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Neutron star modelling (1/2) b SURREY

Observables of interest

Thin atmosphere:

H, He, C.... l

e Mass vs. radius

Quter crust: ions, electrons

Inner crust: ion lattice, soaked A
insuperfluid neutrons (SFn) ¢ C00|Ing Vvs. age

Outer core liquid: e~ -, SFn,
superconducting protons

Accretion heating

e Frequency glitching

Inner core: unknown

~10¥gcm

~2x nudlear density Constraints |, 1 Predictions

2x10"gam .
~nudear density Nuclear physics at the extremes

4x10" g cm? o
”neutrgndrip” e Densities p € [0,4p0]

e Temp T €[0,50 MeV]
e High isospin asymmetry
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Neutron star modelling (2/2) b SURREY

[Ozel, Freire (2016)]

Mass (M.)

Radius (km)

1l

Structure equations
(] TOV (GR hydrostatic eq)

e Exp constrained :
M~1—2 Mg

[Demorest et al. (2011)]
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[Espinoza et al. (2011)]

Year
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. « Angular momen-
Cooling models tum transfer from
o U emissivity superfluid phase
« Heat capacity o Via crust-vortex

interaction

« Trigger unclear
[Haskell, Melatos (2015)]

« Exp constrained
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Nuclear physics’ main inputs PR—

[Yakovlev, Pethick (2004)]

[Ozel, Freire (2010)] a8, T T T T T [Espinoza et al. (2011)]
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Radius (km) ﬂ\ /n\

Pairing gaps Crust-core model

Equation of State « ACSo)(p, T) . (Filticst::r fogrl‘r;ation
« Rotating

® Pressure : P 8
() « ACPR)(p, T) « Pinning forces
e Energy : E(p) (In-medium reaction rates)
Problem :

Usually taken as independent inputs = Hinder feedback on nuclear models
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Goal : a consistent nuclear picture - SURREY

[Courtesy of A. Rios]

Observable #1

Mass-Radius relation

Input
Consistent Observable #2
many-body Cooling curve

theory

Observable #3
Glitching

Requirements : challenge nuclear potentials & many-body theories

e High density i.e. kr ~ 600 MeV = A, > 600 MeV
— High A/hard-core potentials to mitigate and estimate uncertainties

e Ladder resummation to handle such potentials

¢ Finite temperature to handle T € [0,50 MeV]

e Dressed propagator for thermo consistency + continuity equation
e Symmetry-breaking for superfluidity
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The Gorkov extension of Green's function at finite 8 iy

Symmetry-breaking theories
e Partition Q2 = Qp +
e [Q,Q] #0 (e.g. Q=A)
— Solution # G-invariant
e Quadratic ¢ = solvable
Q =} 3 Useahae — U apal
+ cha[ta; + Dgcagac

Feynman’s diagrammatic

Wick theorem
= Sum over all
contractions
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The Gorkov extension of Green's function at finite 5 &gy

Symmetry-breaking theories
e Partition Q2 = Qp +
e [Q,Q] #0 (e.g. Q=A)
— Solution # G-invariant
° Quadratic Qo = solvable

Q = 3 Yy Uscahac — Upeazal
+ Upeaal + U azac

Feynman’s diagrammatic

Wick theorem
= Sum over all
contractions

Green and Gorkov’s functions

e Finite 3 propagators (£2/0)

® G.(r7) = (T [a(r)al(r)])

o Go(r,7") = (T [an(r)ae(r')])

o 20r, )= (T [al(nal(r)])

o 62r) = (T [al(a(r)])
Self-consistent theory at finite 3

e Self-consistent approx on G or ¥

e Trivial extension of [Soma et al. (2011)]

e Energy integrals <> Matsubara sums
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Difficulties of summing all ladder diagrams RREY

All ladder diagrams Previous attempts

e In nuclear physics [Bozek 99, 02]

-7 (-0
RO R i

Other partial sums Martin-Rodero, Fiores a1]. .

Mixed PP/HH/PH/Anom rungs

e Tedious combinatorics
— Track conservation laws Haussman’s approach
— Avoid double-counting [Haussman 94, 9, O7]
Def appropriate vertex and propagator
— Un-oriented diagrammatic
— Dramatic formal simplification

Bogoliubov at the rescue ?

