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Scattering

Green's functions

Nuclear Structure Method
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NUCLEON SCATTERING
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Reminder on cross section

» Consider a beam of particles hitting a thin sheet of material
» N; = J;S incident particles hit the surface per second

> N outgoing particles counted per second (only count particles belonging to an
outgoing channel c. For instance elastic channel: detection of a particle with
the same energy than the incident particle)

> Probability P of reaction: P. = fe = Jle
;T

detector

collimator -
beam of -
articles A
parteR 2 I —
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—_—
p—
_—
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P The cross section o is an effective area associated to one target nucleus, that
provides a measure of the probability of reaction in the channel c.

» 5. =o0cNt (N: = nSdx number of target nuclei) is the portion of the surface S
which, when hit by the incident particle, will lead to the reaction channel c.

>c Nc N: 1 reaction rate
= — = — Oc = — —

PC I
S JS

A J; " incident flux
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Optical potential

» Problem
» Nucleon scattering from a target nucleus is a many-body
problem with A bound nucleons and a scattered one: very
difficult...
» Many body problem approximated by a two-body problem

2
(;vz n V(r)) o(r) = Eg(r)

with V/(r) a one-body effective potential
» Requirements
» V should describe the direct reaction in a nuclear collision and
should give the energy averaged scattering amplitude
» V should take into account in an effective way all the inelastic
channels

» Solution
» Complex one-body potential: V/(r) = U(r) + iW(r)
» Real part: simple refraction of the incident wave
» Imaginary part models flux loss during the elastic scattering
process
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Absorption by a complex potential

Probability current:

() = i (°()V0(r) — G5 (1)
1
Schrodinger Equation:
2 o2 U 174 =E
(Mv (U + 1 (r))) o(r) = E(r)
& (r) x {S.E.} — o(r) {S.E.}":
Flux variation: V.j = L(V* — V(r))|¢(r)|2 = %W(r)|¢(r)|2

h

Negative imaginary potential: flux absorption
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Schrodinger equation with a spherical potential ﬁ

Hig) = (T+V)[g) = Elo)
/ C(T+ VIO = Edel)

Kinetic part
2
T = L Potential part
2m
((P?)Y) = /(rIP2|p><p|r’>dp Vi) = /dr’(r|V|r’)(r'|1/))
= /(r|p)p2(p|r’>dp rviry = V(r,r)
_ 1 2 _Lp.(r-r) Local potential
= —n25"(r-v) V(r,r') = V(r)s(r,r')
h2
TR =~ A()
m
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Schrodinger equation with a spherical potential ﬁ

h2
SN /m (r. ¥ )u(r') = Ex(r)

Spherical coordinates,

|2
A= pi+5 w1 d> 12
p
T p—
2 ,1 d? (I Tlw) l 2mr dr2 r+ 2mr2] v(r)
r= e

Using the following multipole expansions and projecting on |/jm)

P(r) = Z UJ’%("))JJ',"(?) and  vjm(r,r') = // ded?' Vi (F) V(r, r')yJTT(?/)

lim

Integro-differential Schrédinger equation

B[ d? I+1 ,
“om [d,2 L 2 )} uvm(r)+/dr 1 (r, 1) Ui (r') = E (1)
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Phase shift determination

Integro-differential Schrodinger equation

R d I(+1
~om [ﬁ _ I 2 )} u/j,,,(r)—}—/dr'rl/u,,,(r, Y upm(r') = E wjm(r)

Equations can be expressed on a radial mesh with h the step. The potential is
negligible at Rmax = h x N.
u(r) — u;

izu(r) I 2uj + uj—1
dr?

h2
v(r,r') —
Schrodinger equation reads
M
) 1 1,1 uy 0
1 -2 1 :
. n _
1 -2 1
1 -2 0

My, n uy -1

Conditions at the limits: up =0, un+1 =1, Miny1 =0
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Phase shift determination ﬁ

0

> My =
K

Solution merges from matrix inversion

ui=— (M_l)i,N

Solution can further be re-injected into Schrodinger equation with
better precision and iterated until the needed precision is obtained.
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Phase shift determination
Connection to asymptotic solutions
ug(r) = Cleos(dy)i(kr) — sin(3y)mi(kr)]
avec k?> = —(2m/h?) x E

with j;, n; Bessel and Neumann spherical functions.

Normalisation by a Dirac in energy

12m

C=\7mk

Phase shift is obtained from

y _ 0s(0y)j}(kRumsx) — Sin(3) 1) (KRmax)

uy c0s(6))ji(kRmax) — sin(;) ni(kRmax)
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Phase shift determination ﬁ

Connection to asymptotic solutions

up(r) = Cleos(ay)i(kr) — sin(3y)m(kr)]
avec k?> = —(2m/h?) x E

with j;, n; Bessel and Neumann spherical functions.

Normalisation by a Dirac in energy

12m

C=\Vark

Phase shift

uNjI/(kRmQX) B u;\/j/(kRmax)
uNn;(kRmBX) - U;an(kRmax)

tan(d;) =
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From optical potential to reaction observables

Cross Section (without spin)

Oel = % Z I1— 5> with S, = ei2%
l

Ab-initio
from
bare NN interaction

[ Mean-Field and beyond )
from —>[ Optical Potential ]—)[ Cross Section

| effective NN interaction |

Phenomenological
potentials
from data fitting
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Mean-Field and beyond
from Optical Potential

effective NN interaction

v

v

v

Goals
Build an optical potential from an effective NN interaction
Consistent use of the effective NN interaction

Self-consistency

v

v

Tools
Green's functions formalism

Gogny D1S phenomenological effective interaction
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EFFECTIVE NN INTERACTION
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Effective NN interaction: Pros and cons

Pros

Phenomenological account of short range correlations
Simple shape
Energy independent

vV V. v Y

Extended reach of EDF approaches

Cons
> Simple shape

> Validity out of the parametrization range

» Loss of the contact with more fundamental theories
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Skyrme and Gogny interactions ﬁ

. . Gogny interaction
Skyrme interaction eny

Finite-range interaction

Zero-range interaction (Bl and|Borer)
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Extended reach of EDF approaches

[ Spherical Hartree-Fock (~30 nuclei)

20 % 40 50 6 70 8 9 100 110 120 1% W0 150 160 70 180 190 20 210 20 20 240 250 260 210 280 20

Calculations with Gogny D1S interaction (S. Hilaire and J.P. Ebran)
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Extended reach of EDF approaches

[ Spherical Hartree-Fock-Bogoliubov (~300 nuclei)

o
% 10 2 % 40 %0 6 70 8 9 100 110 120 190 140 150 160 170 180 190 200 210 220 200 240 20 280 20 280 290
N

Calculations with Gogny D1S interaction (S. Hilaire and J.P. Ebran)
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Extended reach of EDF approaches

[ Axially-deformed Hartree-Fock-Bogoliubov (~6000 nuclei) ]

% 102 3 4 S 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220 20 240 250 260 270 280 20
N

Calculations with Gogny D1S interaction (S. Hilaire and J.P. Ebran)
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GREEN'’S FUNCTIONS
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Definitions

The state |«, tg) of a particle with quantum numbers « at time ¢
evolves in

la, to; t) = e —iH(t—t0) |y, to)

at a time t (t > tp) and for a time-independent Hamiltonian.

P(rt) = (rla,to;t) = (rle” i H(t—to) |, to)

_ /dr;<r‘e—;LH(t—to)|r-><r;’a’ t0>
= ih/dr’G(r, vt —to)y(r', to)

where G is referred to as

Propagator or Green's Function

G(r,r';t —to) = —%<rle‘%”‘t‘f"’lr'>
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Propagator or Green's Function

G(r, ¥t~ to) = 5 (e #H(=|e)

P(rt) = ih/dr'G(r, vt — to)Y(r', to)

The wave function at r and t is determined by the wave function
at the original time ty, receiving contributions from all r’ weighted
by the amplitude G.
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Operators and Statistics

Second quantization
Yi(r, t) creates a particle at (r, t)
¥(r, t) annihilates a particle at (r, t)

Bose-Einstein statistics (-)/Fermi-Dirac statistics (+)
wiro.eien] = o
WD), = o
w0610 8] = ee—r)
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G(rrit—t) = —é<r|e_%H(t_t°)]r’) =—é<0]a,e_%H(t_t0)af.|O>
1+ > (Olar|n)(nle” #7C=)|n')(n'| ] |0)

nn’

One-body propagator in second quantization

G(1,1') = —i{0|T(¥(1)'(1)|0)

T is the time ordering operator and 1 =r1, t;

Ex: T(p(L)y'(1)) = »()9i(1) ifa>n
—pT(A(1) if t <ty
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G(r,rit—to) = —é<r|e—%H(f-fo)yr'>:—é<oya,e—%’*(f-fo>aj,|o>

