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Towards a unified description of nuclei

Nuclear Landscape

Open issues @ mid masses are: —
Ab initio

Configuration Interaction
- Need of good nuclear Density Functional Theory
Hamiltonians (3N forces
mostly!)

— Structure calculations
are limited to closed-shells
or A1, A+2

—> Ab-Initio link between
structure and reactions.

(BUT calculations are GOOD!!!)

Open shell nuclei

9 [Green’ s functions can be naturally extended to: Scattering observable ]
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éreen's functions in many-body theory

One-body Green's function (or propagator) describes the motion of quasi-
particles and holes:
(W@ e AT (Wit e W) S T

ap(l) =

..this contains all the structure information probed by nucleon transfer

(spectral function): , 1
2 r Sap(w) = = Im gap(w)
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One-hole spectral function from experiment
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[Nucl. Phys. A335, 35 (1980)]
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Dependence of Spect. Fact. from p-h gap

N3LO needs a monopole - . . ~ ‘
correction to fix the p-h gap: | AV = AVy, — (=1 «u, V= P32 P12 T2
[A.P.Zuker (2003),

I T _ _ f=t,
Phys. Rev. Lett, 90, 042502] | &Vrr = AV = L3 = Tiew,

Experimental Eph
is found for k,,=0,57
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Quenching of absolute spectroscopic factors

[Phys. Rev. Lett. 103, 202520 (2009)]

Overall quenching of spectroscopic ..with analogous conclusions for 48Ca
factors is driven by: 10 osc. shells  Exp. [30] 1p0/ space
o, FRPA full FRPA FRPA SM AZ,
SRC ) 9 107 . (SRC) FRPA +AZ,
part-vibr. coupling > dominant NI
" ~ " . 5760 ) vipi, 096 0.63  0.61 0.79 0.77 -0.02
shell-model = in open shell  ¥Ni { " D os 09 055 e s oo
vips, 095 065 0.62 0.58(11) 082 0.79 -0.03
55NJj SNi:
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BUT still need shell-model (configuration mixing)
to understand low energy fragmentation !

I I I I I I
2 |— Exp. —
B dsz/> |
= 1 /? ] [
11— ds, > — Proton 'holes’ in “8Ca
n ‘ ‘ | (=*8Ca(e,e'p)*K)
NL/') l l l l 1{ |T
) 0 1 1 1 |‘ l_l‘T 1 ‘1 4“‘_f"“—ﬂ"']f‘"_‘
| ds/> _
T, 5|93/
B Calc. with B
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Y. Utsuno et al., arXiv:1201.4077v1 [nucl-th]
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Calculating the spectral function:

FRPA, ADC(3), and the like...
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Faddeev-RPA in two words...

Self-energy Faddeev-RPA: A
(optical potential):

-0

article

= W

<

= hole

Y Phys.Rev.C63,
“Extended” 034313 (2001)
Phys.Rev.C65,
Hartree Fock _ _ 064313 (2002)
> 2plh/2h1p configurations Phys.Rev.A76,

052503 (2007)

« A complete expansion requires all types of particle-vibration coupling:
v' g*(w) = pairing effects, two-nucleon transfer
v TTPh(w) = collective motion, using RPA or beyond
v Pauli exchange effects

« The Self-energy =Z*(w) vyields both single-particle states and scattering
« Finite nuclei:> require high-performance computing
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Dyson equation

% Propagators solves the Dyson equations .
/ a c 4
gab - gab + Z gac gdb( ) 4 = A + @
d ]
b " A

% (Hole) single particle spectral function

1 _ _ .
Sun(w) = = Im gap(w) = ) (W ea| W) (Wi} ¥ ™") 0w — (By' — B ™)

k

% Koltun sum rule (for 2N interactions):

12/ F(tab + Jpw) S™ (W) dw = (T) + (VNN

2
ab -
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Dyson equation

% Propagators solves the Dyson equations .

gab - gab + Z gac gdb( ) 4 = A + @
% (Hole) single particle spectral function

1 _ _ .
Sap(w) = — I gap(w) = Y (U O3 (Wg'[ch | W31 0w — (Bg' — B )
k

% Koltun sum rule (with NNN interactions):