But only for fermions with contact Sy

But only S-wave pairing

s =20 = Wt meh lials e A posteriori additional approximation

M. DRISSI - University of Surrey Self-consistent Gorkov Green's functions : the case of superfluid neutron matter



Reformulation : pushing Nambu to the edge RREY

Operators expression
® =1, UsALA,

Nambu formulation

o A, = clf) with = (b, g)
b

: Ul Uz
_ _ With Uy, = Ups g = (U_ 0 )
e = canonical commutation rules be' She /i ch
—5,, with = (b2 K
{A,, A, } =06, With 7= (b,2) o VI = S Vi A A
icati i (k) 70 (k)
= Manageable complication WIth Vi e = V5 5o o X S Gty

= (Single-particle x Nambu) separable
Feynman’s diagrams

G (7, 7') = (T [Au(r)AL(T)]) = Feynman’s graphs
e Fully anti-symmetric vertex

(2) _ . k) —
Viapopspa = v Voo = - [ul ] = 4)| Z uﬂu) Ho@)
oES,

Wick theorem holds in Nambu form v/ Diagrams factorised in pure graph v/
. . . Bonus : Matsubara summation rules v/
Non-oriented dlagrammatlc v [Gaudin (1965), see Blaizot and Reinosa (2006) for an english version]
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The self-consistent Green's function scheme SRS

Dyson-Schwinger equation : G(X)

Two Wick contractions = ¥ antisymmetrisation
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The self-consistent Green's function scheme SRS

Dyson-Schwinger equation : G(X)

Two Wick contractions = ¥ antisymmetrisation

Self-consistent self-energy : 3(G)

@z { @) +® + ...

Approx = truncation on 2P| dressed diagrams
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All formulations are equivalent but ... SIRREY

Graph representation (up to 3" order)

= Formulation made as simple as a real scalar field theory

Example : Self-consistent self-energy at second order

- A&%B(_Wn)

(2)
(2) = (2) _ Ayid(wn)
AHV (U.}n) - Z/,Ll/ (U.}n) - 2
A

A/

1

N @) @) 20 dey dey des f(ea)f(es) — Fles)f(—er) + F(—e1)f(—e2)
AELZYE(VJ’T) =3 Z Vinaiaaas] VA asag - 2r 2r 2m Tionteateate SA;)\Q(fl)sAzA;(EQ)S/\z)\g(el)
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Application : Ladder graphs

Ladder graph (for 2-body GF) Implicit formulation
o Generalised T matrix

End result of formal developments
e Diagrammatic even simpler than for conserving cases
v Conservation laws : managed with the tensor embedding
v/ Combinatorics : automatic with antisymmetrisation of vertices
v/ Matsubara sums : based only on topology of the graph
e Simplification increases with orders and k-body GFs/vertices

e Worked out in a generic basis = works as well for finite systems
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Finite 5 HFB for infinite neutron matter SORKEY

First order : HFB
®O-©

1 @
2#1#2 = 5 Z V[ﬂluzﬂamlf(i (U + Z))mm
H3Ma

Explicit Nambu integral for matter

- dk’
me®-g Y [ oy

ggva
{V((I?()r])(—Enz)(—l:/(ré)(zlry’) (Eglfg; Egzzlg’ + E;ZgQ E;zlg

+ EYER, + ER L )

V((Eza)n)(—F’w;)(—i’ag)(im (EggéEnglgz Eglllngnggz)

(2) 22 22 22 22
+2 (ko) (Rroy)(F1o])(Fo) (Egzgz 1Bl T Eoen Eg,gz)}

xF(— (U + )55 (R)

Recover HFB expression
[Soma et al. (2011)]

The = 31 ; Vbdlcdz (=(U+ ):))dldz
22

2= Z Vbdzcdlf (=(U+ X))

" didy
11
12 ()

Ype= 231 VbE;,Zdlf( (U+ Z))dldg
d1d2

Th= Z v F-U+ D),
" ddy

Infinite matter strategy

e Conservation of momentum

— Fix k reduced problem :
diagonalisation of (U + X)(k)

e 4 X 4 matrix problem

(Spin x Nambu) dimensions
(Fixed isospin for pure neutron matter)
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Putting HFB in the shape of a gap equation SURREY

Anomalous part : gap equation Eigenvalues
atsmg — (s [ F [1= ()5 - () ) - —
e = / @y LZ%; 2 2 (k) :i\/f(k)hr%Tr(A(k)AT(k))
x (k| Vi W) %Sﬂ’“m”(éw)Aﬁs‘”J‘(k’) Quasiparticle energies

Hidden assumptions

Normal part : dispersion relation S R
P P i &(k) x 1,
o s . ik .
€(k):<£fu)+%z[1(2ﬁ(y+1) 0 5(’9 Is even
JLS . .
— NN F(elk)) — F(—e(! iii £(k) rot. invariant
« [y v o { (1+ 55 LD ¢ ey (k)

iv A(K) is unitary
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Lifting assumptions (1/2) S

Four distinct eigenvalues

OICUEEE: w (f(i) +25(E)>2 @[ + [0 [acd)|

- - - -, 2
SRS LELCI <e(k) +2s(fk)> el + |an[ =

(k)|

Generalised gap equation

- 2 )
Alk)oros = 1 > / (@n)F Ukon)(~kaa)(~Fay) (Kot

. ! J(es(F) = J(er (F))
2, () - (60) —€(-)) 2

GUR).d(R' do(K") (k' GUE'Y > d(k
(s I o, (1 a0 )

|4](l?’)

