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Chapter 13

Beyond the mean-field approximation

In this Chapter we examine how correlation effects beyond the mean-field or
Hartree-Fock (HF) picture can be included, by considering the next higher-
order contribution to the self-energy of a particle in the medium. We recall
that in the self-consistent formulation of Ch. 10 the self-energy is related
to the vertex function I through the master equation Eq. (10.31). The HF
approximation in Ch. 11 was obtained directly from Eq. (10.31) by setting
the vertex function I' = 0. In terms of diagrams, we had to consider the
lowest-order contributions to the self-energy in Fig. 10.2 [and Fig. 10.6a)
if an auxiliary potential U is employed]. The self-consistent treatment of
these diagrams, indicated by the Dyson equation in Fig. 11.1, was shown
to be equivalent to the HF formalism.

The HF self-energy does not depend on energy, and on several occa-
sions we pointed out the shortcomings of such an approach: some specific
features of interacting many-body systems cannot be explained by a static
self-energy, but require explicit energy-dependence. Energy-dependence ap-
pears in the self-energy for the first time when contributions of second order
in the interaction are considered. These are listed in Figs. 10.3-10.5 and in
Fig. 10.6b)-e). Upon inspection, the diagrams in Fig. 10.3 and Fig. 10.6¢)-
e) are all reducible, whereas the diagrams in Fig. 10.4 and Fig. 10.6b) are
already generated by the HF approximation. So the diagram in Fig. 10.5 -
sometimes called the second-order diagram, or the Born approximation to
the self-energy - is the only genuinely new contribution.

The present Chapter deals exclusively with this second-order diagram,
mainly because its energy-dependence is archetypical for all higher-order
contributions and therefore warrants a careful analysis.
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13.1 The second-order self-energy

The second-order diagram was evaluated in the caption of Fig. 10.5, on the
basis of the Feynman rules for the sp propagator developed in Ch. 9. The
intermediate fermion lines in the diagram of Fig. 10.5 represent sp prop-
agators G© correspondlng to a non-interacting system with Hamiltonian
Hy=T+ U where U is an arbitrary auxiliary potential.

In keeping with our self-consistent formulation, we should now replace
the propagators G with interacting propagators,

£®)(y,5,F) = / 45 / 95 S S (A V1eh) (CETV 107)

211 2m
6,0 C.E
G(e, (G E1)G(0,6 E2)G(p, A; By + Bz — E), (13.1)

where G is the sp propagator that solves the Dyson equation indicated in
Fig. 13.1:

G(a,B;E) = GO (a +ZG a,7;E)2(y,6; E)G(6, 3, E), (13.2)

with the irreducible self-energy
£(7,6:B) = = (4| U 18) + £ (7,8) + £®) (7,6, B), (13.3)

now containing the second-order self-energy %) from Eq. (13.1), in addi-
tion to the static first-order contribution

20 (y,6) = —i / wawu G E),  (13.4)

already analyzed in Ch. 11 [see Eq. (11.11)].

Note that the self-energy in Eq. (13.3) is precisely the expression one gets
by setting in Eq. (10.31) the vertex function I" equal to the free interparticle
interaction V,

(Cpl T(En, En; Es, Ey) |60) = (Cp| V [d0) - (13.5)

The approximation in Fig. (13.1) thus corresponds to replacing the dressed
interaction I' (which includes all in-medium scattering processes) with the
free interaction V', and is therefore sometimes called the Born approxima-
tion in this context.

By now it should be clear that the self-consistent formulation in
Egs. (13.1) - (13.4) is independent of the auxiliary potential U, since the
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Fig. 13.1 Diagrammatic representation of the second-order Dyson equation.

first term in Eq. (13.3) cancels the U-dependence of the unperturbed prop-
agator G(©). Also note that the first-order contribution in Eq. (13.4) will in
general be different from the HF mean field, since the propagator G solves
the second-order Dyson equation in Eq. (13.2) rather than the HF equation
(11.5).