L e ale 30

One-body propagator in second quantization

G(1,1") = —i{0|T ((1)%"(1'))|0)

T is the time ordering operator and 1 =ry, t;

Particle propagator t; > ty/ Hole propagator t; < ty/

G1(1,1) = i(0jy(1)¥(1)[0) G1(1,1") = —i{0y"(1')¥(1)[0)
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n-body Green's function

G = (=)™ T{(1)--- ()9 (n")..xy"(1') }|0)

Green's functions are average value
of

creation and annihilation operators
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Road map

Field's operator
dynamical equation

Green's function
dynamical equation
link between
anl, Gn and Gn+1

Dyson equation )
and —»[ Optical Potential
Self energy

[ Hartree—Fock ] [ Hartree Fock &

Random-Phase
Approximation
Approximation
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Field's operator
dynamical equation

Green's function
dynamical equation
link between
anl, Gn and Gn+1

Dyson equation )
and —»[ Optical Potential
Self energy

Hartree- Fock

Random-Phase
Approximation

] [ Hartree Fock &

Approximation
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7

{

Heisenberg picture

Time-dependent operators

~\

Time-independent state vectors

J

(s(t)|Oslvs(t)) =

in aoH( )
ot

= et/ Og, Ale™ e/ = [Oy(1), A

Field's operator dynamical equation a

Schrédinger picture

Time-independent operators
Time-dependent state vectors

(Wl /" Ose” "M [ypyy)

On(t)

A

Equation of motion for an operator OH(t) in Heisenberg picture

ih

ot

3OH()_[
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Field's operator
dynamical equation

Green's function
dynamical equation
link between
anl, G,, and Gn+1

Dyson equation )
and —»[ Optical Potential
Self energy

Hartree- Fock

Random-Phase
Approximation

] [ Hartree Fock &

Approximation
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Green's function dynamical equation: one-body case ﬁ

. . Hamiltonian in second quantization
Equation of motion
for an operator Oy (t)
in Heisenberg picture = T2+ v
) EACINISE
A m
. 8OH(’-') _ 1A 1
i = (0n(0) ] Vo= L Ut 00ut v X ey
.0Y(x)

l

) v + / "y (o6, X" YT (" Y ()b (x)
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) L) + [ o vty o ) ﬁ

ot  2m

Keeping in mind the definition...

xtpT(x') from the right One-body Green's function

and applying T G(1,1') = —i{0|T(»(1)% (1))]0)

I (5001 () ) 100 = =5 OIT (Bu(! () [0

+ / o', <) OIT (91 (") (" Y (x)T (<)) [0)
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T commutes with A
AGyi(x,x")

el

—

—_—

I (20090 () ) 10) = =5 0T (Aw(wH ) 0

+ / " v(x, X YOIT (9T (<) (") (x)wt (x')) [0)

AN

\

T doesn’'t commute with o
T((x)9T(x) = 0(t — ) (x)pT (x') — 0(t" — £)pT (x")v(x)
55 {7060} = 8= )+ T(Z 0w ()

610 = 8 = ) + OIT (50w (<)o)

N

Two-body Green's function

Gao(x""x; x{ x")
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(i2 + iA) Gi(x,x") = d(x — x) — i/dx”v(X,X”)G2(x x; x{x")
ot 2m

Definition of the free propagator

(iﬁ 45 iA) Go(x,x') = 6(x—x')

ot
\ 4
9] 1 3}
i 2 g G
(18t+2m )Gl(xx) (8+ ) o(x, x")
- i/dX//dX/N (ii ) O(X X/// V(X/// X//)GZ(X//X X// /)
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(% + —mA) Gi(x,x') = 6(x — x)

_ i/ dx"dx""§(x — x"")v(x", x") Go(x" x; X! x")

Definition of the free propagator

( % + —A) Go(x,x") = 6(x—x')

(i%+21n ) Gi(x,x") = (g-q— )Go(x,x')

— i/dX”dX’” ( o 7A) G()(X X///)V(X/// ”)GQ(X”X szl
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Dynamical equation for Gp

Gi(1,1') = Go(1,1') — i/d2d3Go(1,2)v(2,3)G2(23; 1'3%)

The dynamical equation for the one-body Green's function connects Gp, G; and Gj.
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Dynamical equation for G,

d 1
(ia—l + %Al) Go(l..n;1'..n’) = {Gy_1(2..n;2"..n")s(1— 1)}

sym

— i/dm v(1, m)Gpi1(1...n, m; 1'...n’m+)

J

where { }sm stands for the summation of the terms where 1’ is replaced by
2',...,n" with a £ signe corresponding to the parity of the permutation

(For the complete demo, see Fetter & Walecka...).
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Field's operator
dynamical equation

Green's function
dynamical equation
link between
anl, G,, and Gn+1

Dyson equation
and
Self energy

—»[ Optical Potential

Approximation

Hartree- Fock ] [

Hartree Fock &
Random-Phase
Approximation
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Dynamical equation for G;

Gi(1,1") = Go(1,1") — i/d2d3Go(1,2)v(2,3)G2(23; 1'3™)

Dyson equation

Gi(1,1) = Go(l,l’)+/d2d3Go(1,2) $(2,3) Gi(3,1')
——

Self-energy

Self-energy

/dsz(z,s)c;l(s, 1) = —i/d3v(2,3)G2(23, 1'3%)

35 /104



Dynamical equation for G;

Gi(1,1") = Go(1,1") — i/d2d3Go(1,2)v(2,3)G2(23; 1'3™)

Dyson equation

Gi(1,1) = Go(l,l’)+/d2d3Go(1,2) $(2,3) Gi(3,1')
——

Self-energy

Self-energy

/dl’d32(2,3)G1(3, 16741, 4) = 4/d1’d3v(2,3)G2(23, 1'3%)6,71(1,4)
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Dynamical equation for G;

Gi(1,1") = Go(1,1") — i/d2d3Go(1,2)v(2,3)G2(23; 1'3™)

Dyson equation

Gi(1,1) = Go(l,l’)+/d2d3Go(1,2) $(2,3) Gi(3,1')
——

Self-energy

Self-energy
5(3,4)

T
/dl’d3):(2,3)G1(3, )61, 4) = —i/dl’d3v(2,3)Gz(23, 1'3%)671(1,4)

35 /104



Dynamical equation for G;

Gi(1,1") = Go(1,1") — i/d2d3Go(1,2)v(2,3)G2(23; 1'3™)

Dyson equation

Gi(1,1) = Go(l,l’)+/d2d3Go(1,2) $(2,3) Gi(3,1')
——

Self-energy

Self-energy

¥(2,3) = —i/d4d5v(2,4)G2(24,54+)G1_1(5,3)
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Self-energy

¥(2,3) = —i/d4d5v(2,4)G2(24,54+)G1_1(5,3)

> Self-energy is exactly determined starting from a two-body interaction.

» G is connected to G; and Gz and so on...

Need for approximations
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Field's operator
dynamical equation

Green's function
dynamical equation
link between
anl, G,, and Gn+1

Dyson equation
and
Self energy

*,[ Optical Potential

Approximation

Hartree- Fock ] [

Hartree Fock &
Random-Phase
Approximation
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Dyson equation

Gi(1,1) = Go(1, 1) —/d2d3G0(1,2)):(2,3)G1(3, 1)
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Dyson equation

G1(1,1") = Go(1,1") —/d2d3G0(1,2)Z(2,3)G1(3, 1)

0 1
(a + %A) —Dyson equation

(2 + iA) Gi(x,x") = 8(x,x") —/dx”Z(x,x”)Gl(x",x/)
ot  2m
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Dyson equation

Gi(1,1) = Go(1, 1) —/d2d3G0(1,2)):(2,3)G1(3, 1)

1
(% + ﬂA) —Dyson equation

(2 + iA) Gi(x,x") = 8(x,x") — / dx""Z(x,x")Gy(x", x")
ot  2m

1
FT {(% + %A) — Dyson equation:|

(5 - %) Gi(r,r";e) = o(r,r') — /dr”):(r, r;e)Gi(r”,r';e)
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FT[(% + iA) — Dyson equation}
2
(s - f—m> Gilr,r'ie) =d(rr) — [ A E(r )G i)
Field's operators

One-body Green's function wT(X) _ Z¢§(r)a§(t)

Gi(x,X') = —H{OIT ()% ()[0) ’
' OREEDNGING)

Iy

38/ 104



0 1
|:-|-|:(7 4k —A) — Dyson equation}
2m

ot

<5 - Ii) Gi(r,r’ie) = o(r,r") f/dr")Z(r, ' e)Gi(r',r;e)

