Ab initio calculations as benchmarks for nuclear DFT
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Ab 1nitio standpoint

% Connection with underlying inter-nucleon interactions

 Microscopic perspective on new phenomena

* Predictive power

= Crucial for exotic systems

 Theoretical error estimates possible (and mandatory)

* Towards a more consistent description of structure and reactions

= Crucial for interpretation of new experiments

% Provide benchmarks for other approaches

 Important in the extension of traditional models to the neutron-rich sector
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* Towards ab initio EDFs
g Density matrix expansion [Gebremariam, Duguet, Bogner 2010]

= [ Low-momentum interactions in the pairing channel [Lesinski et al. 2011]
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* Guidance for extensions and improvements of EDFs

= UNEDEF

¥ Ab initio method should share the same features of the EDF

~ E.g. symmetry breaking (and restoration)



Advances in the modeling of nuclear forces

% Nuclear interactions from chiral EFT

= Consistent many-body forces

= A way to quantify theoretical errors

SRR

% Renormalization group techniques for NN and 3N forces

= Many-body problem more perturbative




Estimation of theoretical errors

% Crucial for benchmarking and extrapolations to neutron-rich sector

1) Interaction
2) Many-body expansion
3) Model space truncation

4) Numerical algorithms

Asymmetric matter

Medium-mass nuclei

C X x X

R R X X
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Asymmetric nuclear matter
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Asymmetric nuclear matter

% Applications in astrophysical environments

= Compact stars

= Core-collapse supernovae

% Very few calculations with explicit isospin asymmetry AE
A
= AFDMC [Fantoni et al. 2008] .
o NN only 15 Mev-}- g
= SCGF  [Frick et al. 2005]
o NN only, finite temperature - >
No
= BHEF [Bombaci and Lombardo 1991, Zuo et al. 1999, Zuo 2012]

-16 MeV—1+
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Asymmetric nuclear matter

% Applications in astrophysical environments

= Compact stars

= Core-collapse supernovae

% Very few calculations with explicit isospin asymmetry AE
A
= AFDMC [Fantoni et al. 2008] .
o NN only 15 MeV-|- 5=
= SCGF  [Frick et al. 2005]
o NN only, finite temperature - >
No
" BHEF [Bombaci and Lombardo 1991, Zuo et al. 1999, Zuo 2012]
16 MeV— —

* Parabolic approximation

[Em,/s) E(n, 8 = 0)
A A

= + 5 Esym<n>+o<ﬁ4)] where =




Calculation scheme

% MBPT(2)
= chiral EFT N3LO NN and N2LO 3N interactions

= NN evolved to low-momentum  (see Gezerlis and Hebeler)

= 3N forces at the HF level

Np

= Small x limit Tr = > [ V3N ‘x ~V |nnn +3V

Ty, + My

nnp J

% Non-trivial integration over the two different Fermi spheres

A A
kg
n
k kF
P k
[2)] 2
£ N 7

[Drischler 2012]
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Energy of asymmetric matter
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% NN interaction: chiral N3LO evolved to low momentum [Entem and Machleidt 2003]

% Uncertainties: 7 sets of low-k (1.8-2.8 fm!) & 3N cutoffs
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Quasi-parabolic expansion

% Expression for the energy per particle in asymmetric matter

= Kinetic energy + interpolation of interaction energy

1.2 T I T T T I T T T I T

E(n, x) =T, [g (xg +(1— x)%) (Zﬁ)%

A
—(2a—4a)x(1—x)+a;)n T —
5 L
+ ((2n —4n.) x (1—X)+m)ﬁ’/} .
[Hebeler, Lattimer, Pethick, Schwenk 2013] T T T

= Parameters determined from
o saturation properties of symmetric matter

e neutron matter energy and pressure calculations
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Validation of quasi-parabolic expansion

* Compare energy relative to pure neutron matter

AE(n,x) E(n,x) B E(n,x =0)

AE/A [MeV]
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~ Excellent agreement within uncertainties

= Possible improvements in the expansion
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Conclusions and outlook (part I)

% First explicit calculation of asymmetric matter with chiral interactions
= Constrain isospin dependence of nuclear EOS

= Revisit parabolic approximation for small proton fractions

E
A&
* Outlook r
15 MeV{- =
= Improve many-body expansion lb/ym
= Use consistently evolved NN+3N interactions o2
—
. . . No n
= Release small proton fraction approximation
\ s>
-16 MeV—+ symmetic s
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Open-shell medium-mass nuclei
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Advances in ab initio techniques

Light nuclei Medium-mass nuclei Medium-mass nuclei

S E
NCSM, GEMGC, .... Miscroscopic SY,, .... GE CC, IM-SRG, ....