For a further analysis of the self-energy in Eq. (13.1) the same procedure
as for the HF self-energy in Sec. 11.1.1 can be used : we introduce the
Lehmann representation of the sp propagator G as

(e, 5: B) 2ttt N a2y 15.6)
a, 3 = E - E —_ 0, .
mE—sE-Hn m E—e, +1in

and evaluate the double energy integration in Eq. (13.1) by complex contour
integration.
The integrals' one encounters are of the form

= [T (R
) 2mi \E —fi+in E —b —in

F B,
(13,
<E’—E—f2+in+E’—E—b2—in> (13.7)

The integration contour along the real axis can be closed by including a
large semicircle in the upper or lower complex E' half plane. Since the
integrand behaves as |E'| =2 for |E'| — 400, such a semicircle (in the limit
of infinite radius) yields a vanishing contribution to the integral, and its
inclusion does not change the result. The product in Eq. (13.7) has four
terms. However, the FiF» and B;B> terms have two poles in the same

IThe contour integrals needed for this book never get more complicated than this.
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(upper or lower) half plane and do not contribute to the integral, as can
be seen by closing the contour with a semicircle in the opposite half plane.
The F; B, and F5B; terms have a pole in both halfplanes, and contribute,
according to the residue theorem, as

Fi B B F,

I(E) = —(fi=bo)+in E+(fr—b)—in

(13.8)

The self-energy in Eq. (13.1) is easily evaluated by repeated use of Eq. (13.8)
and reads

®(,8; E) Z > AV [eb) (€I V [0) (13.9)
>\ €,0 (& 1
( Zm1+zm1+ ma+ _mo+* _nzg— _n3”

Z € ¢ 29 ZE Zu Z}\
E - (6$1 +5m2 _677113) +Zn

mimans

nlf nl na— na—" _ms+ ,ma+"
Z0 Zﬁ ZU Z)\

* Z E+ 5m3

ninsms —&ni — Snz) —1m

We recall (see Sec. 8.3) that the poles of the sp propagator in Eq. (13.6)
belong either to the particle addition (¢}}) or removal (g;,) domain,

Vm,n:e, <ep <er <ep <ef, (13.10)

which are separated by the Fermi energy
1
er = 5[5; +e5]- (13.11)

As a consequence, the poles appearing in the the second-order self-energy
of Eq. (13.9) obey the inequalities

Vmi,ni i en, +€p, — €, <EF <Eh +Eh, — €y (13.12)

This feature also holds in higher orders, and in general the energy-
dependent part of the self-energy has the same analytic structure as the
sp propagator G: a sum of simple poles, shifted slightly off the real axis
into the lower (upper) half plane for poles corresponding to the addition
(removal) domain.
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13.2 Solution of the Dyson equation

Before proceeding in Sec.13.4 with the full self-consistent treatment indi-
cated in Fig. 13.1, it is instructive first to examine how the Dyson equation
is modified by the presence of energy-dependent terms in the self-energy. To
simplify matters we evaluate the self-energy in Eq. (13.3) with HF prop-
agators and set the auxiliary potential U equal to the HF potential [i.e.
G = GHF in Eq. (13.2)]. This can also be considered as a first iteration
when solving the full self-consistency problem. We choose the HF sp basis,
so the HF propagator,

Ola — F) N O(F — «)

G (@, 5, B) = basp E—co+in E—¢gqo—in

. (13.13)

is diagonal in the sp labels.
To find the corresponding second-order self-energy we simply have to
set

2 = 5 af(a— F); 287 =6,..0(F — a), (13.14)

[e3

in the general expression (13.9). The resulting self-energy reads

SO (,5:B) = 5 3 (AIV |e) (6] V |o)
A, e,0
(0(6 —F)f(v—F)O(F — )
E—(ec+ey,—en)+in

O(F —e)0(F —v)d(\ = F)
13.15
" E+4(ex—¢ec—ey)—in )’ ( )
or, in a more compact notation,
52 (y,6,F) = - 3 (vhs| V |p1ps) (prpa| V7 [6hs)
2 E — (ep, +€p, —€ny) +in
p1p2hs

+ Y (vps| V |h1hs) (hiho|V |6ps) .

FE Eps — Ehy — Ehy) — &
ha haps + ( p3 h1 hz) n

where labels identifying particle (p) and hole (h) states in the HF approxi-
mation have been introduced. We will proceed to examine the solution G

book96
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of the equation
G(a, B;E) = G" (a, B, E) + Y _ G(a,7; B)S®) (7,6, B)GH"' (6, B; B).
7}

(13.17)

13.2.1 Diagonal approximation

It is clear from Eq. (13.16) that the second-order self-energy in principle has
non-diagonal contributions, even when evaluated with the diagonal HF sp
propagator. However, in some cases it is a good approximation to neglect
the off-diagonal terms. This happens e.g. in closed-shell nuclei, where off-
diagonal elements would require mixing between major shells having a large
energy separation.

