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:- Stellar corpse CSI

R ~ 10 km
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+ 0 Neutron star structure

(Tolman-Oppenheimer-Volkov equations )

dp G (m+4mpr’)(e +p)
dr 2 7r(r—2Gm/c?)
dm 4w
— = —€r

\_ dr c?

24

, [ EoS
p = p(e)

Equation of State
10%7 ¢ ———— —
: ] 2.2

2
—_
(@]

[6)

[e)}

1.8
1.6
1.4
1.2

Mass, M [M]

0.8
0.6
0.4
0.2

Pressure, P [dyn cm™]
)

Mass-Radius

M| L
10 10%
Mass density, p [g cm”

oo

]

10 12 14
Radius, R [km]

—_
(@)



+ 0 Neutron star structure

(Tolman-Oppenheimer-Volkov equations )

dp G (m+ 47tpr3) (e + p)
dr 2 7r(r—2Gm/c?)
dm 4w
— = —e€r

\_ dr c?

Equation of State

n EoS
p = p(e)

Mass-Radius

10% 2.4
22+
2 -
103 18
£, S Ll
E — 1.4: __
a, 10% = 12
£ g o1r
7 = 08|

& 10% 0.
04
0.2 +

1033 Lol L O
1014 1015 1016 8

Mass density, p [g cm™]

[

10 12 14
Radius, R [km]

—_
(@)



+ 0 Neutron star structure

(Tolman-Oppenheimer-Volkov equations )

dp G (m+ 47tpr3) (e + p)
dr 2 7r(r—2Gm/c?)
dm 4w
— = —e€r

\_ dr c?

Equation of State

n EoS
p = p(e)

Mass-Radius

10% 2.4
22+
2 -
103 18
£, S Ll
E — 1.4: __
a, 10% = 12
£ g o1r
7 = 08|

& 10% 0.
04
0.2 +

1033 Lol L O
1014 1015 1016 8

Mass density, p [g cm™]

[

10 12 14
Radius, R [km]

—_
(@)



+ 0 Neutron star structure

(Tolman-Oppenheimer-Volkov equations )

@ o G (m + 4rpr3) (e + p)
dr 2 7r(r—2Gm/c?)
dm 4w
— = —€r

\_ dr c?

. [ Eos
p = p(e)

Equation of State

Mass-Radius

10% 2.4
22 |
2 -
& 10% 18 |
£ [
c 3 16
> > B
<) 2, 1.4
o, 10% = 12
: & 11
7 = 08 |
& 10% 0.
04 [
02 |
1033 Ll - 0 I
101 10 1016 8

| YR I R ST U NI ST I S

Mass density, p [g cm™]

10 12 14
Radius, R [km]

16



+ 0 Neutron star structure

(Tolman-Oppenheimer-Volkov equations )

@ o G (m + 4rpr3) (e + p)
dr 2 7r(r—2Gm/c?)
dm 4w
— = —€r

\_ dr c?

. [ Eos
p = p(e)

Equation of State

Mass-Radius

10% 2.4
22 |
2 -
& 10% 18 |
£ [
c 3 16
> > B
<) 2, 1.4
o, 10% = 12
: & 11
7 = 08 |
& 10% 0.
04 [
02 |
1033 Ll - 0 I
101 10 1016 8

| YR I R ST U NI ST I S

Mass density, p [g cm™]

10 12 14
Radius, R [km]

16



+ 0 Neutron star structure

(Tolman-Oppenheimer-Volkov equations )
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¢+l How important is our job?
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+4) How important is our job?
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4l Nuelear error quantification
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4l Nuelear error quantification

p— fe——— e E—

A
: P2

Neutron star
observations

Astronuclear
__property

Backwards Backwards

Normal phase (EoS) v
Superfluid phase (gaps) X




¢+l Self-Consistent Green’s Functions
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| EoS at finite temperature

g Symmetrlc matter Neutron matter
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e Relevant & necessary for astro simulations
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4l Cooling curve of neutron stars
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e Observational data available for a handful of NS
* Sensitive to interior physics (mostly pairing)
11 Yakovlev & Pethick,ARAA 42 169 (2004)
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.. BCS+HF gaps in neutron matter
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BCS equation
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13

