-boaly rforce =>spectrum

e O b @O

Effective two-body force =NN forces

RS

=== =

VW = e----

*Singlet gap: 3NF reduce closure

* Triplet gap: 3NF increase gap

* Model dependence to be explored
*Use SRG for systematics (Michael!)

Ding, Rios, Dussan, Dickhoff, Witte, Carbone & Polls, PRC 94 025802 (2016)



Finite Temperature BCS
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Drissi & Rios, Eur. Phys. J.A 58, 90 (2022) [arXiv:2202.07501]




Finite Temperature BCS
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Finite Temperature BCS
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Finite Temperature BCS
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Finite Temperature BCS
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BCS prediction based on constant V
Full chiral NN interactions

Full HF spectrum

3NFs do not change the ratio!

Drissi & Rios, Eur. Phys. J.A 58, 90 (2022) [arXiv:2202.07501]




B  Finite Temperature beyond-BCS
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48 Ho do we go consistently beyond BCS?

CDBonn

T
%PF, BCS
B SRC e

40 FIESSSR) Lvischler & Hebeler
F — — = NILU+RNILOGM

Superfluid
NG

008 Ol
. .
Density, p [fm ]

Energy™Nucleon, F'A [MeV)

Fermi momentum, kg [fm'1]

@ Existing frameworks difficult to generalise

@ Nambu-covariant SCGF technique
e Symmetry breaking ¢/
*Finite temperature v/
*Systematic expansion w diagrams ¢/
*3 nucleon forces v/




What was the issue before!

Standard PT

(Z\ AV }/-\

PT ala Gor'kov PT a la Bogoliubov

Bagoliubav a—

. / \
transformation /.,] 3 \.

Reformulation

Based on Nambu fields
Propagators transform contravariantly
Vertices transform covariantly

Un-oriented diagrammatic

Drissi, Rios & Barbieri, Paper |,Ann. Phys. 469, 169729 (2024) + arxiv:2107.09759



ﬂ,?"ﬁ Nambu-Covariant Perturbation Theory

[ Double dimension H space ([ Basis \
.i_ > /
g A = TG X I B°=BUB
‘ \
v 14 ( ’l) Tl 1=

i N/
>\) b= (
|

Product & metric tensor

o((i) (i) = 1w i 0

Juv = 9 (|:u> : |V>) — 5#’7
g J

(v,

-




I Nambu fields

f Nambu fields \

(b,1) —
A(b 2) _ ?b | Al = AP9) = (%)
Ap1) = ap , R - ;
W A, =Ap )= (ar ap)
Aoy = ay - T (b,9) ( b

fCommutator relations w KCO- or contravariant \

(On extended indices!) A, = ZgW A",
{AF, AV} = g7, R
Ay = Zgu Ay

{AuvAl/}:g'uy 9
{A,LUAV}:g/JV :

k {ALA =9 jk A”ZEV:g“VA”- J




B Perturbative construction

Hamiltonian partitioning Fully antisymmetric vertex
®Definition
Q=0Q,+Q »®) - (k)
0 1 [,u1 o oo Hop_q Mol (2]()' Z ( ) .Ha(l) Ho2) -+ Hok—1) Ho2k)
GESZk
Z U, A*AY
@ Antisymmetrisation defines a new (0,2k)-tensor
1 _ Z V(k) N @Not the case in a mixed representation
(2/()' 1-- Mok
Mok
Covarlant k-body vertices
Green’s functions a Propagators )
®Contravariant k=body Green’s function I
_ Y i 4
(_l)k Gty L Tyy) = <T [Aul(fl) AﬂZk(TZk)]> ] {ﬂlp} | Wp
L
e
with<.>=Tr(.p)andIOE 50 "
Tr (e=2) —(#"%@) = | tw,

@Unperturbed case: Q — QO K 2 J




B Perturbative construction

Hamiltonian partitioning Fully antisymmetric vertex
®Definition
Q=Q,+ Q »®) — (k)
0 1 [,u1 o oo Hop_q Mol (2]()' Z ( ) .Ha(l) Ho2) -+ Hok—1) Ho(2k)

GESZk

Z U, A'A? t &
Covariant k-body vertices

@ Antisymmetrisation defines a new (0,2k)-tensor
— V(k) AH AMok
. Z (2k)' Pt e

ool
Covarlant k- body vertices

@Not the case in a mixed representation

Green’s functions a Propagators )
®Contravariant k=body Green’s function I
_ Y = 4 w
(=) GH by, L, Ty) = <T [Aul(fl) AﬂZk(TZk)]> o {ﬂlp} | Wp
e_ﬂQ L
with<.>=Tr(.p)andIOE 50 4
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@Unperturbed case: Q — QO K 2 J




i Why antisymmetric vertices!?