Within this diagonal approximation, the self-energy (13.16) reads

2
Y@ (a; E) = 1 Z | {hs| V |p1p2) | .
2 E — (ep, +€ps — €ng) +1in

p1p2hs
V |hihs) |
ik E+(5P3_5h1_5h2)_“7
1h2p3

and the Dyson equation (13.17) becomes
Glo; E) = GHF (0, E) + G(o; E)S (o B)GHY (o E). (13.19)

The latter has a simple algebraic solution,

1 1
G E) = - . (13.20)
arram — 2P (@ E)  E-co —X®)(;E)

For the last identity we used the inverse of the HF propagator in Eq. (13.13)
[the infinitesimal +in are irrelevant when they do not appear in the denom-
inator of a pole term],

1

Extracting physical information from the sp propagator in general re-
quires the knowledge of its poles and residues (see Sec. 8.3). For the prop-
agator G(a; E) given by the formal solution in Eq. (13.20), the poles E,,,
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obviously correspond to the roots of the non-linear equation
Eno = €0 + 2P (a; Epa), (13.22)

with () (a; E) defined in Eq. (13.18). The residue Ry, at the pole E,, of
the propagator follows from

. . _ . E - Ena
EE%IM(E = Bna)Glas ) = EE%‘I"Q E—¢cq— X (;E)

—1
(2) (e
Pk G 2) . (13.23)
E=F,.

dE

Note that, when determining the roots of Eq. (13.22), the infinitesimal
+in appearing in the denominator of Eq. (13.18) can again be omitted,
provided that the self-energy has poles at a set of discrete energies (i.e.
a set of isolated simple poles). In principle the +in generate, according
to Eq.(8.15), an imaginary part of the self-energy consisting of a sequence
of §-functions located at these discrete energies; since discrete solutions to
Eq. (13.22) cannot coincide with a pole of the self-energy, the d-functions do
not influence the position of the roots of Eq. (13.22), which are all real. This
does not hold when the self-energy has a continuous distribution of poles
(which is equivalent to a branch cut), as will be clarified in the discussion
on infinite systems in Sec. 13.3).

To gain insight in the location of the roots of Eq. (13.22), a graphical
solution of the Dyson equation is often helpful. In Fig. 13.2 the energy-
dependence of the self-energy ©(*)(a; E) of Eq. (13.18) is shown. The case
on display is for a typical confined finite system, having a discrete HF sp
spectrum. The hole and particle HF energies are separated by the particle-
hole gap, which has a width A = sgni” — ep**® and is centered on the HF
Fermi energy,

Rna

1 )
EF = i(ngn +

epaer). (13.24)
Since the poles in Eq. (13.18) all have positive residues, £(?) (a; E) is mono-
tonically decreasing where defined. There is a sequence of simple poles in
the addition domain, located at the unperturbed HF 2plh energies, and
another sequence in the removal domain, located at (minus) the unper-
turbed HF 2h1p energies. The poles of the addition and removal sequence
are separated by a gap of (at least) three times the HF particle-hole gap.
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Fig. 13.2 Example of second-order self-energy in Eq. (13.18).

The roots of Eq. (13.22) are simply the intersection points of the self-
energy () (a; E) with the straight line E—&,. It is obvious from the graph
in Fig. 13.2 that between any two successive poles of the self-energy a root
is located. In addition, there is a root to the left and right of the sequence
of self-energy poles. When a finite sp basis set is used, this implies that a
self-energy having D poles leads to a sp propagator with D + 1 poles.

The interpretation of these roots should by now be straightforward.
The poles E,, in the removal domain (below the Fermi energy) must be
interpreted as approximate energies of the eigenstates in the N — 1 system,

Eno ~ EY —EN-1, (13.25)

that can be obtained by removing a particle in the sp state « from the
N-particle ground state. The residue then corresponds to the (squared)
removal amplitude,

Ruo = [ (T au [2) . (13.26)

Similarly, the poles E,, in the addition domain (above the Fermi energy)
correspond to eigenstates in the NV + 1 system,

Eno ~ ENTL _EN, (13.27)
having addition amplitudes
Ruo = [ (Y al, |2) 2. (13.28)

Note that since d£(?)(a; E)/dE < 0, the residues R,, that follow from
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Eq. (13.23) obey
0< Rno < 1, (13.29)

in accordance with their relation to the physical addition or removal am-
plitudes.