2m

One-body Green's function

GL(x,x") = D a(Nd5 () Gaw (=)

AN

PT(x)

¥(x)

Field's operators

PIENGENG
A

PIENGENG
A
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0 1
FT|:(a + %A) — Dyson equation}

<5 - 5) Gi(r,r’ie) = o(r,r") f/dr")Z(r, ' e)Gi(r',r;e)
Field's operators
FT(G1)
vl = Y eamal(o)
Gi(r,vie) =Y da(neh (F)Gax () A
A P(x) = D éa(nar(t)
A
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1
FT[(;t + —A) — Dyson equation}

( ) S or (063 (M) G (€) = 6(1, 1)

AN

/dr >(r,r" E)ZfﬁA(r)‘f’)\/ )G (€)

AN/

Field's operators
FT(G1)
W) = D e59al(n)
Gi(r,rie) =D ()63 (F) G () ’\
¥ P(x) = D éa(nar(d)
A
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0 1
FT |:(a + %A) — Dyson equationi|

2
(e - %) > 693 (M) Gax () = 8(r.r)

AN

= / dr'E(r,r"; ) Z oA (NP3 (r) Gy (e)

AN

fdrdr'¢§\3(r)¢>k4(r’)FT {(% + %A) — Dyson equation:|

2
Z {Eéh)\z. - /dr¢’;\3(r)2p—m¢>\1(r)

A1

+ / drg3, (1) / drE(r, r";e)qﬁ)\l(r")} Gagna () = Srung
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1
S drdr ¢y (r)éx, (F)FT {(% + EA) ~ Dyson equation}

2
Z {Eéhks - /dr¢’;\3(r)2p—m¢>\1(r)

A1

+ / dr3, (1) / dE(r, r";e)qﬁ)\l(r")} Gagn () = Srong

Let's consider a set of wave functions ¢ that diagonalizes it

[e = Ex(e)] Ganr(€) = dan
hence

2
Ol 2=+ [ (e, ) A) = Ex, (€)0asn,
2m

The set of wave functions ¢) obeys

2
LAPNCE / A" (r, 175 )6 (") = Ex(e)da(r)

2m
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Schrédinger equation

2
Zoor(ne)+ [ (e rie)on(r,e) = E@or(e)
m

¢'s are the wave functions of a particle experiencing
a potential X which is non-local and energy dependent

Optical potential is connected to the Fourier transform of Self-energy

itself connected to the two-body interaction.
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Field's operator
dynamical equation

Green's function
dynamical equation
link between
anl, G,, and Gn+1

Dyson equation
and
Self energy

—»[ Optical Potential

Approximation

Hartree- Fock ] [

Hartree Fock &
Random-Phase
Approximation
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Dynamical equation for Gp

Gi(1,1') = Go(1,1") — i/d2d3Go(1,2)v(2,3)G2(23, 1'3%)

G

Hartree-Fock approximation

1. Two-body correlations are neglected

2. Gp becomes an antisymmetrized
= product of Gi's

Dynamical equation for G; within HF approximation

GHF(1,1') = Go(l,l’)—i/d2d3G0(1,2)v(2,3) (Gl"’F(Z,l’)

G*(3.3%) - 6" (2,31)6{*(3,1))
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Dynamical equation for G; within HF approximation

GHF(1,1') = Go(l,l’)—i/d2d3G0(1,2)v(2,3) (G{’F(2,1’)

G (3,3%) - 6" (2,31)61* (3,1))

Hartree-Fock Diagrammatic

1 G 1

—

Il
—--)--—
+

2 + 2

A

o

A

—
—

1 1

Infinite sum of 'bubbles’ and ‘oysters’
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Exact Self-energy

¥(2,3) = —i/d4d5v(2,4)G2(24,54+)G;1(5,3)

Self-energy at the HF approximation

¥HF(2,3) = —i/d4d5v(2,4) (G1(2,5)G1(4,47) — G1(2,47)G1(4,5)) G, *(5,3)

J
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Exact Self-energy

¥(2,3) = —i/d4d5v(2,4)G2(24,54+)G;1(5,3)

Self-energy at the HF approximation

¥HF(2,3) = —i/d4d5v(2,4) (G1(2,5)G1(4,47) — G1(2,47)G1(4,5)) G, *(5,3)

J
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Exact Self-energy

¥(2,3) = —i/d4d5v(2,4)G2(24,54+)G;1(5,3)

Self-energy at the HF approximation

THF(2,3) = —i/d4v(2,4) (5(2.3)Gi(4,4%) — G1(2,4%)5(4,3))
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Exact Self-energy

¥(2,3) = —i/d4d5v(2,4)G2(24,54+)G;1(5,3)

Self-energy at the HF approximation

¥HF(2,3) = —i/d4v(2,4)5(2,3)G1(4, 4T i v(2,3)G1(2,3)
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Exact Self-energy

¥(2,3) = —i/d4d5v(2,4)G2(24,54+)G;1(5,3)

Self-energy at the HF approximation

¥HF(2,3) = —i/d4v(2,4)6(2,3)G1(4, 4%) 47 v(2,3)G1(2,3)

Schrédinger equation

2
Zoatne)+ [ dr (1rie) 0x(10) = E(e)on(re)
m —_———

FT of Self-energy
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Self-energy at the HF approximation

sHF(2,3) = —i/d4v(2,4)6(2,3)G1(4, 4Y) +1i v(2,3)G1(2,3)

Occupation numbers
One-body Green's function
GA)\(t =¥ = +0) = —i(l = m>\)
Gi(x,x) =D oa(r)dh (F)Gan (t—t') Gaa(t—t' =—0) =i my
AN
my = (4polal ax o)

Fourier transform of =HF with v(x,x’) = v(r — r')é(t — t’)
s re) = 8(r, ") / dr'v(r,r") Z mxd3 (r)ox(r)
A
= v(nr") Y magi(Nea(r”)
by

o(r,r") / dr'v(r, e’ )p(r') — v(r,r")p(r,r")
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Schrédinger equation
P2
Zoatre)+ [ deVIE (i) (o) = E)on(re)
HF potential

VHF (e, v ) = 6(r,¢") / dr'v(r, e’ )p(r') — v(r,r")p(r,r")

NN interaction

P VHF(p)

Schrédinger equation
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Field's operator
dynamical equation

Green's function
dynamical equation
link between
anl, G,, and Gn+1

Dyson equation
and
Self energy

—»[ Optical Potential

Approximation

Hartree—Fock ] [

Hartree Fock &
Random-Phase
Approximation
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SOME CONSIDERATIONS ABOUT G
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n-body Green's function ]

Gn = (=)™ T{(1)---eo(n)y" (n")..xy" (1') }[0)
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Two-body Green's function

ﬁ

G(12;12) = —(0| T {w(1):(2)% 1 (2')" (1) }|0)

Different meanings according to times relative order

2p-propagator
ty, to > ty, tor

(A + 2)-particle
system

2h-propagator
t1, o < tyr, tor

(A — 2)-particle

system

ph-propagator

t1, tyr < to, ty/
to, tyy < ty, tor

Excited states of the

A-particle system
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Two-body Green's function

G2(12:1'2') = —(0[e(1)y(2)9 1 (2') " (1) |0)

2p-propagator
ty, tp > ty, tor

(A + 2)-particle
system

2h-propagator
t1, tr < tys, tor

(A — 2)-particle

system

ph-propagator

ty, tor < t, ty/
to, tyr < ty, tor

Excited states of the

A-particle system
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Two-body Green's function

G(12;12") = — (0" (2')T (1")y(1)(2)[0)

y

2p-propagator
ty, tp > ty, tor

(A + 2)-particle
system

2h-propagator
t1, tr < tys, tor

(A — 2)-particle

system

ph-propagator

ty, tor < t, ty/
to, tyr < ty, tor

Excited states of the

A-particle system
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Two-body Green's function

G(12;12") = — (09" (2)¥(1)%(2)1"(1)[0)

2p-propagator
ty, tp > ty, tor

(A + 2)-particle
system

2h-propagator
t1, tr < tys, tor

(A — 2)-particle

system

ph-propagator

ty, tor < t, ty/
to, tyr < ty, tor

Excited states of the

A-particle system
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Two-body Green's function

G2(12;1'2) = — (0| T {w(1)v(2)y"(2)»!(1")}10)

Field's operators

PT(x)

S ek (nal(r)
A

W) = S eaman(y)
A

\

Two-body Green's function in 'A-representation’

Go(xaxai X)) = > D, (r1)Bx, (r2) Gy ag 2y Ay (rt2i tr b )93, (K1) @3, (12
A
Ay Apr
with

Garna gy (1821 117 ) = —(0|T (@5, (t1)ax, (t2)a) (2], (£1))10)
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Two-body Green's function in 'A-representation’

