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Outline

* Green function formalism

> Spectral representation
> Mean field & correlation contributions

* Many-body theory of the nuclear spectral functions
> Correlated Basis Function (CBF) perturbation theory
* Writing the response in terms of spectral functions

> Impulse approximation
> Final State Interactions
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*x Recall

S(a,w) = Y | (nlal,  akl0)? 6(w + Eo — Ey)

n k
dt t(w —1
— /% ewtEo)t Z <O|ap_|_qal) e 1 aL+qak|O>
Pk
g,w
g,

* S(q,w) can be expressed in terms of interactions and propagators (Green
functions) of nucleons in particle and hole states
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* Definition of Green function (assume translation invariance)

iG(z — ') = (0| [y ()9 (a")]|0)

\/720, e—zka: 7 w’[ [Zakezkx
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* Definition of Green function (assume translation invariance)

iG(z — ') = (0| T [y ()9 («/

)110)
\/720’ e—zkx 7 ?,DT [Zakezkx

» After Fourier transformation (n = 0%)
k)|al |0x)|? _1y(=K)]ax |On) |2
ClB) = 3 [{(n(v41)(K)|ay] N}I N [{(n(v—1)(—k)|ax] N}I
E — (E, — Ey) +1in E—(Ey—E,) —in

P,(k, E’ Pk, E
— /dEl P(7 ) _|_ h(7 )
E—-FE +in FE—-FE —in

n
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k)|al |0x)|? _1y(=K)]ax |On) |2
ClB) = 3 [{(n(v41)(K)|ay] N}I N [{(n(v—1)(—k)|ax] N}I
E — (E, — Ey) +1in E—(Ey—E,) —in

P,(k, E’ Pk, E
— /dEl P(7 ) _|_ h(7 )
E—-FE +in FE—-FE —in

n

~ Py, and P, are the spectral functions of hole and particle states
| |
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| |
* Definition of spectral functions

1
Z| n(v_1)(k)|ax|On)|*0(E — Eo+ E,) = —Im G (k, E)

1
Z| n(v+1)(K)al|On) 26 (B En+Eo)=—;ImGp(kaE)
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* Definition of spectral functions

1

Z| n(v_1)(k)|ax|On)|*0(E — Eo+ E,) = —Im G (k, E)
1

Z| N+1 |ak|0N>|25(E En+Ey) = _;ImGp(kaE)

x Non interacting system at uniform density p = sk3./67* (Fermi gas)

D> (nvinlallOn) — O(k| = k) . Eo — By = e, = [K*|/2m

n

Z(n(N_l)\ak\ON> — H(kp — |k|) , En — Eo = —€L

Py(k, E) = 0(kr — [k|)3(E + ;)
Py(k, E) = 0(|k| — kr)d(E — &)
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* Interacting systems: replace €) —» €p + X(k, F)

1
E+e + %k, E)

Grk, FE) =

* Quasiparticle picture: isolate contributions of 1A (i.e. bound) intermediate
states, having strength
Zy, = [{—klax|0) |7
and exhibiting poles at the quasiparticle energies e = €5 + Re X(k, €,

* Rewrite the Green function (e.g. for hole states) as

A
E + €L T+ iZk Im Z(k, ek)

Gu(k, E) = + Gy (k, B)

Gf(k, E) is a smooth contribution, corresponding to 2h — 1p, 3h — 2p, . . .
Intermediate states

* A nonvanishing G7 (k, E) is a signal of correlation effects
|
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Calculation of the spectral functions

* Correlated states obtained from mean field (shell model or Fermi gas) states

through the transformation

n) = Flnyr) , F=S ] £

Jj>1

* The two-nucleon correlation operator reflects the complexity of the
nucleon-nucleon (NN) force (spin-isospin (ST) dependent, non central)

Jij = Z \frs(ri;) + ds1 fre(ri;)Si;] Prs
TS

Prs : spin — isospin projectors , S;; = o} Uf (37“%7"5 - 5aﬂ)

x Shapes of frg, fir determined from minimization of ground state energy
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Shape of central correlation functions

e ANL vg potential
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Correlated Basis Function (CBF) perturbation theory

% Split the hamiltonian according to
H = Hy+ H;

(m|Ho|n) = dmn(m|Hn) , (m[Hi|n) = (1 = dmn)(m|H|n)

* If correlated states have large overlaps with the eigenstates of the
hamiltonian, the matrix elements of H; are small and perturbation theory can
be used to obtain, e.g., the ground state from

0 =S (F=pr) o

m

AEy = EY — Ey = (0|H|0) — Ey
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* Hole spectral function of nuclear matter obtained from CBF

1 Z2 > k, €k
Ph(kaE):_ 0 : 2( ) 2+PhB(k7E)

m |[F—¢ —X(k,E)* + [ ZpIm X(k, e)]
FG|||||
1.0 = Nuclear Matter — ky=1.33 fm™ "
% 08 - k=1.0 fm~"', Z,=0.76 _
= A i
3 { |
Eo6- >
EO-‘*; k=0.5 fm~', Zx=0.84 _
S i
0.2 —
- i k=15 fm~}(x10) 1
0.0 . I | I JJMLLL‘N: | I T ! ——yy
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E [MeV]
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* Hole spectral function of nuclear matter obtained from CBF
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Experimental evidence of correlation effects