All of this means that adding the energy-dependent second-order self-
energy to the static HF self-energy produces quite dramatic effects. The
removal from the ground state of a particle in an occupied HF sp state «
no longer leads to a unique NV — 1 state, as predicted in the HF picture, but
rather to a large number of N — 1 states, each having a finite removal am-
plitude. Moreover, the removal from the ground state of a particle in an un-
occupied HF sp state « - clearly impossible in HF - is now allowed. Similar
statements hold in the addition domain. Of course, any more sophisticated
treatment of the self-energy will also include these fragmentation effects on
the sp strength. Experimental information on physical spectral functions
indicate that such features are indispensible for a meaningful comparison
with data.

As a final remark on Fig. 13.2, we note that if the unperturbed sp energy
Eq 18 not too far removed from the Fermi energy, the root of Eq. (13.22)
lying in the interval which separates the removal and addition domain is
somewhat special: since the self-energy %(*)(a; E) has no poles in this in-
terval, the energy derivative is small in this region, and as a consequence
the residue corresponding to this root will be quite close to (but still smaller
than) unity. Such a solution represents a quasiparticle or quasihole excita-
tion in a finite system, and corresponds to a N * 1 eigenstate which has a
rather pure sp character. On the other hand, if the sp energy ¢, is far from
the Fermi energy, it is in a region where the density of 2plh or 2h1p states
is high, and the sp strength of this orbital will be strongly fragmented over
many N — 1 states. The different fragmentation pattern observed for va-
lence hole and deeply bound hole states in finite nuclei is readily understood
by these elementary considerations.

13.2.2 Link with perturbation theory

As shown in Ch. 11, the HF formalism assumes that the N-particle ground
state is the HF Slater determinant,

N
(HF:) [®)) ~ @y x) = [] 10} (13.30)
h=1
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and that the eigenstates of the N + 1 system are simple 1p excitations,
(HF:) [¥)*) ~al |@F5) - (13.31)

Corrections to this picture can be obtained by allowing admixtures with
2plh excitations,

|\I,,£)V+1> ~ l‘a; |¢gF> + Z ZXP1P2h3aL1aI’2ah3 |(I>gF> ’ (1332)
p1<p2 hs

The eigenstates in this basis are found by diagonalization of the Hamilto-

nian matrix,
gp V T\ T
(vW) (X) ‘E<X>’ (13:33)

where V contains the coupling between 1p and 2plh configurations,
V;D1p2h3 = <(I>%F| a;DHaLl a;r)Qahs |(§gF> = (ph3| |4 |p1p2> . (1334)
Under the assumption (typical in perturbation theory) that the 2plh con-
figurations do not interact among themselves, we have
gplp2h3yp'1p'2h'3 = <(I)EF| a';rL’sam Qp, Ha;r)l a;r)z Qhg |(I)gF>
~ 6p1,p’16p2,p’26h3,h’3 (epy + €py — €hg)- (13.35)
Elimination of X from Eq. (13.33) then leads to
1
E-¢
1
Ex = V—oVT)a. 13.37
x <E + ¢ ) x ( )

X = viz, (13.36)

According to Eq. (13.37), the eigenenergies for states with x # 0 (i.e. states
that have a nonvanishing overlap with the 1p state af, |®}/.)) are therefore
the roots of

h 2
E=c,+ Z E|(p 3|V [pip2) | ) (13.38)

p1<pa,hs - (Epl +Epy — Ehs)

This is seen to be analogous to Eq. (13.22), but only the forward (2plh)
term of the self-energy in Eq. (13.18) is generated, as a consequence of the
unperturbed HF ground state (13.30) appearing in the ansatz of Eq. (13.32).
In contrast, the Green function formalism which led to Eq. (13.22) automat-
ically builds in ground-state correlations, in a single coherent framework for
both the N + 1 and N — 1 excited states.
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13.2.3 Sumrules

The analytic structure of Eqgs. (13.18-13.22), generated by the second-order
diagram, is in fact quite general and also appears in more complicated
cases, when higher-order diagrams or an infinite resummation of a subclass
of diagrams are included in the self-energy. It is therefore worthwile to
examine the properties of the generical expression

1

B =g~

(13.39)
where both the propagator G(E) and the self-energy X(E) are a sum of
simple poles,

Sn SN

S(E) =) FR GE)=>" oo (13.40)

n N

Analogous to Eq. (13.22), the Qx are the roots of
Sn
Oy —e = EE— 13.41
ve= Yt (13.41)

whereas the sp strength at Qn follows [see Eq. (13.23)] from

1

Sy = —
1 + En (QN-"UJ"_)Z

(13.42)

However, without explicitely solving Eq. (13.41) it is possible to derive
sumrules which relate the distribution of sp strength (Qx, Sn) with the
self-energy strength (wy,, s,) and which are often useful as a numerical check
on calculated spectral functions.