Gaprg A ay (Bit2i tyrtr) = _(0|T(3A1(t1)3A2(t2)aié(t§)ali(t{))|o>

hh-propagator
pp/hh-propag Heisenberg operator

t=th=t o -
a (1) = elHt/ha e—/Ht/h
t=th=1t A(®) A

Two-body Green'’s function pp/hh

Gaixzaydy (61) = =0T (ax, ()ax, (£)a], (¢)a), (¢))10)
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Two-body Green's function in 'A-representation’

Gz Ay (B3 t1r ) = —(0[ T (ax, (t1)ax, (2)a), (5)a), (#))[0)

pp/hh-propagator .
Heisenberg operator
ti1=th =t

, a>\(t) — e"Ht/F‘aAe_"Ht/h

=ty =t

Two-body Green's function pp/hh

/

Gainaday (1) = =(0lax, (Dax, (1)), (1)a), ()]0) ¢ <t

- —(0|a;£(t')aii(t’)aAl(t)aAz(t)|O) t >t
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Two-body Green's function in 'A-representation’

Gayng ay ay (fit2; trrtyr) = —(0|T(3A1(tl)3A2(tz)alé(té)ali(ti))m)

pp/hh-propagator .
Heisenberg operator
t=th=t
/

. , a>\(t) — e"Ht/haAe_"Ht/h
=1

Two-body Green'’s function pp/hh (h = 1)

AN iAt —ift iAY ot ot —iAt ’
Gaxpaoaay (1) = —(0]e'ay ax,e e ay ae 0y t'<t
_ _<0|eiﬁt'af il e—iFlt'eiFlta & e—r’Flt|0> >t
- PASY N0
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Two-body Green's function in 'A-representation’

Gayng ay ay (fit2; trrtyr) = —(0|T(3A1(tl)3A2(tz)alé(té)ali(ti))m)

hh-propagator
pp/hh-propag Heisenberg operator

tih=th=t s 0
a (1) = elHt/ha e—lHt/h
t],_ — té — ¢ )\( ) A

Two-body Green'’s function pp/hh (h = 1)

AN iEo(t—t' —iA(t—t") T T ’
G)\l)\z,)\ll)\zl (tvt) - —e' o )<0|3)\18)\26 iH( )a)\éa)\1|0> t <t

q oSl
—e_’EU(t_t,)<0|aI\éa;1e_’H(t _t)axla)\2|0> t' >t
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Two-body Green's function pp/hh (h = 1)

— o
Gaproapay (BE) = —eBo(t=t')(0]ay, ay, e~ A t)aiéa;i“» Voot

= _efiEo(tft’)<O|a;,a;/efiH(t’,t)ahaA2|0> >t
2 M

— > B 0]y, an, [ (wale = al af 10)

n

S 2 T 01l [om) (Ul 0y 5, 0)
m

/ —
G/\1>\2:>\1/ /\2/ (t7 t ) t’_<t

Assuming,

¥, state of (N+2)-system
E, = Ep(N +2) — Eo(N)

¥m state of (N-2)-system
Em= Em(N - 2) — Eo(N)
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Two-body Green's function pp/hh (h = 1)

. 4! _'A 4!
GAI)\z,)\l,Az,(t, tl) = —e'EO(t G )<0|3A13)\26 =t )aiéa;i|0> t' <t

= —e*"EO(t’t,)<O|a;,a:r\,e”'H(tl’t)ahaA2|0> t' >t
2 1

7 4!
Granyig (B8) = =30 BT (0]ay, ax,fum) (tnla], 2, [0)
n

ey
Se T2 00} W) (|23, 23.10)

Assuming,

1 state of (N+42)-system
En = Ex(N +2) — Eo(N)

1m state of (N-2)-system
Em = Em(N — 2) — Eo(N)
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Two-body Green's function pp/hh (h = 1)

. 4! _'A 4!
GAI)\z,)\l,Az,(t, tl) = —e'EO(t G )<0|3A13)\26 =t )aiéa;i|0> t' <t

e (4! T T
= —g iEp(t t)<0|a;£a;ie iH(t

7t)a)\la>\2|0> t'>t

G>\1>\2v>\1/>\2/(t’ t/) =

t'<

—iEn(t—t") y(n)* yo(n)
Ze ( )X 1>\2X/\ x5

Em (m)*y,(m)
Ze’ =y, )\1/)\2/ Y)\T)\z

pp/hh-Amplitudes

X = (4pu|alaf|o)
Ya([’,n) = ("/’m|aaab‘0>

Assuming,

¥, state of (N+2)-system
E, = Eo(N + 2) — Eo(N)

¥m state of (N-2)-system
Em = Em(N — 2) — Eo(N)
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Two-body Green's function pp/hh
G (f tl) _ _ —iE,,(t—t/)X(")* X(”)
A2, A7 Apr L e Ze A2 AN,
n

_ _ iEm(t—t') y (m)% \, (m)
’_t Z < Y DSTRYY Y)\l)\z

FT(Two-body Green's function) pp/hh

XX Y YA

172 o ’ ! 112

G)\1>\2,>\ A /(w = ={ E +1 E L2 B
v n(N+2) w=Entin m(N—2) ¥ +Em—in
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Useful results for the following...

FT(Two-body Green's function) pp/hh

(m)* y(n) (m)xy,(m)

G ) = —f Z X>\1A2X>\ 14 ny Z Y>\1/)\2/ Y>\1>\2
122,217 Agr —
n(Nt2) © w=Entin mN=2) @ Em—in

FT(Two-body Green's function) ph/hp

X)\n)*x ()\n))\ X(An)*)\ X()\n))\
Gapdongn, (W) = —i e it e SRNTY ) e da et
ey Ay (@) ;w—En—i—m zn:w-l-En—m
ph/hp-Amplitudes & Energy ph/hp-propagator
Xy = (wolasa}|0) f =1 +0
En—eq(n)-Eo(W) t2=t;+0
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SLOW CONVERGENCE OF PERTURBATION SERIE
BUILT ON TOP OF Gy

LET'S BUILT ONE ON TOP OF G;
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Let's get rid of Gy from...

Dynamical equations for Gy

G2(12;1'2') = Go(1,1')G1(2,2) — Go(1,2')G1(2, 1)

- i/d3d4Go(1,3)v(3,4)G3(324; 1/2/4%)
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Let's get rid of Gg from...

Dynamical equations for Gy

Gx(12;1'2") = Go(1,1")G1(2,2') — Go(1,2')Gi(2,1")

- i/d3d4Go(1,3)v(3,4)G3(324; 1'2'4%)

[d1G;1(5,1)G(12,1'2")

/d1651(5,1)62(12;1’2’) = /dlc(;l(s,1)60(1,1’)G1(2,2’)
—/leo_l(5,1)Go(1,2/)G1(2, 1)

= i/ d3d4d1G, 1 (5,1)Go(1,3)v(3,4)G3(324;1'2'4T)
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Let's get rid of Gy from...

Dynamical equations for Gy

G2(12;1'2') = Go(1,1')G1(2,2) — Go(1,2')Gy(2,1')

- i/d3d4Go(1,3)v(3,4)G3(324; 12/47%)

[d1G;1(5,1)G(12,172")

/dlcgl(s, 1)Ga(12;12") = 6(5,1')G1(2,2)
—5(5,2")G1(2,1")

- i/d3d46(5,3)v(3,4)G3(324; 1'2'4%)
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And determine G, *

Dynamical equations for Gy

Gi1(1,1') = Go(1,1") — i/d3d4Go(1,3)v(3,4)G2(34, 1'4™)

[ d1d1' Gy 1(5,1)Gi(1,17) G (1, 6)

/dldl’Go_l(S,l)Gl(l,1’)G1_1(1’,6) = /d1d1'60—1(5,1)Go(1,1’)cl—1(1',6

- i/d3d4d1d1’GO_1(5, 1)Go(1,3)v(3,4)Gx(34,1'41) G 1 (1, 6)
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And determine G, *

Dynamical equations for Gy

Gi1(1,1') = Go(1,1") — i/d3d4Go(1,3)v(3,4)G2(34, 1'4™)

[ d1d1' Gy 1(5,1)Gi(1,17) G (1, 6)

/d1c0—1(5,1)5(1,6) = /d1’5(5,1')6;1(1',6)

- i/d3d4d1’6(5,3)v(3,4)Gg(34, 147)G(1,6)
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And determine GO_1

Dynamical equations for Gy

Gi1(1,1') = Go(1,1") — i/d3d4G0(1,3)v(3,4)G2(34, 1'4™)

[ d1d1' Gy (5,1)Gi(1,1") G (1, 6)

Gy '(5,6) = G '(5.6) — i/d4d1’v(5,4)G2(54,1'4+)Gl_1(1’,6)