vertex
1

(k) _
H1H2.. 2k —1 M2k

\ H2k

4 Un-symmetrised )

M2

Mzk—y

vertex
M1

U(k)
[pip2.. ok —1 k]

K U2k

4 Antisymmetrized )

2

Mok —1

co

Diagram factorisation
®Derivations rely on

*Wick theorem = sum over pairing

N7
@

*Sum over single-particle and Nambu indices

= Extends Hugenholtz antisymmetrisation

@®Antisym is a one=-off pre-computing cost

Drissi, Rios & Barbieri, Paper |,Ann. Phys. 469, 169729 (2024) + arxiv:2107.09759
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Perturbative expansion

Order n graphical rules

®Draw all topologically distinct connected unlabelled
diagrams

®with 2k external legs

®with n vertices (for order n contributions)

Feynman rules

1. Label vertices from 1 to n
»S is the number of vertex labels permutations leaving
the diagram invariant

2. For each line multiply by — (?(0))W(a)e)

3. . i (k)
For each k-body vertex multiply by V[ﬂ1 .

4. Sum over each internal y index and each independent @,
frequency

(_ 1)n+L

5. Multiply by

§ x 27 Tmax(iym

—

Tadpoles are exceptional

L= Y (—1)

k—1 _ |
M“.M%il2 (k—1)!

(k=2)
[w fo2 13 V]

®Partially antisymmetrized vertices needed:

E o) v®
Ho(1)-+-Hx---Hy---He(2
GESZk/SgXSp

Ppy!
& = b
[t oty pok] ™ (2) )

®p internal lines are fixed

®k-body generalisation works

~

o

k)

(" HFB partitioning 3rd order

09

4> s 9,

\_

J
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B Advantages vs Gorkov
Gorkov GF NCGF
Order 2 X :;1
~{0 [0 )
Order 3

4 H) T
) H) b




< 10 o o o

JiL: Self-consistent Green’s function resummation
Dyson equation Diagrammatic expansion of
@Partitioning considered Zﬂy(wn)
1 1 :
— UAV T () aABAYAS ©@with unperturbed propagators
Y Z U ATATH 5 Z Vaps AATATA I w,) = F, (—w,)
2% afyé Zﬂv(wn) =
2
Q, Q,

I (@) = 2 1PI diagrams with €V

®@Dyson equation

v _ @O (0)HA1 5 o ®with self-consistent propagators
g (a)n) g (wn) + Z = ((l)n) /11/12(0)11) g (a)n) f,uy(a)n) - jy,u(_wn)
Ay Zﬂy(a)n) = >

I (@) = Z 2PI diagrams with & ( =J W(a)n)>

( Diagrammatic \ ( SCGF cycle \ (" Self-energy expression R
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T-matrix: ladders

Approximations on I’

® Sum of all possible rungs

2)
2PFI

[

Tmatrix = [ in ladder
approximation

Iﬂ
|

_I_

Tg

Ladder approximation

®Analytic/Retarded/Advanced/Sp function = as usual

@T-matrix equation

1 /
Tun(Z) = Viik + 3 S Vi i (2) Tun(2)
LL’

where

VJ\(;])V = 0(2) M = (/,Ll,ug) & N = (Vl, 1/2)

[ povive]?

Solving the ladder

®Spectral representation

— OO

T dQ Tun(Q)
20 4 — N

®Solution

T(Q) =iv® {(gg - %TIR(Q)V@))_1 _ (gg _ %HAm)V@))‘I}



Nambu-Covariant Ladders
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First results
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Conclusions

1) Thermal & microscopic properties

2) Nuclear uncertainty quantification

3) New superfluid extensions

NeXxt:

Numerical implementation
Uncertainties in predictions!?




Thank you!

Drissi, Rios & Barbieri, Ann. Phys. 469 169729 (2024) arnau.rios@icc.ub.edu

Drissi, Rios & Barbieri, Ann. Phys. 469 169730 (2024) twitter: @riosarnau
Drissi & Rios, EPJA 58 90 (2022)  https://sites.google.com/view/arnaurios/

M Drissi C Barbieri

TECHNISCHE &75 T,

il 4] UNIVERSITA
i’ LINIWERSITAT I i u | DEGLISTUDL
: DARMSTADT 920 (5% | DI MILANO

@HadNucAtUB

& Science & Technology & . "0 o |
@ Facilities Council % Nl G 3 €

Funding from g . . )J i g



