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Towards a unified description of nuclei
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“Exact” methods (NCSM, GFMC, ...)
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Ab-initio approaches (CC, SCGF, IM-SRG)
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Shell model
e

SR and MR energy density functionals

[Erler et al. 2009]



Proton number, Z
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Main challenges:

v Good nuclear Hamiltonians
v Proper treatment of continuum

X Connection to reactions

X Extension to open-shell systems
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Medium-mass ab-initio nuclear structure

% Configuration interaction techniques become unfeasible in large spaces

= Solution of the nuclear many-body problem has to be approximated

% Ab-initio approaches to medium-mass nuclei

= No core, all nucleons active
= Only inputs are NN & NNN interactions

= Rely on a controlled expansion

* Examples:

* Self-consistent Dyson-Green’s function [Barbieri, Dickhoff, ...]
o Coupled—cluster [Dean, Hagen, Hjorth-Jensen, Papenbrock, ...]

e [n-medium Similarity renormalization group [Bogner, Hergert, Schwenk, Tsukiyama,...]

 But limited to to doubly-closed-shell + 1 and + 2 nuclei
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Timeliness of the open-shell endeavor

* Beams of exotic isotopes becoming available worldwide

= Predictive theoretical models needed

% Nuclear interactions from chiral EFT
= Consistent many-body forces

= A way to quantify theoretical errors

% Renormalization group techniques for NN and 3N forces

= Many-body problem more perturbative

% Benchmarks for more phenomenological methods

= Non-empirical EDF, (microscopic) shell model], ...



Gorkov-Green’s function approach
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Going open-shell: Gorkov’s idea

% Keep the simplicity of a single-reference

% Address explicitly the non-perturbative formation of Cooper pairs

=~ Formulate the expansion scheme around a Bogoliubov vacuum

= Breaking of particle-number conservation (eventually restored)

* Auxiliary many-body state

evern

= Mixes various particle numbers [¥o) = Z ca lvg)
A

= Introduce a “grand-canonical” potential QO=H — uA

= |W() minimizes Q= (V,|Q|¥,) under the constraint A = (¥y|A|Tg)

= Observables of the N system , = Z ear? Q) ~ Egt — pA



Gorkov equations

% Set of 4 Green’s functions
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Gorkov equations

i G (1) = (Wo|T {au(Daf(t) } [wo) = u i G2t t') = (Wo|T {al (af(t) } [0y} = n

i G2t ) = (W |T {aq(t)ay(t)} [To) = n i Gop(t,t') = (Wo|T {a ()} [Wo) = n
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[Gorkov 1958
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One-nucleon spectral function

* Independent-particle picture

correlations

160

w [MeV]

Saclay data for *O(e,e’p) [Mougey et al. 1980]

* Spectral function

4 )

Sy(w) = [ Yaplegh|” (w— (B — EAY)

_ k y

= distribution of momenta and energies



One-nucleon Green’s function

* Spectral function
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One-nucleon Green’s function

* Spectral function

So (@) = Y [ aalvg) | d(w—(Ef—ELY) = —Im Ga ()
k

% Green’s function

Ol Y el | s el o i)
o) = By i 2w (BB~

= Contains all structure information probed by nucleon transfer

= (51ves access to:

» all one-body observables of the A system

» the total energy of the A system via Koltun’s sumrule

()= Fy =Y / % ftas + 0 8u1] Cu(w)



Spectrum and spectroscopic tactors

* Separation energy spectrum

Even A

-
11 _ a b a b
\
Lehmann representation
where | YT = (Welal o)
Vo = (Wrlaa| Vo)

E;<A>EE§—E§ 1E,u—wk

E,j (4) = E,?H
and

* Spectroscopic factors

Binding energy

Separation
energy

\_
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[figure from Sadoudi]
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Self-energy truncation

* 15t order = energy-independent self-energy

— W
% 2nd order " energy-dependent self-energy
a. e a_ € ac /\ Z _]:
c f c f l | | W L™
() = m;ﬂ w“©w"' + Tw’[ e I A oy (w) = _h_ p hob
b h, b B Y\ w//
* Gorkov equations >  energy dependent eigenvalue problem
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Scaling ot Gorkov’s problem