58 /104



[d1G;1(5,1)Gx(12,172")

/d1co—1(5, 1)Gy(12;1'2') = 6(5,1')G1(2,2') — 6(5,2') G1(2, 1)

- i/d3d45(5,3)v(3,4)G3(324; 1'2'4%)

[ d1d1’ G, 1(5,1)61(1,1') G, (1, 6)

G, l(5,6) = G;'(56) — i/d4d1’v(5,4)G2(54,1’4*)61_1(1’,6)

[d1G;1(5,1)62(12,1'2") +— G5 *(5,1)

/lel_l(S, 1)Gx(12;1'2') = 5(5,1')G1(2,2) — 5(5,2') Gy (2, 1')
- i/d4v(574)63(524; 1/2'4%)
+ i/d1d3d4v(5,4)G2(54, 341)G61(3,1)62(12;172')
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[ d16Gy1(5,1)G(12,1'2') +— G 1(5,1)
/d161—1(5, 1)Gy(12;1'2') = §(5,1)G1(2,2') — 6(5,2') G (2, 1)

- i/d4v(5,4)G3(524; 1/2'4%)

+ i/ d1d3dav(5,4)Gy(54,347)G;1(3,1)6x(12;1'2")

[ d1d5G1(7,5)G; 1(5,1)G2(12,1'2")

/d1d5Gl(7,5)Gl_1(5,1)Gz(12;1/2’) = /d561(7, 5)6(5,1')Gi(2,2')
—/d5G1(7,5)6(5,2’)G1(2, 1)
- i/d4d561(7,5)v(5,4)G3(524; 1'2'4%)

+ i/d1d3d4d5Gl(7,5)v(5,4)G2(54, 347)G1(3,1)G(12;1'2')
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[ d16Gy1(5,1)G(12,1'2') +— G 1(5,1)

/d161—1(5, 1)Gy(12;12") = §(5,1")G1(2,2") — §(5,2") G1(2,1")
- i/d4v(5,4)c3(524; 1/2'4%)

+ i/ d1d3dav(5,4)Gy(54,347)G;1(3,1)6x(12;1'2")

[ d1d5G1(7,5)G; 1(5,1)G2(12,1'2")

/d1d5G1(7,5)G;1(5,1)62(12;1/2’) = /d561(7, 5)6(5,1")G1(2,2')
—/d5G1(7,5)6(5,2’)G1(2, 1)
- i/d4d5Gl(7,5)v(5,4)G3(524; 1'2'4%)

+ i/d1d3d4d5G1(7, 5)v(5,4)Gx(54,347) G, 1(3,1)Ga(12;172')
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[d1G;71(5,1)62(12,1'2') +— G5 (5,1)

/d16;1(5, 1)G2(12;1'2") = §(5,1")G1(2,2) — 8(5,2')G1(2, 1)
- i/d4v(5,4)G3(524; 1/2'4%)

+ i/ d1d3d4v(5,4)Gx(54,341)G1(3,1)G(12;1'2")

[ d1d5G1(7,5)G; 1(5,1)G(12,1'2")

/d16(7, 1)6(12:1'2) = Gi(7,1)G1(2,2')
—G(7,2)G(2, 1)

- i/d4d561(7, 5)v(5,4)G3(524;1'2'4T)

+ i/ d1d3d4d5G1(7,5)v(5,4)G2(54,347)G(3,1)Gx(12; 1'2")
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[d1G;71(5,1)62(12,1'2") +— G5 (5,1)

/d16;1(5, 1)G2(12;1'2") = §(5,1")G1(2,2) — 8(5,2')G1(2,1')
- i/d4v(5,4)G3(524; 1/2'4%)

+ i/ d1d3d4v(5,4)Gx(54,341)G1(3,1) G (12;1'2")

[ d1d5G1(7,5)G; 1(5,1)G(12,1'2")

Gx(72;1'2") = Gi(7,1')G1(2,2')
- Gl(77 2/)Gl(2’ 1/)

- i/d4d561(7,5)v(5,4)G3(524; 1'2'4%)

+ i/d1d3d4d5G1(7, 5)v(5,4)G(54,347) G (3,1)Go(12; 1'2")
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Finally, we get

,

Gy as a function Gy, Gy and G3
Gy(72;1'2") = Gi1(7,1')G1(2,2") — G1(7,2")G1(2,1")
- i/d4d561(7, 5)v(5,4) { G3(524;1'2'4T)

—/d1d3G2(54,34+)G;1(3,1)62(12;1’2’)}

We find the Hartree-Fock terms corrected by higher order terms

Need for an approximation to deal with G3
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G3 approximated as the antisymmetrized sum of G; Gy products

We neglect interaction between the correlated pair of particles and the third particle
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G3 approximated as the antisymmetrized sum of G; Gy products

G3(123,1'2'3) =~
+

Gi1(1,1')G2(23;2'3') + G1(2,2') G2(13; 1'3")
G1(3,3)G2(12:12') — Gy(1,2')Gy(23; 1'3')
Gi1(1,3')G2(23;21) — G1(2,1')G5(13; 2'3')
G1(2,3')G2(13;12') — G1(3,1')Gy(12; 2'3')
Gi1(3,2)62(12;1'3') — 26{9(123; 1'2'3)

G3(O) is the free contribution to G3

6M123,12'3) = Gi(1,1)Gi(2,2))Gi(3,3) — Gi(1,1)Gi(2,3')G1(3,2')
Gl(lv 2/)61(27 1/)G1(37 3/) + Gl(]-: 2/)G1(27 3I)G1(37 1,)
Gl(lv 3/)61(27 2/)G1(37 1/) + Gl(lv 3/)G1(27 1/)61(37 2,)
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Now we have an approximation for Gs, we deal with...

Gy as a function Gy, Gy and G3
G2(72;1'2") = G1(7,1')G1(2,2") — G1(7,2')G1(2,1")
= i/d4d5G1(7, 5)v(5,4) { G3(524;1'2'4T)

—/d1d3G2(54, 341)G1(3,1)G(12;1'2')}

— [ d1d3Gy(54,347)G;(3,1)Gp(12;1'2) ?
1
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— [ d1d3Gy(54,347) G, 1(3,1)G(12;1'2")

/lel_l(S, 1)Gx(12;1'2") = §(5,1')G1(2,2") — 6(5,2")G1(2,1)
= i/d4v(5,4)G3(524; 1/2'4T)

+ i/ d1d3d4v(5,4)Gx(54,341)G1(3,1)Gy(12;1'2')
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— [ d1d3Gy(54,347)G;1(3,1)Gy(12;1'2')

/d1d5G2(64, 541)G1(5,1)G(12;1'2") = /d5G2(64, 541)6(5,1)G1(2,2')
—/d5Gz(64,54+)6(5,2’)G1(2, 1)
- i/ d4d5G, (64,541 )v(5,4)G3(524;1'2'4T)

+ i/ d1d3d4d5G,(64,541)v(5,4) Gy (54,347) G 1(3,1)Go(12;1'2')
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— [ d1d3Gy(54,347) G, 1(3,1)G(12;172")

/d1d562(64, 544)G1(5,1)Ga(12: 1'2') = Gy(64, 1'41)G1(2,2')
— G(64,2'47)G1(2,1")

- i/ d4d5Gy(64,547)v(5,4)G3(524;1'2'4T)

+ i/ d1d3d4d5G,(64,541)v(5,4)Gy(54,347) G 1(3,1)Ga(12;1'2)
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— [ d1d3Gy(54,347) G, 1(3,1)G(12;1'2")

/d1d5G2(64, 547)G1(5,1)G2(12;172') = Go(64,1'47)G1(2,2))
— G(64,2'47)Gy(2,1')

- i/ dad5Gy(64,547)v(5,4)Gs(524;12'4T)

+ i/ d1d3d4d5Gy(64,547)v(5,4)Gy(54,341) G 1(3,1)Ga(12; 12')

Once again we neglect correlations between G; and G, and between two Gy's.