192

: 7
_ [( . (,7([-/).,1 ‘-'))) . (“ do(R k") +i (q([-') x {T(E'))) } }
illdo(k') - ~~——F+)0*+ |dk)- ———F—F~ | F0°

)|
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by SCRREY

Lifting assumptions (2/2)
Generalised dispersion relation

- 2
‘E()“)ﬂlﬂz = (m 7") 6U|ﬂz
LY (A“'>+f( “) !'(u(f")) — f(=es(=F))
o) (koa)( 25+ z

312/ ERLEN

172

1 LI e (k') + (=K' _
e ﬂzﬁ:/ (@m)3 (ko) (R (Kaa) (Fray) {2e (k1 ( ek —¢ ,p))
(k) +

Assumption left : §(E) "close to" proportional to 1,
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First intermediate results : HFB at T =0 SRS

M. DRISSI

EM N3LO 500 MeV two-body interaction

ke = 196.999925 [MeV] ItMax = 100 ke = 196.999925 [MeV] ItMax = 100
2000 { — Iteration 0
—— lteration 14 21
—— lteration 28 o
1500 ] — Iteration 42
Iteration 56 ]
- Iteration 70 %
2 Iteration 84 = 4 —— Iteration 0
2 10009 jteration 98 < —— Iteration 14
d 5 6 —— Iteration 28
—— Iteration 42
500 - —87 Iteration 56
Iteration 70
-104 Iteration 84
0 14 —— Iteration 98
0 250 500 750 1000 1250 1500 1750 0 250 500 750 1000 1250 1500 1750
k [Mev]

k= 196999925 (M&V]  itmax = 100

:

Iteration 0
Iteration 14
Iteration 28
Iteration 42
Iteration 56
0.2 Iteration 70

Iteration 84
—— lIteration 98

0 250 500 750 1000 1250 1500 1750
k [Mev]
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First intermediate results : HFB at T =0

UNIVERSITY OF
y

ke = 196.999925 [MeV] ItMax = 100 ke = 196.999925 [MeV] ItMax = 100
— terationo | 099
3 — iteration 14
—— teration 28 | 0.00004
N — Iteration 42 — lteration 0
lteration 56 | o o000, | — Iteration 14
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< < Iteration 70
~0.00002 iteration 84
—— iteration 98
-1
-0.00004
-2 ~0.00006
0 250 500 750 1000 1250 1500 1750 0 250 500 750 1000 1250 1500 1750
K [Mey K [Mev,
ke = 196.999925 [Mé/i ItMax = 100 ke = 196.999925 [Mé/i ItMax = 100
— iteration 0 | 0,000004 — iteration 0
000004 — iteration 14 — iteration 14
—— Iteration 28 —— iteration 28
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Benchmark calculation : recover previously known result
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First intermediate results : Gaps at T = 1.11 MeV

ke = 196.99993899999998 [MeV]
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First intermediate results : Gaps at T = 1.26 MeV 4

kr= 196.999943 [MeV] ItMax = 1995

ke = 196.999943 [MeV] ItMax = 1995
— iteration 0 0.00006 — iteration 0
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on matter
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First intermediate results : Gaps at T = 1.29 MeV

M. DRISSI

ke= 196.999943 [MeV] ItMax = 1474 ke= 196.999943 [MeV] ItMax = 1474
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Benchmark calculation
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phase transition reproduced at HFB order
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Conclusion s

> Neutron stars are challenging nuclear systems

e Extreme condition of temperature, density and asymmetry
= Sophisticated many-body calculations and nuclear interaction

> A reformulation of self-consistent Green's function has been performed

e Simplify diagrammatic and formal developments
= Allow simple derivation of ladder resummation in SB phases

> Numerical implementation for infinite matter is in progress

e Particle-number breaking HFB at finite 5 for neutron matter
e Implementation for a second order calculation is in progress
e A full ladder resummation will be implemented next

> Eventually many-body calculations will be rooted in a proper EFT
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Thank you |
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