Drischler, Kruger, Hebeler, Schwenk, Phys Rev C 95 024302 (2017) [arXiv:1610.05213]
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.. Beyond-BCS pairing: overview
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:- How to go beyond BCS?
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@Existing frameworks difficult to generalise

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

e 3 nucleon forces v/
16 M. Drissi




: Nambu-Covariant Perturbation Theory
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Nambu fields Operators
_ [Anderson, 1958] [Nambu, 1960] _

©% and % = orthonormal bases |b) — |b) ®Operators as polynomial of Nambu fields
@®Let - be the involution (1 =2,2 =1)
®Define u = (b, g) and i = (b, ) where g € {1,2} 0O = Z oMt A;l_”A;kA/“‘kH_”A/‘Zk
®Then Nambu fields are defined as Aol

At = A(b’g) = a? 0 = Z Oﬂl---ﬂzk AL AP

Ay g H1---Hok
—_ AT _ —

AL = A(b7g) = (aZ ag)g 0O = Z oH-Hak A;l...A;EZk

®Canonical anticommutation relation Hi---Hak

{Af, A"} =6

be - {A;,Az} Sl (A, AT} =6,

Tensor definitions

@Let 7" a unitary Bogoliubov transformation
JL— T\# AV
B = ) (77) A
12
Bf = ) 7", Al
12

®Definition: (p,q)-tensor is multi-dim array s.t.

gz 3 5, IV,

Kl...Kp )’1""1(]

txlmxpﬂl...ﬂq (W)ﬂlyl . (W)ﬂqu

®p contravariant & q covariant indices




! .. Why Bogoliubov tensor algebra?

Tensor product: 11, *25 = g1 rHals

Tensor contraction: r¥, = Z sk, 1%,

a

@®Co(contra-)variance under Bogoliubov transforms
provide invariant expressions in any basis

@Potential to optimise the extended basis
@ Tensor-network structure becomes transparent

@Leads to diagrammatic expansion (a la de
Dominicis-Martin or Haussmann)

@®Other formalisms through specific basis or metric

18



# Perturbative expansion

Hamiltonian partitioning

= %Z U, AFAY

&
1 - Z (2k y ﬂl Hok Al AR

--Hog

Covariant k-body vertices

Green’s functions

®Contravariant k-body Green’s function

(= Dk Gty o) = <T Az .. A'“2k(’L'2k)]>
. e_ﬂQ
with (.) =Tr ( .p)andp = (e—m)

@Unperturbed case: €2 «— €,

19

Expansion
@Interaction picture expression

<T [e—JgdS Q(s) Abi(z)) ... Aﬂzk(fzk)]>
0

(=D @rbu(zy, 1) =

<Te—fgds 91<s)>
0

®Perturbative expansions

<T [e_jgds Q,(s) Af(r)) ... A”Zk(TZk)]> =
0

400 (_l)n p p
Z J dTi...[ dr, (T [Q,(z))...Q,(z)) A¥(T)) ... Aﬂzk(TZk)]>0
0 0

n!
n=0

@®Statistical Wick theorem + Linked-cluster
theorem

= Feynman diagrammatics almost as usual
®We provide a set of Feynman rules

®Also rules to evaluate Matsubara sums

®Simpler expressions than in other approaches
(Gorkov Green’s functions or BMPT
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,:".._!;iii Feynman diagram building blocks ‘

Formulations
@Time-independent partitionin

» Time representation .
X Fourier Transform
» Energy representation

@Matsubara frequencies

p
T (w,) = J dz €™ EH(7)
0

1 .
g0 = Y, e G(w,)
p
®Time-dependent partitioning (not today!)

Fully antisymmetric vertex

@Definition

v (k) —

1
(k)
= — €(o
[p1 po - pog—1 Mokl (Zk)! Z ( ) vﬂa(l) Ho2) -+ Ho(2k—1) Ho(2k)

O-GSZk

@Antisymmetrisation defines a new (0,2k)-
tensor

®Not the case in a mixed representation

’ Propagators ‘

7!
—_ ?/’”’(wp) — T Wp
v
!
~ (29 @)= | tw
vV

g
4

A\

k-body vertex

M2
H1

V(k) — **
g1 pp - Mog—1 Mokl .

Mok
Hak—1

\_
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,:".._!;iii Feynman diagram building blocks ‘

Formulations
@Time-independent partitionin

» Time representation .
X Fourier Transform
» Energy representation

@Matsubara frequencies

p
T (w,) = J dz €™ EH(7)
0
1 .
g0 = Y, e G(w,)

p
®Time-dependent partitioning (not today!)