Considering the leading order in a (1/E) expansion of Eq. (13.39) im-
mediately leads to

E—oco= Y Sy=L1 (13.43)
N

This implies, in accordance with the fundamental sumrule in Eq. (8.18),
that the summed sp strength is always equal to unity, irrespective of the
values of the poles and residues appearing in the self-energy.

Having the energy E in Eq. (13.39) coincide with one of the poles w,, of
the self-energy yields

SN
Eow,=> 0=S 2N 13.44
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whereas the limit £ — Qy leads back to Eq. (13.41). Combining
Eq. (13.44) with Eq. (13.41) we get

ZSN(QN—E):ZZﬂ =0, (13.45)
N N n

N — Wn

which implies that the centroid of the sp strength distribution is the sp
energy e.

In a similar way, general recursion formula for the higher-order central
moments of the sp strength distribution are obtained. Defining

My, = Z(QN —&)fSn; my = Z(wn —e)¥sn, (13.46)
N n

we have My = 1 and M; = 0 [according to Egs. (13.43) and (13.45)] and
for k > 2,

Mi= 3 Sn(y—e) ! 30 g —
N n

I B R e
n N

k—1

Oy —¢) — (wn —¢) QN —wp
k—2
= Z Mmy—i—» (13.47)
1=0

In particular we find M, = my, i.e. the second central moment, describ-
ing the width of the spectral function, is equal to the summed self-energy
strength.

Also the moments of negative order M_;, (or inverse energy-weighted
sumrules) can be obtained by recursion. Considering, for k > 0,

SN SN Sn
M= = : 13.48
and using the identity
k+1
1 1 1
iz —y)  ytl(z—vy) ; Yl (13.49)

with £ = Qn — ¢ and y = w,, — €, one arrives at

k

1

M_(j41) = e (Mk +y° M,m_(k_l+1)> : (13.50)
=1
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13.2.4 General (non-diagonal) self-energy

We now drop the simplification introduced in Sec. 13.2.1 and consider also
the nondiagonal contributions to the self-energy in Eq. (13.16). We will
again assume that the self-energy has a set of isolated simple poles and
omit the £+in in the denominator. The Dyson equation can then generically
be rewritten as (we use square brackets to emphasize the matrix structure)

[G(E)] = (E~[e] - [Z(B) ", (13.51)

where both the propagator and the self-energy are sums over discrete simple
poles,

GEN=Y 72 mE=Y o (1352)

Note that all matrices have sp labels as indices, and that the matrices [Sn]
and [s,] are hermitian and positive (having real eigenvalues > 0).

The analysis proceeds in much the same way as in Sec. 13.2.1, but
some care has to be taken because of the possibly noncommuting matrix
quantities. From Eq. (13.51) it is clear that a pole Qu of the propagator is
a zero eigenvalue appearing in the nonlinear eigenvalue equation

On Xy = ([e] + [E(QN)]) X (13.53)

We allow for the possibility that Qy is a degenerate eigenvalue, and write
the spectral decomposition as

]+ [Z(2n)] = On[Pa] + Y A [Pa], (13.54)
M

where the Ay (# Q) are the other eigenvalues of ([e]+[2(Qn)]) and [Pn],
[Py] are projection operators on the corresponding eigenspaces.
The residue of the propagator [G(E)] at the pole Qn is given by

[Sn] = El_ing(E - Qn)[G(E)]

= lim 7 (2 + 7 =[] = SO0 - @), (1355)

where the energy-derivative of the self-energy is the negative hermitian
matrix

E'(E)=-) % (13.56)
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Using the spectral decomposition Eq. (13.54) one can verify that the matrix

[A] = Qn + 1 — [e] = [S(Qn)] = n[Px] + D (v — Aar +nm)[Par] (13.57)

is invertible for n # 0, the inverse being
1 1
A7t = Z[Py] + —— [Pyl 13.58
A7 = L+ X e ] (13.59)

The residue [Sy] in Eq. (13.55), rewritten in terms of [A] ™!, reads
[Sn] = limn (1 —n[4] @) 4] (13.59)
The limit 7 — 0 can now be safely taken, and since

lim n[A]™! = [Pn], (13.60)

n—0

the residue matrix at the pole Q, is
[Sn] = (1= [PN][Z" ()] "' [Pw]- (13.61)