EZ/ F(tab + 5abw)53b(w) dw = (T) + <VNN\

VNNN @____@ @

ab
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Binding Energy - “He Case

[C. B., arXiv:0909.0336;
08 CERN Conf. Proc. -2010-001, Vol. 1, p. 137 ]

'16_ T T I T I T I T I T I ‘_1: - [ T I I I I ]
et Viows» A= 1.91m’" ‘; V. A=19Mm"]
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> Self-consistent FRPA compares well with
benchmark calculations on “He
FRPA/scO FRPA/sc Exact:
Viow-k -29.00(2) -29.2 +0.15 -29.19(5) (Fadd.-Yak.)
[Nogga et al., Phys. Rev. €70, 061002 (2004)]
self-consistency in the estimates from different approx. to
mean field only self-consistency UNIVERSITY OF

SURREY



Approaching open-shells in the
mid-mass region:

=> Gorkov theory
=> proof-of-principle results
at 2"d order

V.Soma, T. Duguet, CB, Phys. Rev. C84, 046317 (2011)
arXiv:1208.2472 [nucl-th]




Going to open-shells: Gorkov ansatz

[V. Soma, T. Duguet, CB, Pys. Rev. C84, 046317 (2011) ]

% Ansatz C..wEéV“ EY ~EY — E) 2 ...N2MJ

even

% Auxiliary many-body state [¥o) = > en|¥p’)
N

—. Mixes various particle numbers

. Introduce a “grand-canonical” potential ) = H—uN

=> |Vo) minimizes Qo= (Uo|Q|T,)
under the constraint N = (¥y|N|Uy)

q QO:Z|CN’|295)V/ %E(])V—IUN
N/
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Gorkov Green's functions and equations

[V. Soma, T. Duguet, CB, Pys. Rev. C84, 046317 (2011) ]

% Set of 4 Green’s functions

i Gop(t,t") <%\T{aa(t Jaj (t') }\%) = H

1 GL2(t, 1) = (Uo|T {a.(t)ay(t')} | To)

Il
P

N

Gap(w) = Gl (W) + Y GO (w) B4(w) Gap(w)

Gorkov equations

i G2(t,¢) = (ol T {al(t)a} () } o) =

i Gop(t,t') = (Wo|T {al (t)as(t') } [¥o)

Il |
21
= = — —

[Gorkov 1958]
* £ () B32(w)
2ab((“')) = 21 29
226 (w) s (w)
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1st & 2 order diagrams

[V. Soma, T. Duguet, CB, Pys. Rev. C84, 046317 (2011) ]

% 15 order " energy-independent self-energy

b_
. oY R p—— d
I 3 (4
W= e---- L Ta® =
b d

% 2"9 order = energy-dependent self-energy

a

€ a €
: y J y f 12 2
211(2)(w) = A;.;'l *;.,,I'vam + T\"'/[ TLU'” Tw”’ ( )( )
ab
d _—_—_;q_ d g

b h b h
* Gorkov equations —>  eigenvalue problem
Z (tab — lhab + E}Zé(w) Eé%(w) )‘ (Uf) — o (Uff) Uk = (I, |al |w,)
- o (w) —tab + pab + X5 (w) /|, \ V¥ Vi VE* = (U |aq|To)
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V.SOMA, T. DUGUET, AND C. BARBIERI

a
Gii(w) = Tw (BSb)

B

a

L ]
Ab INITIO SELF-CONSISTENT GORKOV-GREEN's ...

5. Block-dizgonal structu
a. First ory

The goal of this subsection is to discuss how the block-diagona
reflects in the various self-energy contributions, starting with the fin
and (C19) into Eq. (B7), and introducing the factor

Saigs = 1+ 8p 800

one obtains
‘I 0

. Z:Vuwv v

el

=L XXy L 14

e ¥

=tubon DY Y 55

Ay ¥
= 8ug eum, Ep 10
= o Lngny
= 8ug Boems AT
where the block-diagonal normal density matrix is introduced throu

pliL, —Z A

and properties of Clebsch-Gordan coefficients has been used. The
3. andd, ;  leading 08,5 =&, ; 8. - &, . . Similary, for 70