Fully antisymmetric vertex

@Definition

(k) — (k)
Vi M2 - Hop—1 Mol (2 k)! Z @ Vitatt) Ha@) -

0ESH ,

Covariant k-body vertices

@Antisymmetrisation defines a new (0,2k)-
tensor

- Ho(2k—1) Ho(2k)

®Not the case in a mixed representation

’ Propagators ‘

7!
—_ ?/’”’(wp) — T Wp
v
!
~ (29 @)= | tw
vV

g
4

A\

k-body vertex

M2
H1

(k) — **
[Ml My e Hog—1 Mokl .

Mok
Hak—1

\_

Drissi, Rios & Barbieri, Paper I, arxiv:2107xx




¢+l Why antisymmetric vertices?

4 Un-symmetrised )
vertex 1o
M1
.
0"
0 =
My Mo e Hop—1 Mok *
*e
K2k

N el

4 Antisymmetrized )

vertex
1

2

»® — o*
sy o - Hok—1 Mogd

2k

k H2k—1 )
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¢+l Why antisymmetric vertices?

4 Un-symmetrised )
vertex 14
M1
.
o -
w - NS
My Mo e Hop—1 Mok *
*e
K2k

N el

4 Antisymmetrized )

vertex
2
1

p & — .
sy o - Hok—1 Mogd

2k

k H2k—1 J
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¢+l Why antisymmetric vertices?

4 Un-symmetrised )
vertex 115
1 ' i
. '
"’ | ® —+ ® +
- A N\
K1 Mo - Hok-1 Mok *
*e
K2k

N el

4 Antisymmetrized )

vertex
2
1

p & — .
sy o - Hok—1 Mogd

2k

k H2k—1 J
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¢+l Why antisymmetric vertices?

4 Un-symmetrised )
vertex 1o
M1
.
0“
o e
My Mo e Hop—1 Mok *
*e
K2k

N el

4 Antisymmetrized )
vertex
2
1
.
.
»® — o*
iy po - pog—1 Hokl .
*e
'S
M2k

k H2k—1 J
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#4l Why antisymmetric vertices?

4 Antisymmetrized )
vertex
M2
1
.
.
»® — o*
iy po oo Mog—y Hord .
*.
.
M2k

k H2k—1 )

21

(" Un-symmetrised )
vertex
0y ' e N
’0" | : + ' +
! - A\ N\
Hi Ky oo Hoj—1 Kok 0.’

H2k

\ H2k—1 J

e

Diagram factorisation

@®Derivations rely on

»Wick theorem = sum over pairing
»Sum over single-particle and Nambu indices

= Extends Hugenholtz antisymmetrisation

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

Drissi, Rios & Barbieri, Paper I, arxiv:2107xx



+4l 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))”1/(0)6)

3 ) . (k)
For each k-body vertex multiply by VUi iy .. oy i

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

-1 n+L
5. Multiply by D

§ x 2T T]/max jpym

4 Tadpoles are exceptional )

(- k=2
=Y U e
v Hy 2k=1(k — 1)1 i ps]
Hae--Hop—1
1 .
1% —iw
X —_ —_ gﬂZ/’lS w.)e e’/lp
3 B Z (@,)
we
@Partially antisymmetrized vertices needed:
2Pp!
yo o = P Z e(e) v
L ety ™ (k) Ho(1)---Hy---Hy- - Ho(2k)
UESZk/ngsp

®@p internal lines are fixed
®k-body generalisation works

_
(" HFB partitioning 3rd order )

Qg

@




| Connection with Gorkov

Contribution to

Fixed external a normal
Nambu indices component of

the 2-body GF
+§|?+i|,+‘|}+‘|’

@ Changes of single-particle basis bring admixtures in normal
& anomalous components...
@but leave Nambu-convariant diagrams invariant!