* Transtormed into an energy independent eigenvalue problem

—T+¢w— DT A %
CT Wk — Wk Wk
2y, 2y,

Coupling to 2plh / 2hlp Coupling to 3qp
i ng bw T Tw; Lw"” TZ T w ;w




Scaling ot Gorkov’s problem

* Transtormed into an energy independent eigenvalue problem

* Numerical scaling

[

T—p+ A
—T+p—A

— dimension of the s.p. basis

— number of iterations

~N

J

> Niot
> ONy, + M1

Q

2Ny + Mp,n ~
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Tame the dimension growth

How do we select the poles?
We do not...

v

Instead, Lanczos projection of Gorkov matrix

(" )

T—pu+A h ¢ —Df Uk uk
ht ~T+u—A =D ¢ Vel Yk

( ct _D E 0 )(Wk)”k(wk)
—D CT 0 —E Zy, Zy,

\_ J

Lanczos

= Conserves moments of spectral functions

= Equivalent to exact diagonalization -
for Ni — dim(E) E'




Test Lanczos projection

“\\“’”’”

ORETA
§ Agl,ﬂl

TECHNISCHE
J@/)=) UNIVERSITAT
4
— DARMSTADT

One diagonalization
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Self-consistent

: 4Ca Vg 2.0

u Nmax=7
—a— Nmax=9
—— Nmax=11
—— Nmax=13

= Good convergence towards exact digonalization




Results
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Benchmark with coupled cluster method

240 E= G matrix
g0k - (Av18, E = - 40 MeV)
280F " ADG(3)D
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= GGF and CC quantitatively similar

= GGF(3) expected to reach A-CCSD(T) accuracy

(CC results courtesy of G. Hagen)



Spectral strength distribution
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( Dyson 1%t order (HF) )
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Shell structure evolution

% ESPE collect fragmentation of “single-particle” strengths from both N+1

— NN [l TNNN |2 — — —
egent — hgflz)nt Ogb = taa + Z V. ad ’OEiC] + Z Va,cdaef p[ejlcd :Z SI;FC"E;_ + Z Sk aEk
cd cde f k k
[Baranger 1970, Duguet and Hagen. 2011]

(Quasiparticle peaks) (Centroids)
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Towards medium /heavy open-shell

* Case of #N1
1060 F —— Nmax=5
I Nmax=7
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_ -1080 - —s— Nmax=11
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((b) i
= -1100 |
L [
1120 |
= Very good convergence
-1140

= From N=13 to N=11 — 200 keV

-1120
ool E (N=13) = -1269.6 MeV
= | E (N=c0) = -1269.7(2) MeV
D i
S -1200 |
I-IJ n
1240
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16 18 20 22 24 26 28 30 32 (Extrapolation to infinite model space from

hw [Coon et al., 2012; Furnstahl et al. 2012])
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74N - spectral information

= Static and dynamic pairing

correlations ) 1 ES/Z' m ‘ | Lm
= Second order compresses 0'01 '3',2L1 e R SEREE MR
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Three-body forces

% 3NF in the Gorkov formalism: work in progress

* Already implemented in Dyson GF

80 \'n -=- VNNN(ind)
N, — VNN £yl *

~100

~120

E() [M@V]

—140

~160

—180\. : : 5 : !

[Cipollone, Barbieri, Navrétil, in preparation]
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Conclusions and outlook

* Gorkov-Green’s functions: 01}
. N . 0.01F .
first ab-initio open-shell calculations o1h” i

Ll
: .L. .....InllLJJJhL

* Good convergence, reasonable scaling, L) S N Ll
: 01f  *Ca [| *cCa |
agreement with CC benchmarks Y S |M| ...... o [||| ||

0.1F ‘ ||| | ||||||
001".|l|||;|

* Provide a manageable way to address o1} i

(near) degenerate systems e i

SF*

0.01E

i

% Implementation of three-body forces

% Proper coupling to the continuum

% Formulation of particle-number restored Gorkov theory

% Improvement of the self-energy expansion