= Configuration interaction limited to small valence /model spaces

= Usual expansion schemes fail to account for pairing correlations

 Limited to to doubly-closed-shell + 1 and + 2 nuclei
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Going open-shell: Gorkov’s idea

% Bogoliubov algebra + Green’s function theory

% 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)
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Dyson Gorkov
> Reference state s Wo) =) calyg)
A
Gop Gat u *
> One-body propagator Gap = Gy = -

21 22
Gab Gab

Q=H— uA

> G.S. energy

Qo= leal? Q5 ~ Eg' — A
A/
[Gorkov 1958]



Gorkov equations

% Set of 4 Green’s functions

-

|

[ Gab( G(O) —|— Z G(O) sz Gdb( ) J

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

N b b
[Gorkov 1958
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Self-energy expansion

* 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
4 )
3 (el S V() () | = e
b 2oy (W) —tab + pav + 255 (w) )|, \ W Vs VES = (W a4, | o)

. J
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. ) . 120 - 40 N, =1
= Krylov projection of Gorkov’s matrix : Ti  N=s
100 | v s1/2)  N=10
_ N =13 —— N=50
: : 80 e —— N,=100
 Lanczos-like algorithm '

DOS [a.u.]

= Conserves moments of spectral functions

= Results become independent of N;

782 - 4Ca
-784 . Niax =7
i —o— N = L
max
L -]
% [ —o— Nmax =11 .E.
g -786 - —o— N =13 N
L i . 0p)
788 [; \/ﬁw\ -
-790 -
I M RN R RIS R I 0 :
0 10 20 30 40 50 -200 -100 0 100 200 300 400

N ® [MeV]



Ny
Sﬁéﬁiﬁ TECHNISCHE

=G/~ UNIVERSITAT
d' DARMSTADT

Benchmark with coupled cluster method

* Energy from Galitskii-Koltun sum rule
1

E) = — | doTrm [GN(@)[T + (u + w)1]]
47Tl Cc1
-240 " G matrix
D60F © (Av18, E= - 40 MeV)
: o = GGF(2
280 ¢ ADCéB))-D
S 3 0 — CCSD
o ~S00F _ — A-CCSD(T)
= 320 F il
Y osa0f T
-360 F .
- -
-380 ' Nmax=7 U .
-400 :_Ih('o=12||vIeV ] ] ] ] ] ] ) T
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= GGF and CC quantitatively similar

g GGF(B) eXPeCted to reach A'CCSD(T) accuracy (CC results courtesy of G. Hagen)



Towards medium /heavy open-shell
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* 74Ni
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= NN interaction;
chiral N3LO SRG-evolved to 2.0 fm-!

[Entem and Machleidt 2003]

= Very good convergence

= From N=13 to N=11 — 200 keV

E (N=13) = -1269.6 MeV
E (N=co) = -1269.7(2) MeV

(Extrapolation to infinite model space from
[Furnstahl, Hagen, Papenbrok 2012]
and [Coon et al. 2012])
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* NN only

= Systematic along isotopic/isotonic becomes available

= Overbinding (increasing with A): need for three-body forces

E [MeV]
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Three-body forces

% Inclusion of 3NF as effective 2NF

= Average over the 3™ nucleon in each nucleus

= Additional term in the Galitskii-Koltun sum rule

1 1
Eg = 1 | dwlry, G (W) [T+ (u+w) 1] — 5 (%o |W[P)
1 ct 2

% 3N interaction: chiral N2LO (400 MeV) SRG-evolved to 2.0 fm™! [Navratil 2007]

= Fit to three- and four-body systems only

- Modified cutoff to reduce induced 4N contributions [Roth et al. 2012]
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Calcium isotopic chain

% First ab initio calculation of the whole Ca chain with NN + 3N forces
= 3NF bring energies close to experiment

= Induced 3NF and full 3NF investigated

I + exp.
-300 | —— GGF 2NF
; --=-- GGF Indc3NF
-400 _ —e— GGF FullBNF
% -500 [
= :
L -600 F
-700 |
-800 | | | | | | | | | | |

36 38 40 42 44 46 48 50 52 54 56
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Calcium isotopic chain

 QOriginal 3NF correct the energy curvature

= Good agreement with IM-SRG (quantitative when 3t order included)

 + + exp.
‘o 4+ --®-- GGF Indc3NF
-300 i —o— GGF Full3NF
+ ¢ [IMSRG-Indc
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S’ -350
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Potassium isotopic chain

% Exploit the odd-even formalism: application to K
= Trend and agreement similar to calcium