= b 3D DM

wne ¥
= do b Bl
= —Bap b, AL
= —dup B [A,,.,,,].,
Letus ider the ] ibutions to the first-order self-en
derives

2
znb

= Z Ve VE U

uu

=P XX s

nkn y =

~ EEEE e

nn.C;

2=
=3 TN S 17 €
nes ¥
=dap b 5 Z p I Al ¥ X
LE I 4
= ‘a’ e, z;uul:h
= Bug Breuee, B

where the block-diagonal anomalous density matrix is introduced th

o Z a1 Va
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It is interesting to note that the first-order a

L Z Ln M S G

s

[V

V.SOMA, T. DUGUET, AND C. BARBIERI

n .y-<-l"

[u..._v

PHYSICAL REVIEW C 84, 064317 (2011)
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Loh . ff

u-[u. +ay, +wp) —in }

(Ca3a)

@ma‘,‘ "Ffir“DUguat,,.mCB va Rev C84 ‘046317 (20115]

i = -] 27+ iy S N . o My
witha J = 0 many-body state. The other =02 e SR . g = 3 G mnecest s, (Cos e es1 . " (D“n‘"" "f“) " (Cada)
‘”“ —ZV».M.U e S . A - LT S o — (o, + o, + o) +in o+ (e, +ax, +o)—in |’
2) 4y Py iy i iy . |y 4y
oA =858, Z L v ;71 Rl _ Z Z Z Crverest s, (Dot eres1 1 (Dn fmreres1 .) Coalaeresl 4 (C44b)
_5 Z Z o P e oy T o o — (e +ay, +on)Hin o+ (o, e +w.,)—m )
_ Ly Ry e K
P = =85 B0, M No el 4,0 D (C.n s lj)' o
= 8 b ! which recovers relation (72a). The remaining quan D - Z > Z Dy, taeevg) 1. Cosfoese nL n, faeseres o bk ] (i)
"2 k. k. k) indices and can be obtained from Egs. (C gy 1 e | @~ (0 o Fon)+in | o+ (o +an +o0) - in oy
o n J 10 Jye and J. as follows: - - . R
= 8 S, zl: phkh Z(_l)/, Hitintiy 2] pRMR Z D, e, (Do taereret 1) ( |ux\ryx |1) Ca, faeye, 1, ' C4d
= 8ap B, L, T " TS o (e e San)+in | o+ (o +on Son) —in
= =85, 8um, Z Zm
Aons Ja 6. Block-dizgonal structure of Gorkoy's equations 326)
. Tt TV
Block-diagonal forms °f second-order s x Vi u i1 Un, 1 In the peevious subsections it has been proven that all single-particle Green’s fi and all self-energy ibuti ing
angular momentum couplings of the three =818, [ s Gorkov's equations display the same block-diagonal structure if the systems is in a 07 state. Defining
Q, R, and S. One proceeds first coupling T B @ _ oiel
give Jie. The recoupled M term is compu by Z( l)’ Hickig i 3] Top — 80 = By By, [TV, — 18,0, ] (C45)
- oo Al ducing block-diagonal forms for amplitudes W and Z through 27
MiG50= X Gl i, Co W (C463)
= b Y Y Mol
- Z ZC T = =84 i Smi M 2, (i) o, (C46b)
= x,-t.l fey My - 4y i
e, X VISV Vi, vk
T, Bay iy %, N e
= Y Y b = 81 Btm, Qoo s en =D (O ) Ui + (D2 Viital (©479)
ey M, rat M, -
R RN Y] 1y i, R ey " o Mgy A
xClM o Chitt € Ralida = z:( n 2+ [ A B- A Z['D., avercs 1. Uneto) + oo Vo) (C4Tb)  328)
= Y Y ¥ma — —biidum, 3 Yom 2 using Egs. (C29), (C31), (C32), (C34), and (c44). one finally writes Egs. (81) as
e M, 808 M, e - 1
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P e
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el - ;( e @ Vi, Z[ (T"" — WS+ ALYV R
= 8 Bt MU
sl 4, = 81 18M - e s o g
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X GV e Vi h 330)
03] Vi, 1o
NS = 80t —as gy . S
- = Ol uOMum, Op, [acywyis] L
nde 064317-30
=850, 4\': These terms are finally put together to form the d Letus T 8 J
an example [see Eq. (75)). By inserting Egs. (C35) and (C36) and summmg over all possible total and intermediate angular e
One can show that the same result is obtai momenta, one has . .
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Gorkov equations

