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spectral functions in nuclear matter
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Pairing gap, A [MeV]

i _n““_ <<3\ are pairing gaps necessary?
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. e Characterisation of superfluidity
| * Neutron superfluid, proton superconductor
y * Phase transitions

P et momenum. ke iy

=~ *Neutron star cooling
LS  Neutrino rates through pair-breaking

ST :ﬂo@__m;f T s

*r-mode coupling
e Superfluidity & viscosity

o MRl Kantor et al. Phys. Rev. Lett. 125 151101 (2020)
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#.a Cooling curve of neutron stars
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e Observational data available for a handful of NS
* Sensitive to interior physics (mostly pairing)
Yakovlev & Pethick, ARAA 42 169 (2004)
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Pairing gaps & cooling

t=0, “hot” protoneutron star
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Pairing gaps & cooling

t=0, “hot” protoneutron star
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#2al Why does it matter?
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#4 How to go beyond?
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@Existing frameworks difficult to generalise

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

23 Drissi, Rios & Barbieri, Paper I, arxiv:2107.09759
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#24 What was the issue before?

Standard PT PT a la Gor’kov PT a la Bogoliubov

Bogoliubov e

.—. tre *.. ! AH. _x._—.
AQ@DQV ransformation \_\wwiwwm

"
N
—l—.
—'.
~_—

Reformulation

A>t>:v\l/ ® Based on Nambu fields

® Propagators transform contravariantly
® Vertices transform covariantly

® Un-oriented diagrammatic

Drissi, Rios & Barbieri, Paper I, arxiv:2107.09759



il J Nambu-Covariant Perturbation Theory
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#52l Nambu fields

\ Nambu fields j

\ Commutator wm_mﬂoa) \ Co- or contravariant )

(On extended indices!) A, = G AV,
BoOAV L MV v
(A% AT} = 6", Ay =S 0t Ay
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26 Drissi, Rios & Barbieri, Paper I, arxiv:2107.09759
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#=al Why Bogoliubov tensor algebra?

Tensor product: r#1, F2H = g1~ ghaks

1
)
=
S
N N
R
<

Tensor contraction: r*,

* 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)

e Other formalisms through specific basis or metric

27 Drissi, Rios & Barbieri, Paper I, arxiv:2107.09759
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| Perturbative expansion

Fully antisymmetric vertex

@Definition

1
p® = —— e(o) v

erm‘N\a

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

®Not the case in a mixed representation
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Drissi, Rios & Barbieri, Paper I, arxiv:2107.09759
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| Perturbative expansion
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J Why antisymmetric vertices?
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vertex u,
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29

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:2107.09759
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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 — AW@vE\A&mv

3. - i >
For each k-body vertex multiply by iy 2 e iy piog]

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

Al ::+h

S. Multiply by N
Sx2T ] MNNQCS

Gaudin rules

® These simplify Matsubara sums
@ Require spanning trees

é Tadpoles are exceptional )
(—1)"

(k=2)
v Iy = MU =1k — 1)1 Cli A2 fs V]
t H2...lp2g—1 2 Qﬂ C. ’
1 :
14 X — —GH2H3 () e Welp
13 p MU

@Partially antisymmetrized vertices needed:

p & _2p! M

[0y oiat] — (2k)!
" 0ESISEXS,

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

\_ _/
(" HFB partitioning 3rd order )

e(c) v®
Ho(1)--Hx---Hy---Ho(2k)




il >m_<m=_”mmmm vs Gorkov

Gorkov GF NCGF
Order 2 "

Y
0 R
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_..._n_n““_ mmz., consistent Green’s function resummation

Dyson equation Diagrammatic expansion of

@Partitioning considered M\\EAS:V
O = F M Q ARAY + F M MORNININI ®with unperturbed propagators
2! 41 afys S (w,)—F, (—w,)
1% n 1% n

apys Y (w,) = a K

uv\*’n 7
Do hMH

I (@) = M 1PI diagrams with €Y

@Dyson equation
G(w,) = € w,) + Y. T (w,) T, , (@,) THw,)
M z (@, =

®with self-consistent propagators
I i 0,) = F (= w,)
2

I (@,) = M 2PI diagrams with & A =J Eﬁesvv

Diagrammatic

SCGF cycle Self-energy expression
representation

©- o0

N Z[2] 2[€]

Drissi, Rios & Barbieri, Paper II, arxiv:2107.09763
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#-2 T-matrix: ladders

\

Approximations on ['¥

® Sum of all possible rungs

Te{=- > )+

T-matrix = ['® in
ladder approximation

n__/
T| = + |7

/

/

33

N\ / A\
/
T = + +
\

Ladder approximation

2PFI

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

®T-matrix equation

1

Tun(Z) = Vigh + 5 S° v 0EE(2) Tww(2)
LL
here Vi) =o' M = & N =
where MN = Ylulpavivs]’ = (p1, p2) = (v1,1v2)

Solving the ladder
@mUmoﬁHm—_ representation

+\+oo dQ Taun(92)
2 4 —

— OO
®Solution

+ \ZQH i\@ AA% | wmﬁbv‘\@vvl | Amm | wmﬁbv‘\@v@

Drissi, Rios & Barbieri, Paper II, arxiv:2107.09763



...““_ ZmE_uﬁ Covariant Ladders

Bubble 11 T-matrix

Self-energy X

Initial Propagator &

@ || ©-=-

guess

or

Drissi, Rios & Barbieri, Paper II, arxiv:2107.09763
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