= Future: consistent description of medium-mass driplines

) i + exp.
360 ! —— GGF Full3BNF
_ +
i +
-380 |-
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Iwo-neutron separation energies
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% Neutron-rich extremes of the nuclear chart

= Good agreement with measured S2n

~ Towards a quantitative ab initio description of the medium-mass region
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Benchmarks and chiral EFT interactions

% Ab initio calculations as a test for chiral EFT interactions

% Different approaches agree in O and Ca chains

= Current chiral NN+3N forces overbind medium /heavy-mass nuclei

E, ;. [MeV]

13N 15N 21N 23N 27N
: : ! ! : ] T | | | | ]
_80 i N I‘ E hw=24 MeV E E E ] -50 x ] g ' I —
I ) A AsrGg=2.0 fm_l : : 1 :
- 100 i : X |
~120° ] I
? =
- 140 [ _— | E
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[Cipollone, Barbieri, Navratil, 2013] [Hergert et al., 2013]



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
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[figure from Sadoudi]



Spectral strength distribution
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( Dyson 1%t order (HF) )

I ; Fragmentation
01F S 39Cai H1Ca

I L 1 i T—— P P T

Ly, : ..

o l L Static pairing

3 |
01 E d5/2 : )

I 1 L |!. 1 1 1

|
0.1f i 18t order

60 40 | -20. 0 .20 40

E,* [MeV]

( Dyson 2nd order )

Dynamical
1¢ : .
o1l s ”39035 4104 l | fluctuations
IIII!IlIll
]
01F d, ]
-lc-li)m I g N N N 1 ‘ I.E. N N 1 I. ‘. .‘ 1 .I. L 1 I l
]
0.1 )
,adse|\ ol
!
O1r E 2" order
-601 | ‘-4:0‘ | ‘-2I0‘ (1.) | ‘2I0‘ | ‘4I0‘
E,* [MeV]

~
(Gorkov 1st order (HFB))
1 ;
0.1 l' S I 4308': 4508‘
]
Mg 01F dgjp i
| N 1 E L1 ] ]
0.1f ds/ :
E N N | 1 L L L 1 .:. L 1 L s L 1 f L L 1 L
I :
0.1f i 18t order
S S T, | S SRR U N
60 -40  -20 0 20 40
Eki[MeV]

( Gorkov 2nd order )
1¢

01p S |*Cai5Ca \‘
I I I ] |;. ] |I ] II L
0
0
#,0.1F dgp I ‘ : I ‘ ‘
w : l . . 1 |!. ] . [ I
E 0
0
01F ‘ d, ] ‘ ‘ j
| A ] ] ; I ] N |I I .
:
01r 2" order |
L L 0 ] ] ]




Shell structure evolution
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* One-neutron separation energies

i 1 F o= oa - - . a §5/2°
or 52 ONF 1o oo oo g 0
_ : | D\j\\ﬂ\n 1 [ B— — 0 — 41<H_ 3/2_
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= L 3/2° 10
[o— i M: [ o— 0 0 Oo— —0— —H 3/2+ |
i 20r e 1r 1-20
30 F + JL 1.30
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= Static and dynamic pairing correlations

= 3NF significantly compress spectrum
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Shell structure evolution

s 4+ o o [\ o o o 5/2°
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4 NN only NN+3N (Ful) )
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: -30 3/2* S 1-30
= SF of main peaks not much affected _ _
40 l — |5/2+ | |_ | | ] 40
0 50 100 0 50 100
+ +
SF, SF,




@&';;”1 TECHNISCHE
=G/~ UNIVERSITAT

A5

I DARMSTADT

Shell structure evolution

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

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

(Separation energies) (Centroids)
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Conclusions and outlook (part II)

% Gorkov-Green’s functions:

1g5/2
0001?,_ ...... ‘J."LLML[
= Manageable route to (near) degenerate systems 01k | ‘ ]
Oolﬂ" ....... |i || [ ] 1 |l|ll4_|_|Jl|L
e3/2 |
= First ab initio description of medium-mass chains % | |‘ o ‘ I
. . b ol 9o | tca |1
= 2NF + 3NF: towards predictive calculations 0 B =
0.1 |
_ o oo1%...:.|.‘...§....hLLMﬂlJL_
= . 1k :
Energies: quantitative agreement oil i
O 01 é- L | L L I: L L L L L PN S A | .
. 1f5/2* |
iy . 4 :
Spectra: study of shell structure evolution S | L
60 40 -20 0 20 40
E,* [MeV]

% Improvement of the self-energy expansion

% Proper coupling to the continuum

% Formulation of particle-number restored Gorkov theory

* Towards consistent description of structure and reactions
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