* Energy dependence of the spectroscopic strengths of shell model states of
208 pp, measured in high resolution (e, e'p)

O S O A
—-30 —20 —10 0 10
e — ey [MeV]

x Recall: the shell model predicts Z(e) = 1
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Theimpulse approximation (1A)

* Consider the first contribution to the DRPA series. The corresponding
response reads

S(q,w) = / &3k dE Py(k, E)Py(k + q,w — E)

* the particle and hole spectral functions describe initial and final state
effects, respectively

* Neglecting all interactions (Fermi gas model)
S(avw) = [ d*k O(ke — DOk +al — ke)3(w + e — )
* Neglecting final state interactions (FSI)

S(q,w) = /dsk dE Py(k, B)([k + q| — kr)d(w — el — B)
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* Effects of initial state correlations on the response of nuclear matter at equi-
librium density

3.0 -l 1 | 1 1 1 1 | 1 1 1 1 1 1 1 1 | 1 1 1 1

1 | 1 1 1
0.2 0.4 0.6 0.8 1.0

w [GeV]

* NOTE: the FG hole spectral function is shifted in such a way as to reproduce

the minumum nuclear matter binding energy
|
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Including FS

* Bottom line: FSI do not affect the total inclusive strength. Hence rewrite

S(q,w) = / dw'So(q, ') flq(w — ')
where

So(q, w) = /dskdE Pk, B)O(K + q] — ki)d(w — el — B)
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Including FSI
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where
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* At large momentum transfer |k 4+ q| ~ |q| and the folding function is simply
related to the particle spectral function through

Pp(k—l— qw—F)=0(kr— k+q|)
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Including FSI

* Bottom line: FSI do not affect the total inclusive strength. Hence rewrite

S(q,w) = / dw'So(q, ') flq(w — ')
where

So(q, w) = /dskdE Pk, B)O(K + q] — ki)d(w — el — B)

* At large momentum transfer |k 4+ q| ~ |g| and the folding function is simply
related to the particle spectral function through
Pyk+q,w—FE)=0kr—|k+q|)
~ Problem: P,(k 4+ q,w — E) cannot be obtained from non relativistic NMBT
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Approximations for the particle spectral function

* Main effects of FSI

1. energy shift due to the mean field of the spectators

2. redistributions of the strenght due to the coupling of 1p1hA final
state to np — nh
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Approximations for the particle spectral function

* Main effects of FSI

1. energy shift due to the mean field of the spectators

2. redistributions of the strenght due to the coupling of 1p1hA final
state to np — nh

* High energy approximation

1. the struck nucleon moves along a straight trajectory with
constant velocity

2. the fast struck nucleon “sees” the spectator system as a
collection of fixed scattering centers.
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* The folding function f4 (w) is obtained Fourier transforming the eikonal
propagator of the struck particle, travelling in the direction of the z-axis
with velocity v

dt W o
fla@) = [ 5 el @Vt vy me rij +2))
]>z
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* The folding function f4 (w) is obtained Fourier transforming the eikonal
propagator of the struck particle, travelling in the direction of the z-axis
with velocity v

dt W o
fla@) = [ 5 el @Vt vy me rij +2))
]>z

* I'|q IS the Fourier transform of the NN scattering amplitude

Ajq (k) = ‘4‘;’ (i + a)e ¥
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* The folding function f4 (w) is obtained Fourier transforming the eikonal
propagator of the struck particle, travelling in the direction of the z-axis
with velocity v

dt iwt z dt' V)4 (vt >
27-( e fo |Q|( ) 7 V|q|( A Zr|q| I —|—Z)>

7>
* I'|q IS the Fourier transform of the NN scattering amplitude

f|q|(w) —

Ajq (k) = ‘4(31 (i + a)e ¥

* neglecting all NN correlations, V|q|( z) — V| = vpo (i + «) /2, and the
quasiparticle approximation is recovered

Im V|O|

~ 2
— Re V|O|] -+ [Im V@J

1
Pp(qaw_E) — ;

w—F —
Iql
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I i
* In presence of NN correlations inducing strong density fluctuations

p(r1,r2) = p°g(|r1 — r2))

and (use the eikonal approximation)

~ 1 [z
Va2) =V 5 [ d/9()

L [
i 0.006 [—
1.00 i i
0.75 [~ ] L 0.004
O L
& 2,
Q0 i T ~~
0.50 — — 3
- - :6‘ -
0.002
0.25 = [
0.00 E 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 i O‘OOO 1 1 1 1 | |
0 1 2 3 4 5 —400 —200 0 200 400
r [fm] w [MeV]

| |
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3.0

Nuclear
Matter

0.6 0.8 1.0
w [GeV]
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Summary

* In the impulse approximation regime the response can be
conveniently expressed using the spectral function formalism
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Summary

* In the impulse approximation regime the response can be
conveniently expressed using the spectral function formalism

* Theoretical calculations of the spectral function must include the
contribution of correlations, which are known to be sizable

* The hole-spectral function, describing initial state dynamics, can
be obtained from nonrelativistic NMBT

* The eikonal approximation provides a consistent framework
suitable to carry out theoretical calculations of the particle spectral
function in the regime of large (= 500 MeV) momentum tansfer
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