— [ d1d3Gy(54,347)G;1(3,1)Ga(12;172")

/d1d5G2(64,54+)G1—1(5,1)G2(12;1’2’) ~ Gy(64,1'47)G1(2,2")

—  G(64,2'4%)Gi(2,1')
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Gy as a function Gy, Gy and G3

Ga(72;1'2) = G1(7,1)G1(2,2) — G1(7,2')G1(2,1')

- i/ d4d5Gy(7,5)v(5,4) { G3(524;1'2'47)

—/d1d3Gz(547 347)G,71(3,1)Ga(12; 172')}

Approximation #1

G3(123,1'2'3)

Q

G1(1,1')G2(23:2'3') + G1(2,2') Gy(13; 1'3')
1 Gi1(3,3)6G(12;1'2) — Gi(1,2/)Ga(23;1'3)
— Gi(1,3)Ga(23:2'1) — G1(2,1)Gx(13;2'3)
- G1(2,3)G2(13;12") — G1(3,1') Gp(12;2'3)
- Gi1(3,2)6:(12;1'3) — 269 (123; 1'2'3)

Approximation #2

/d1d5G2(64,54+)G1—1(5,1)G2(12;1’2’) ~ Gy(64,1'47)G1(2,2")

—  Gy(64,2'47)Gy(2,1") 66 /104



Approximated version of G,

6(12,1'2") = Gi(L,1)G1(2,2) - Gi(1,2")Gi1(2, 1)
— i/d3d4G1(1,3)v(3,4) [G1(3,1)Go(24; 2'4T)
+  Gi1(2,2')Ga(34;1'41) — G1(3,2')Gy(24; 174T)
—  G1(3,4)Gx(24;2'1") — G1(2,1')G(34;2'4™)
- Gl (27 4) G2(347 1/2l) - G1(47 1,)62(231 2/4)
— Gi(4,2)Gy(32;1'4) — 26V (324; 1’2’4+)]

Neglecting correlations between G; and G, and between two G's.
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ph-propagator and RPA equations

ph-propagator (G, with t; = t;y + 0 and t, = ty + 0)

Two-body Green's function

G2(12;1'2) = — (0| T {w(1)v(2)y"(2)»'(1")}10)

Approximated version of Gy

G(12;1'2") = Gi(1,1)G1(2,2') — Gi(1,2')Gi(2,1")
- i/d3d4G1(1,3)v(3,4) [G1(3,1)Go(24; 2'4T)
+  G1(2,2')Gy(34; 1'41) — G1(3,2')G2(24;1747)
—  G1(3,4)G2(24;2'1) — G1(2,1')Gy(34;2'4T)
—  G1(2,4)Gx(34,1'2') — G1(4,1')Gy(23; 2'4)
—  Gi(4,2))Gy(32;1'4) — 26V (324; 1’2’4+)]
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ph-propagator and RPA equations
ph-propagator (G, with t; =t/ + 0 and t, = tor + 0)

Two-body Green's function

G2(12;1'2') = —{0|T {w(1)v(2)w"(2')¥" (1) }]0)

Approximated version of G,
Gy(12;12") = G1(1,1)G1(2,2) — G1(1,2)G1(2,1)
- i/d3d4Gl(1,3)v(3,4) [G1(3,1")Gy(24;2'4T)

+  Gi1(2,2')Ga(34;1'41) — G1(3,2')Gy(24; 174T)
- Gi1(3,4)G2(24;2'1) — G1(2,1)G»(34;2'47)
—  Gi1(2,4)Gx(34,1'2')-G1(4,1')G(23; 24)

— Gi(4,2)G(32;1'4) — 2GS0 (324; 1’2’4*)]

with v(3,4) = v(r3, ra)d(t3, ta).
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ph-propagator and RPA equations

ph-propagator (G, with t; =t/ + 0 and t, = tor + 0)

Two-body Green's function

G2(12;1'2') = —{0|T {w(1)v(2)w"(2')¥ (1) }]0)

ph-G

Gy(1T2%;,1'2) = Gi(17,1)6G1(2",2') — G1(1,2")Gi(2,1)

i/d3d4G1(1,3)v(3,4) [G1(3,1")Gy(24; 2'4T)

Gi1(4,1')Gy(23;2'4)]

with v(3,4) = v(r3, ra)d(t3, ta).
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Now we have isolated ph-contributions

FT(Two-body Green’s function) ph/hp in 'A-representation’

(n)* (n) ()= (n)

X /Al A2 Ao X\ /)\zxkl)\ ’
Gaixoa o, (W) = —i L oy 2= T
ety () Ty e
ph-G>
G(1727;12") = G (1T, 1)Gi(27,2') — Gi(1,2')Gi(2,1)

i/d3d461(1,3)v(3, 4) [G1(3,1")G2(24;2'47)

= G1(4, 1’)G2(23; 2’4)]

with v(3,4) = v(r3, r3)0(t3, ta).
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Now we have isolated ph-contributions

FT(Two-body Green's function) ph/hp in 'A-representation’
(n)* (") (M= (n)

XX A1 X0, XX Ao XA Ay
Grixoapay (W) = —i : =iy A
ety (@) S iy s

ph-G, in 'A-representation’

Graixoapay (L —12) = Gy (+0)Gx, (+0)0x; 2, 0xpx,,
G)\l(tl - tZ)G/\Q(tZ - tl)d)\l)\y 6)‘2/\1/

+ IZ/ dt’ Gy, (t1,t") Gy, (¢, t1)

PV
X (AAs|v(3,8) A1) A G agidg s (1)

with v(3,4) = v(r3, ra)d(t3, ta).
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Let's redefine ...

1l
Gairy dary (B = 22) = Gapno iy (B — 12)

Thus
Gl = ph — G, in '\-representation’
"
Gaiay aory (1= 12) = =Gy (1 — 2) Gy (t2 — t1)0x; 0, Oxzn,,
+oo
+ iy / dt' Gy, (t1,t') G, (', 11)
A3Ag Y TR

X <)‘1)\3|V(3:4)|)‘4)‘1’>AG;\I3>\2;>\4>\2/(t’—t2)
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FT(Two-body Green’s function) ph/hp in 'A-representation’

XAn)*A ()\n))\ X(An)*)\ X(An))\
Gaproapay (W) = —i DIt e
g @) = I DO 5 Dby

G = ph — G, in 'A-representation’

=G, (1 — ©2) G, (f2 — t1)0x, 2, Oxon,,

+ :Z/ dt' Gy, (t1,t')Gy, (', 1)

A3\

I
G>\1>\11,>\2>\2/ (th — t2)

X <>\1)\3|V(3 4)|)\4)\1/> G>\3)‘2 Ay (' —12)
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Xxn)*x (>\n)>\ XE\H)*A X(An)A
_ A AL NNy Xory . 2/ A2 AL A
Grinary (&) = =i 3 RO iy R

FT(Two-body Green's function) ph/hp in 'A-representation’

>

n

Gl = ph — G, in '\-representation’

X ) (), ()= _ (= m)my — mi(1 = my)
w—E,+in w+E,—in w—eitep+in

(n)*_ (n) (n) (")*
X X'/- X
65//+E (il|v|i' k) K s i
i w—E,+in w—i—E,7
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FT(Two-body Green’s function) ph/hp in 'A-representation’

Xxn)*x ()\n))\ X(An)*)\ X(An))\
’ / . / U
Garog @) = —i> wi,}ﬂj,g AED D S =

ph RPA equations

(En— i+ e = S GK IvIT k) xS — S (ikIv]i' Ky axlf) = 0

kk’ kk’

(En — i+ e + D ikIvli' k") ax(y + D (k' |v]i' k) ax
kk’ kk’

(n)
k! =

0
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ph RPA equations

(En— i+ e = S GKIvI k) ax — S (ikIv]i' Ky axlf) = 0
kk’ kk’

(En— i + )X + S (kv kY axTk + Sk V] k) ax = 0
174 kk’

E, excited energy of the target nucleus
X's 'occupation’ of each ph pair
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Exact Self-energy

¥(2,3) = —i/d4d5v(2,4)G2(24,54+)G1_1(5,3)
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z1(17 1/)
Thr(1,1)
Top(1,1')

Ton(1,17)

Self-energy at the HF+RPA approximation

Thr(1, 1) + Tpp(1, 1)) + Epp(L,17) — 25@)(1,1)
iv(1,1)6F(1,1") — i5(1,1/)/d2v(1,2)G1HF(2;2+)
/d3d4v(1, 3)G{ (4,3)Gx(13;1'4)v(4,1')
—/d3d4v(1,3) (617 (1.1)6o(34:3447)

—GfF(1,4)G2(43;1'3%) — G{'F(3,1)Gx(41;473)
— GlF(3,4)62(14;13)] v(4,1)
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Schrédinger equation
P \HF (0, ,
ﬂdu(r,e)—i—/dr VHE (1,07 €)ga (1, €) = E(€)a(r,€)
HF potential
VHE (e, 7€) = 8(r, 1) / de'v(r, v )p(r') — v(r,r")p(r,r")

RPA potential

. N)_ (N
VRPAGe V¥ E) = lim Z %fxfj )XSd)
0% w2 i
. ny _ 4 1—n)\ : )
E—ex+Ev—in E—ex—En+in
X Fiya(r)Faa(r')
with

Fijx(r) = /d3r1¢>7(rl)v(h r1)[1 — Ploa(r)¢;(r1)
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NN interaction

Schrodinger equation

SCRPA
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Optical potential

The optical potential as a possible connection between different
levels of phenomenology

» Phenomenological optical potential

» Potentials based on phenomenological effective NN interaction
(Gogny, Skyrme...)