It is always possible to choose eigenvectors Xy, in Eq. (13.53) such that
[Pn]=3, XN,,XITVV and [X'(Qp)] is diagonal in the [Py]-subspace,

X]TVV[ZI(QN)]XNV’ = _61/71/’”?\[,,- (1362)

Using this basis, Eq. (13.61) can be reexpressed as

[Sn] = Z H%XNVXLV; (13.63)
v Nv
which clearly shows that the residue matrix [Sy] is indeed a positive her-
mitian matrix.
At this point it may be good to mention that the above analysis is given
primarily for the purpose of mathematical completeness. In the majority of

practical applications, the eigenvalue Qy in Eq. (13.53) is nondegenerate,
ie. [Py] = XNXITV, and Eq. (13.61) simplifies to

1
= XnyXi. 13.64
L-XLE@ixy Y (1564

[SN]

Graphically, the situation is also a bit more complicated than in the
diagonal case. The poles of the propagator in Eq. (13.51) can be found by
plotting the eigenvalue curves A\, (E) of the matrix [¢]+[Z(E)] as a function



November 20, 2003 11:26 WSPC/Book Trim Size for 9in x 6in book96

Beyond the mean-field approximation 257

Fig. 13.3 Eigenvalue curves of the non-diagonal second-order self-energy as in
Eq. (13.65).

of E, and determining the intersection points A, (E) = E. As an example,
the eigenvalue curves of the matrix

4
Cabas + Y (13.65)
n=1 n

are shown in Fig. 13.3.
The eigenvalue curves in Fig. 13.3 are all monotonously decreasing where

defined. This is easily understood by realizing that the energy derivatives
follow from first-order perturbation theory,

X} (E)[sn] X0 (E)
(B —wy)?

N (B) = X}(B) [ (B)X,(B) =Y

n

<0.  (13.66)

Also note the curious behaviour of the A, (E) near a pole w, of the self-
energy. Some of the eigenvalues curves have an asymptote, whereas others
are regular at w,. It turns out that, if d, is the rank of the residue matrix
[sn] in the self-energy, then d,, of the eigenvalue curves have an asymptote
at F = w,. This can be seen by introducing the spectral decomposition

] + [S(B)] = Y M (BE)[Py(E)] (13.67)

and expressing [s,] as

[sn] = lim [Z(E)])

E—wn
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=S {(E-w)\ (B} P(B). (13.68)

It follows that one of the eigenvalues A, (E), say Ao(E), must behave as

Mo(E) — E_Cwn in the limit £ — w,, whereas the other eigenvalues are
regular at w,. The eigenspace corresponding to Ay then has a projection
operator [Py] = &[sn], its dimension being equal to the rank of [sy].

From the graphical analysis it is clear that the total number of poles Q
of the propagator in Eq. (13.51) is M + ), d,,, where M is the dimension
of the sp space. Applied to the second-order self-energy, 3 d, is the
dimension of the combined 2plh and 2h1p space, where the d,, take possible
degeneracies in the spectrum of 2plh or 2hlp energies into account. The
number of poles in the propagator therefore agrees with what we expect
from an eigenvalue problem describing the mixing of sp states with 2plh
and 2hlp states.

13.3 Infinite systems

13.3.1 Dispersion relations

In the case of an homogeneous infinite system the sp propagator and self-
energy are automatically diagonal in the plane-wave basis, as was discussed
in Sec. 11.4. The second-order self-energy in Eq. (13.18) becomes >

1
SV E) =5 > [(ppslVipwpa) P x (13.69)

P1P2P3

(9(;01 —kr)0(p2 — kr)0(kr —p3) | 0(kr —p1)0(kr — p2)0(ps — k'F))
E—[e(p1) +e(p2) —e@s3)] +in  E+[e(ps) —e(p1) —e(p2)] —in )

The e(p) represent HF sp energies, and ey = (k) is the HF approximation
to the Fermi energy.
The interaction matrix elements in Eq.(13.69) have the form

1
(P1p2|V |p3ps) = V6p1+p2,p3+p4w(p1 ,D2,D3,P41), (13.70)

where w is a continuous function of the sp momenta, V' is the normalization
volume, and momentum conservation is expressed through the Kronecker-6.

2For notational simplicity we consider fermions of a single species. The inclusion of
spin or isospin degrees of freedom does not change the present considerations.