[V. Soma, T. Duguet, CB, Pys. Rev. C84, 046317 (2011) ]
Z tab — Hab + Eéé(w) le(w) uk = i uxf
321 () ~tab + pab + T W) ) |, vb B Vk

4

<
T—p+A h ¢ -t u* u*
A —T+u-A -Dt ¢ e | Yk
ct —D E 0 Wwe | =9 we

X -D ct 0 —E Z 2 )

Energy independent eigenvalue problem

2 2
with the normalization condition [\U§|2+ |V§|2] + ) ['W;’flkzk“l + ‘Zflkzk"‘ ] =1

a kikoks
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Lanczos reduction of self-energy

T—p+A h ¢ -Dt\ [u u* HFB ‘/
Rt ~T+p-A =D C Vel VR
ct -D E 0 Wi |~ F | Wi
~D ct 0 ~E 2y 2y

- Conserves moments of spectral functions

- Equivalent to exact diagonalization
for NL = dim(E)

84
i : single proc.
8450 parallel Lanczos

85 .
-85.5| 200 HFB

86 |
-86.5 |

g . /
10 100 1000 E

Lanczos iterations El

E [MeV]
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Application of Lanczos (example)

2> # of poles of the self-energy (== optical potential) are reduced
without altering spectroscopic strength.

Volume integral of 4°Ca % n
optical potential in ;,, part. wave

2000 T T T T 200 I ’ I I

1500 |~ ° —

_
193
S
T
|

1000

_. : 100 N
L N I\ - /\ 1 i |
%00 -1‘00 ‘ 100 200 0 ‘ ‘ ‘ ‘ w

¢ -200 -100 0 100 200
E - ¢, [MeV] E-¢, [MeV]

200 vectors
______ 600 vectors
R p—— 8,837 vectors (full basis)

I
~§
|
3
11y, / Al [MeV fm’]

W
S
T

Density of states for 4°Ca + n

=> Ground state energies converge with > 200Lanczos vectors (10 osc. shells).
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Binding energies

% Systematic along isotopic/isotonic chains has become available

-300 [ G matrix M %X('aogzizr;‘e”t
[ = (Av18, E,=-40MeV) - ccsD
-320F u — L-CCSD(T)
i n ADC(3+CCD)
~ -340 - + : [ | Nmax=7
> i + n
() s n
S -360| " .
L -380 - +
- +
-400 +
i +
'420 - ] ] ] ] T
40 42 44 46 48
ACa

= Correlation energy close to CCSD and FRPA (thorough comparison needed)
= Need for (at least) NNN forces
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Binding energies

% Systematic along
isotopic/isotonic
chains has become
available

hw [MeV]

= Correlation energy close to CCSD and FRPA (thorough comparison needed)

= QOverbinding with A: traces need for (at least) NNN forces
= Effect of self-consistency significant; i.e. less bound than MBPT2

UNIVERSITY OF

Spma, CB, Duguet, arXiv:1208.2472 SURREY



Spectral distribution

A I‘.I....L. L |||L|L|JJI|L
|‘ ‘ ol
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o o
o o©°
— b b —t —h

w

~—

N

+ 1 :
T 0.1E *Ca H 45Ca | ‘ "
0.01.......|;|......|..|.l.
132" !
O'1E ‘ : i LI
001k ol 4
1 |
0.1 !
R R A N = Gorkov-GF at 2nd
1 E5/0* 5 order [or ADC(2)]
0.1 !
001E.|,“|..|. b l..l .I LL.LLL_'LL_I
60 40 -20 0 20 40
Eki [Mev] UNIVERSITY OF
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E, * [Me

= Gorkov-GF at
1st order [HFB]  -50

-10

-20

E, * [MeV]