» Ab-initio potentials based on phenomenological bare NN
interaction
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Optical potential

The optical potential as a possible connection between different
levels of phenomenology

» Phenomenological optical potential

» Potentials based on phenomenological effective NN interaction
(Gogny, Skyrme...)

» Ab-initio potentials based on phenomenological bare NN
interaction

Possibility of fruitful exchanges between those communities
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Ab initio potential

» Nuclear matter method (50 MeV - 1 GeV)

» Resonating Group Method / No Core Shell Model (light nuclei
and weak energy)

» Green's function Monte Carlo (light nuclei and weak energy)
» Self-consistent Green's function (doubly magic nuclei)
» Gorkov-SCGF (around doubly magic nuclei)

» Coupled cluster (doubly magic nuclei)
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Potential based on effective interaction ﬁ

» Nuclear Structure Method developed by N. Vinh Mau

» Recent interest (Orsay, Hanoi, Japan, Milano, China,
Bruyeres, Russia)
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Phenomenological optical potential

» Precision required for the evaluations

» Contrained by numerous calculations using reaction codes:
TALYS, EMPIRE

» Predictivity outside the range parametrization
» Parametrization of non local dispersive potentials

> Issues induced by localisation procedures : effet Perey,
dépendance spurieuse en énergie
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NUCLEAR STRUCTURE METHOD FOR SCATTERING

81/104



Cross sections

AN

[ Experimental ]

Microscopic Phenomenological
optical potential optical potential
] ( Experimental
Structure P ]
spectroscopy
Effective interaction

82 /104



Nuclear Structure Method (NSM)

V = VHF 4 A\/RPA

Mean Field
.. v Target's excitations
‘.. .. .-
‘\,.\_“»_),v “\_».>__,,( “‘\-,,,««.'(
o v ° v T e 7

(N. Vinh Mau, Theory of nuclear structure (IAEA, Vienna) p. 931 (1970),
G. Blanchon, M. Dupuis, H.F. Arellano et N. Vinh Mau, PRC 91, 014612 (2015))
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Nuclear Structure Method ﬁ

Optical potential
vV = VHF VPP VRPA (2)

Bare + B
Interaction
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Nuclear Structure Method

Bare
Interaction

Effective
Interaction

+ Im|[

Optical potential

b/f{F _+> b/FV) 4_ \/l?FDQ _ 2 b/(2)
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Nuclear Structure Method

Bare
Interaction

Gogny
Interaction

+ Im|[

Optical potential

b/f{F _+> b/FV) 4_ \/l?FDQ _ 2 b/(2)
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Self-consistency

NN interaction

N

p VHE(p)

N

Schrodinger equation

SCHF

NN interaction

Schrodinger equation

SCRPA
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Elastic scattering n/p + “°Ca

Cross sections

RN

[ Experimental ]

Microscopic Phenomenological
potential potential
Experimental
Structure
spectroscopy
Effective interaction
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Schrédinger equation
P2
Zoatre)+ [ deVIE (i) (o) = E)on(re)
HF potential

VHF (e, v ) = 6(r,¢") / dr'v(r, e’ )p(r') — v(r,r")p(r,r")

NN interaction

P VHF(p)

Schrédinger equation
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HF potential shape

1500 '

Total — Total —
o "
o0 Range 1 Y\ Ranget
Range2 —— e ;% Range2 ——
0 Density i
—~ 04 i v
- e i 1
3 = i A
0
2 3 / \
; R ; <
L .
> o2
o
s ®
o
E 5 £
3 ]
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5 B3
w e
00 e ©
o

Pw
Fig. 15. Contributions for n + *°Ca to: (a) to the Hartree local
potential (VH): Total (solid line), first range of D18 (dashed
line), second range of D1S (dash-dotted line) and density term
(dotted line). (b) First partial wave of the nonlocal Fock term
atr = r’ = 4.3 fm: Total (solid line), first range of D1S (dashed
line) and second range of D1S (dash-dotted line). (c) Volume
integral of the Fock potential as a function of partial wave: Neg-
ative slope (solid line), positive slope (dashed line). (d) Same as
(c) for the Fock components nonlocality at 7 = r’ = 4.3 fm.
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HF cross section

do/dQ2  (mb/sr)

n+*Ca @ 303 Mev

100

100f

g

20 20 @ 80 W00 120 140 160

i) (deg.)

T80

do/dQ  (mb/sr)

n+*Ca @40 Mev

100

.
Ld
L D‘.. 4
L
®e
L]
..
.
L b i
L3 T [3
L I ! I ! I L !
20 40 w0 s W0 120 W0 18 1%
0., (eg)
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5 (rad/)

HF phaseshift n/p+*Ca

5/2 T T 5/2 T T T

i Han —
r e S —
2p 40Ca(n,n) Phaseshift E e 4 2 —— #*Ca(p.p) Phaseshit géiié o
= i) N = = R
pas AR e
97215 - ® —:J e -9/215 -
1 o s P ——— .l.
i
1/2 1/2 |
i
0 - — L 0 - 2 - = .
1 10 100 1000 1 10 100 1000
E (MeV) E (MeV)
» Single particle resonances when § = nm/2 (n impair).
» Exact treatment of the intermediate wave ¢,.
» Strong impact on AVgpa
» Levinson theorem and total cross section
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Total cross section  n+%0Ca Bound states HF/D1S Exp. CHE

T
E (MeV)

— Termi

-1 - LK

— ; 25182

JEE

sl HE oo ME
1215 20037

L
3

E \MEV]”
» VHF gives the main contribution to the real part of the potential
(B. Moriflon and P. Romain, Phys. Rev. € 70, 014601 (2004).) — dispersive potential

(A. J. Koning and J. P. Delaroche, Nuclear Physics A 713, 231 (2003).)
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ph-RPA potential
AVgpa = Im [V?)] + VRPA _2V(2)

RPA[, .1 _ .
VR E) = lim, S SEN
N0, ijkl

nx 1—ny . (o
X Fiix(r)Fgy(r
(E—q—i—EN—iI'(EN) + E—eA—EN-i-iF(EN)) ix(1)Fiaa ()

with
Fin() = [ radi (v(r )L = Ploa(nes(r)
HF
> ¢ are HF wave functions. r AN .
P> Bound as well as continuum states are j AVAVAVAY N tnoce
taken into account for the intermediate AYAYA A
state ¢).
> Target excitations are obtained from the Z
spherical RPA/D1S code.
Blaizot, et al., NPA 265, 315 (1976).

Berger, et al., Comp. Phys. Com. 63, 365
(1991). 92 /104



V@ potential

Uncorrelated particle-hole potential

ni(1 — nj)ny
V(Z) ' E - = )
(v E) Zg[ Er L E T E)

nj(1 —n;)(1— ny)
E—ex—Ej+iT(Ej)

) Fin ()

with E,J =E&j —€j.
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Coupling to a single excited state

> p+40Ca scattering Intermediate HF propagator
> Potential: VHF 4 Im(VRPA) e
» Coupling to the first 1~ state of “°Ca f { /\/\%\j N
with ;- = 9.7 MeV AN
+
2 } .
HF RPA

excitation
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Coupling to a single excited state

v

p+4%Ca scattering
Potential: VHF + Im(VRPA)

Coupling to the first 1~ state of “°Ca
with E;— = 9.7 MeV

Intermediate HF propagator

|

HF RPA

excitation

» HF phaseshift

52

=1
“0Ga(p,p) Phaseshift li“
=512

'

8

8 (radin)

|
{

12

1 10 100 1000
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Coupling to a single excited state

> p+40Ca scattering
Potential: VHF + Im(VRPA)

» Coupling to the first 1~ state of “°Ca
with E;— = 9.7 MeV

v

=
o0sl- i
g
o2 003 - =9/2 1=4
© =
E, =955MeV |

=172 1=1

E, =3.70 MeV

E_ (MeV)

inc

> Importance of the intermediate single
particle resonances

> Strong impact on reaction cross section

Intermediate HF propagator

|

HF RPA

excitation

» HF phaseshift

52

8

8 (radin)

12

1 10 100 1000

E (MeV) 04 /104



Effect of HF intermediate propagator

> og from Vir + Im(Vgea) »  Zero width calculation:

| 4 . .
or from Vir + Im(Ver) > og = 0 for incident energies below

the energy of the first excited state

! a0 ! of the target nucleus
n MC;* N
~0Me ity Coovie
1500 »> 40Ca RPA states J=0— 8
5
£
~ 1000
-
wwl RPA states J=0to 14 i
500 ] 40,
g Ca
J,W ool il
\ \ \ \ 2
s 0 % 5 5 ! 5
E (MeV) gzomf B
E
— Effect of the HF resonances Z - ,
on Im(Vgpa) L
& it 5 £ 0
E, (MeV)
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S=(5+S5

Averaged cross section Averaged potential
T _ T
(o) = p(|1*5\2> OE = p|1*<5>|2
T _ T
or) = 13(-ISP) o= - [(5)P)
T _ T
(or) = 15{1—Re[S]) ar = 51— Rel(S)])
(ce}) = Ge+o0cE
(or) = ORrR—0OcE
(or) = odT
Compotind elastic » TALYS: Hauser-Feshbach/ Koning-Delaroche
OCcE = %(G\z) » particularly relevant for neutron scattering
below 10 MeV
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Integral cross sections n/p + 4°Ca
> p+ *Ca

> Coupling to 4500 excited states of the
target (J = 0 a 14) given by a RPA code
projected on oscillator basis.