23 Drissi, Rios & Barbieri, Paper I, arxiv:2107xx
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48 , [dadadg] (442325401

| Basic example

—f(€3) f(—¢€) f(—€) f(—eyp) f(—=€) f(—€)) f(—€y) f(—€3) f(—€)) f(—¢€y) f(—€3)(—f(€2))

€1t e3—6—¢€ €4+ €3— € — € —€4— €3+ €+ € —€4— €3+ €+ €

T de, de, dejy dey

w 27 21 27 2n

nes e J S/Iiil(el) SWZ(GZ) Sﬂgﬂé(%) S’W*(e 2)

1’12 3744
MM

. e fley) f[(—€3) f(—ey) — fl—€)) f(—e€) fle3) fley)

€ +€ —€3—¢€4

Spectral function Properties
T ) = T de’ S*(w') @Symmetries )
) 2 i, —w »Hermiticity:  (S¥,(@)) = $*()
®Lehmann representation »Antisymmetry: S (o) = Sy”(—a))( # 58" (-w) )
SHY @) = %Z (‘I’mIA" | ‘Pn> <1Pn | A”I‘Pm> ®Positive bounds

24

»S(w) > 0 < each principal minor is strictly positive

m,n

X e P (1 + e‘ﬂ“’) 2n) 6 (Qn -Q - a))



" Self-consistent Green’s function resummation

Dyson equation Diagrammatic expansion of
®Partitioning considered Eluy(a)n)
Q= i Z U AHAY + i v(2) ACABPAY AS @with unperturbed propagators
2! o 4 afyé J (w)—F (—w,)
w apyé u\%n vp n
Zﬂy(a)n) =
2
Q, Q,

I w,) = Z 1PI diagrams with €V

@®Dyson equation

' w,) = ?(O)W(a)n) + Z “g(owl(wn) 2, (@) T (@)
Aidy Zﬂy(a)n) _

@with self-consistent propagators
I @,) = I, (—w,)
2

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

Diagrammatic
representation

+ (&

SCGF cycle Self-energy expression

Drissi, Rios & Barbieri, Paper II, arxiv:2107xx
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:. . T-matrix: ladder’s rung

Approximations on

® Sum of all possible rungs

Ladder approximation

N\

Tmatrix = ['® in ladder

/

/

N\

\

/

approximation

(X 8§

2)
1—12PFI

Ladder approximation

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

@T-matrix equation

1 :
Ti2) = Vi + 3 Z Vi, @) Tun(@)

(2) 2) =
CACITE V - v[/"l/"ZVIVZ] ’ = (o) &

N = (v, Vz)

Solving the ladder

@®Spectral representation

OO T Q) 172 =
Tyn(Z) =V, + [ MY }

continuous
Instantaneous part

part

®Solution

-1 -1
T Q) =iv® { <gg - %HR(Q)V(2)> — (gg — %HA(Q)V(2)> }



¢ Nambu-Covariant Ladders

Initial
guess
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i Nambu-Covariant Ladders

T-matrix

Self-energy X

Initial
guess

o -
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i Nambu-Covariant Ladders

T-matrix

Self-energy X

Initial
guess

Propagator &

o -

+ﬁz>
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i Nambu-Covariant Ladders

T-matrix

Self-energy X

Initial
guess

Propagator &

o -

+ﬁz>
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i Nambu-Covariant Ladders

T-matrix

Self-energy X

Initial
guess

Propagator &

o -

+ﬁz>
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.. Nambu-Covariant Ladders

Bubble I1 T-matrix

1 +o0 d -1
_ do 1
®) J 2 @ @) TQ) = iV(Z){ <gg - EHR(Q)V(2)>

x SH2V2 (Q — ) f(Q — w)
-1
1
= <gg - EHA(Q)V(2’> }

Self-energy X

Initial
guess
Unperturbed

SO(w)

Propagator & =13 roo do

- [f(@) + b — w)]
/1 i

S)=i(wg— (U+Zkw))” X T (@ — @) SH(e

/
Refined

—i (a) g — (U+ ZA(CO)))_ Ne) J+w£ f(—€) SF2H3(e)

ﬂﬂ2M3V]
ﬂ2ﬂ3
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¢+ Conclusions

N3LO A=500 MeV

1) Normal-phase SCGF e I -2

N 100_ :j
20 50

® Spectral strength is available 5 B
£ -100F
® EoS & thermodynamics too! s
a%o :gg(e)' -6
0 100 200 300 400 500 600
Momentum, k [MeV]

2) Nambu-covariant SCGFs

® Formally relevant
® Perturbative expansion simplified

® Allows for different approximation schemes

Next:

Numerical implementation

Uncertainties in predictions?

30
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