-30

-40

Spectral distribution

8 cent
. - = 0
: 52 -
SR | = Gorkov-GF at 2nd
—T — 379 order [or ADC(2)]
SR — 7120 /
: 44 ]
: Ca 130
; 3/2* . ]
' 1/2% I _;'40
:- 1 5/I2+ _ I_ 1 1 _: 50
712 + o S —
- 3/2 _ 10
e — = 710
[ 9/2* T ]
- 7ANi  {-20
f 12" . ]
T 52 %
i 3> o 3
y 7/2 - 1-40
0 05 1 0 05 1
SF* SF *

UNIVERSITY OF
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Three-nucleon interactions

-~ application to nuclei
- need new formalism?

A. Cipollone, P. Navratil, CB
A. Carbone, A. Rios, A. Polls

-~ UNIVERSITY OF

SURREY



Modern realistic nuclear forces

Single particle specTrum at Efermi:

[T. Otsuka et al.,
Phys Rev. Lett 105,
1 32501 (2010)]

Chiral EFT for nuclear forces:

2N forces 3N forces 4N forces

H H Need at LEAST 3NF//
I Ean i ("cannot” do RNB physics without...)

"\

Saturation of nuclear matter:

f— ®  variational + TBF u
E + BHF +TBF

E e aF /| V. Soma, Phys Rev. C 78,
[ —O— Nijmegen 054003 (2008))]

Nijmegen + TBF :

Single-Particle Energy (MeV)

Neutron Number (V) Neutron Number (V)

—_ A
o o

o
T

&

IH

(3NF arise naTuralIy aT NZLO)

E/A [MeV]
o

—_
o

-
]

N
o
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Inclusion of NNN forces

A. Carbone, A. Cipollone, CB, A. Rios, A Polls

% NNN forces can enter diagrams in three different ways:

Correction to external Correction to pure 3-Body

1-Body interaction non—con.fracfed. contribution
2-Body interaction

- Contractions are with fully correlated density matrices
(BEYOND a normal ordering...)

"~ UNIVERSITY OF

SURREY



Inclusion of NNN forces

A. Carbone, A. Cipollone, CB, A. Rios, A Polls

% NNN forces can enter diagrams in three different ways:

Correction to external Correction to pure 3-Body

1-Body interaction non-con.fracfed. contribution
2-Body interaction

- Contractions are with fully correlated density matrices
(BEYOND a normal ordering...)
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Inclusion of NNN forces

A. Carbone, A. Cipollone, CB, A. Rios, A Polls

% NNN forces can enter diagrams in three different ways:

1-QQ O

Correction to external Correction to pure 3-Body

1-Body interaction non-con.fracfed. contribution
2-Body interaction

UNIVERSITY OF

» SURREY



NNN forces in FRPA/FTDA formalism

A. Cipollone, CB, P. Navratil

Use: ..r..- ..%. ...l as2-body potentialinall V-irred.
RPA/TDA summations

Then:

..approximations and some improvements still
being assessed - this is all work in progress

" UNIVERSITY OF

SURREY



Oxygen iso

Binding energy

fop;s with evolved chiral 3NF

Single particle spectrum

Eq s [MeV]

-50,
1001
150,

~2001

a=0.08 fm*
1=1.88 fm™!

hw=16 MeV

H=T,,+ VN

— H=T,, +V"+ VNN

1d3/2

Neutrons

014 0‘16

2nd/sc0

2s 12
Ipsp -
VNNLVAN (full)
|
028
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Summary

* Self-Consistent Green's Functions (SCGF), is a microscopi
applicable to medium mass nuclei. Greatest advantage is
(experimentally accessible) information.

* Proof of principle calculations Gorgov theory are successful at 29 order.
facto show that the approach is viable and opens a whole new path:

—>Open-shell nuclei (many, not previously approachable otherwisel!).

—~>Reactions at driplines. = - — ]
. o:- 3/2t R I _:0
—>structure of next generation EDF. ; 52—
* Addition of three nucleon forces (3NF) are o eop _ Ni- {-20
feasible and underway. Vs —— — o
- This implies a step up in the accuracy wb % {40
of "ab-initio" calculations. 0 05 f 0 05 f
: : SF SF,*
-60[
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