» Use of phenomenological width for the
excited states of the target.

Phenomenological width for RPA states

I, (MeV)
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Integral cross sections n/p + 4°Ca
> p+ *Ca

> Coupling to 4500 excited states of the
target (J = 0 a 14) given by a RPA code
projected on oscillator basis.

g 60 » Use of phenomenological width for the
= excited states of the target.
&% 400

Phenomenological width for RPA states

I, (MeV)

» In the future we would like a microscopic
determination of energy widths and shifts:
2p-2h coupling
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do/dQ  (mb/sr)
S,

I A I T
020 40 60 80 100 120 140 160 180

(deg)

107 1 n +2
0720 30 60 80100120 140 160 180

"0 20 40 60 80 100 120 140 160 180
(3] (deg)

NSM (full line)
Koning-Delaroche (dashed line)

Good agreement with cross section data
below 30 MeV.

In terms of energy regime, NSM is
complementary to g-matrix approaches.

Good agreement with analysing powers
data: correct behaviour of the "spin-orbit”

term of the potential.

Effective interaction fitted with structure
data + fission barriers
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Microscopic and phenomenological potentials ﬁ

Experimental
Cross sections

RN

Microscopic Phenomenological
potential potential
Experimental
Structure P ]
spectroscopy
Effective interaction
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Potential for n + 4°Ca @ 10 MeV

» NSM potential
» Non local dispersive potential fitted on all the available data for 4°Ca

v(r,r') = [[ did¥ V@)V (r, )V ()

NLD —=--
VHF LAy ——
6 "
4 IRl
_ ’l \
£ 2 7\,
s o 7\ 7 N\L
© = . 1=0j=172 I=1 =112 1=1 =312
b3 E?
2 £ -
= s 4 N "
= 5 2 / J\
E Z o0 < >
o o 1=2j=312 1=2 =512 1-3j=5/2
£
4 n
2
o J\ /N 7\
N 132712 |=4j=712 |=4 j=0/2
32100123 382101233=24101023
s (fm)

Figure: s = [r — r’|

M.H. Mahzoon, R.J. Charity, W.H. Dickhoff, H. Dussan, S.J. Waldecker, Phys. Rev. Lett. 112, 162503 (2014)
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Phenomenological potential and effective interaction ﬁ

Experimental
Cross sections

RN

Microscopic Phenomenological
potential potential
Experimental
Structure
spectroscopy
Effective interaction
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Phenomenological potential and D1S effective interactf

Volume integral: J(J/' = =3 [dr r? [ dr'r?u(r,r)

800
VHF

700 | Hartree —-—- 4

Jy (MeV fm?)

300 R
200 | o, ]

100 - —————— 17 MeV

0 5 10 15 20 25
PW

» Perey Buck optical potential with gaussian non locality and
energy independent.
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Phenomenological potential and D1S effective interactjf#2z

Volume integral: J(J/' = =3 [dr r? [ dr'r?u(r,r)

800

IV —

700 | Hartree —-—- 4

o T
1400 n+°Ca 0.5 MeV
1200

1000

T
£
800 {2
°
=
600 1= L,
= K
o 1= a0} o 1
0 1 ol T 05Mev RIS
—— 5MeV RN
%o 5 10 15 20 25 ¢ * 10Mev
PwW 100 |- —+ 17MeV |
——— 40 MeV
0 . . . .
0 5 10 15 20 25
PW

» Perey Buck optical potential with gaussian non locality and
energy independent.

102 /104



Phenomenological potential and D1S effective interactjf#2z

Volume integral: J(J/' = =3 [dr r? [ dr'r?u(r,r)

800

IV —

700 | Hartree —-—- 4

o T
1400 n+°Ca 5.3 MeV
1200

1000

T
£
800 {2
°
=
600 1= L,
= K
o 1= a0} o 1
0 1 ol T 05Mev RIS
—— 5MeV RN
%o 5 10 15 20 25 ¢ * 10Mev
PwW 100 |- —+ 17MeV |
——— 40 MeV
0 . . . .
0 5 10 15 20 25
PW

» Perey Buck optical potential with gaussian non locality and
energy independent.
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Phenomenological potential and D1S effective interactjf#2z

Volume integral: J(J/' = =3 [dr r? [ dr'r?u(r,r)

800
VHF
700 Hartree —-—- 4
1400 11°%Ca 9.9 MeV
1200
1000 4
3
£
800 4>
s
s
600 4 = L,
= .
40 i 300 o ]
a0 1 ol T 05Mev RIS
——= 5MeV R
0 5 10 15 20 25 o———= 10MeV PR
W 100 - ————— 17MeV 4
——————+ 40MeV
0 . . , .
0 5 10 15 20 25

PW

» Perey Buck optical potential with gaussian non locality and
energy independent.
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Phenomenological potential and D1S effective interactjf#2z

Volume integral: J(J/' = =3 [dr r? [ dr'r?u(r,r)

800

IV —

700 | Hartree —-—- 4

0, A
1400 n+%Ca 16.9 MeV
1200

1000

800

v (MeV fm®)

600

- 1= 300} -',“‘ 4
a0 1 ol T 05Mev RIS
—— 5MeV RN
0 NN,
v

PwW 100 - ——— 17 MeV |
——— 40 MeV
0 . . . .
0 5 10 15 20 25

PW

» Perey Buck optical potential with gaussian non locality and
energy independent.
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Phenomenological potential and D1S effective interactjf#2z

Volume integral: J(J/' = =3 [dr r? [ dr'r?u(r,r)

800
VHF
700 Hartree —-—- 4
1400 n+%Ca 303 Mev
1200
1000 4
3
£
800 4>
s
s
600 4 = L,
= .
400 i 300 o ]
0 1 ol T 05Mev RIS
——= 5MeV R
0 5 10 15 20 25 o———= 10MeV PR
W 100 - ————— 17MeV 4
——————+ 40MeV
0 . . , .
0 5 10 15 20 25

PW

» Perey Buck optical potential with gaussian non locality and
energy independent.
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Phenomenological potential and D1S effective interactjf#2z

Volume integral: J(J/' = =3 [dr r? [ dr'r?u(r,r)

800

IV —

700 | Hartree —-—- 4

T ;
1400 n+""Ca 40. MeV
1200

1000

T
£
800 {2
°
=
600 1= L,
= K
o 1= a0} o 1
0 1 ol T 05Mev RIS
—— 5MeV RN
%o 5 10 15 20 25 ¢ * 10Mev
PwW 100 |- —+ 17MeV |
——— 40 MeV
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0 5 10 15 20 25
PW

» Perey Buck optical potential with gaussian non locality and
energy independent.
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HF potential shape
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Fig. 15. Contributions for n + *°Ca to: (a) to the Hartree local
potential (VH): Total (solid line), first range of D18 (dashed
line), second range of D1S (dash-dotted line) and density term
(dotted line). (b) First partial wave of the nonlocal Fock term
atr = r’ = 4.3 fm: Total (solid line), first range of D1S (dashed
line) and second range of D1S (dash-dotted line). (c) Volume
integral of the Fock potential as a function of partial wave: Neg-
ative slope (solid line), positive slope (dashed line). (d) Same as
(c) for the Fock components nonlocality at 7 = r’ = 4.3 fm.
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FURTHER READINGS

» Quelques applications du formalisme des fonctions de Green a
I'étude des noyaux,
N. Vinh Mau

» Quantum Theory of Many-Particle Systems,
Fetter and Walecka.

» A Guide to Feynman Diagrams in the Many-Body Problem,
Mattuck.

» Quantum Statistical Mechanics: Green's Function Methods in
Equilibrium and Non-Equilibrium Problems,
Kadanoff.

» The nuclear many-body problem,
Ring and Schuck.
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