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Abstract. We review Migdal'sTheory of Finite Fermi Systenend its application to the
structure of nuclei. The theory is an extension of Landduigory of Interacting Fermi
Systemsin the first part the basic formulas are derived within theynaody Green functions
approach. The theory is applied to isovector electric giaabnances in medium and heavy
mass nuclei. The parameterizations of the renormalizegc®fe ph-interaction and the
effective operators are discussed. It is shown that the puwitfree parameters are restricted
due to conservation laws. We also present an extension afidiggtheory, where the low-
lying phonons are considered in a consistent manner. Tieméedt theory is again applied to
the same isovector electric giant resonances and to thgsimaf (a,0’) reaction data. We
point out that the extended theory is the appropriate framedlf consistent nuclear structure
calculations starting from effective Lagrangians and Hemmians.

1. Introduction

The Landau-Migdal theory dfinite Fermi Systenii$, [2] is the best-founded phenomenolog-
ical theory for nuclear structure calculations. It is basad_andau’sTheory of Interacting
Fermi System§{3]. The basic formulas can be derived within the many-bodged func-
tions formalism in an exact way using Landau’‘s renormailireprocedure. This procedure
give rise to renormalized residual interactions and effecsingle particle operators. The
basic input which is required to solve the correspondingagiqos are the quasi particle ener-
gies, the renormalized particle-hole(ph) interaction affdctive operators. If one considers
pairing-correlations also a renormalized particle-géatinteractions enters. So far in most of
the applications the quasi particle energies have beem faken experiment and/or single-
particle models and the renormalized residual interastivewe been parametrized and the
corresponding parameters are fitted to data. Theselau-Migdal parametersirned out to
be universal for all nuclei, except the lightest ones. Moversome of these parameters
are directly connected with gross properties of nuclei sagkthe compression modulus and
the symmetry energy. For that reason any effective intemacHamiltonian or Lagrangian
which is used for nuclear mean field calculations should beetkagainst specific Landau-
Migdal parameters. This possibility was first used in 1973Bgkman, Jackson and Speth
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[4] who showed that several parameterizations of the Skyorees used at that time led to
an instability against spin collapse and had to be modifiedRdf. [5] this method was used
to design new versions of the Skyrme interaction which ctnddised in self consistent nu-
clear structure calculations. In Ref] [6] the Landau-Migarameters where calculated from
G-matrices based on meson exchange models. The authoredhoaddition that the Lan-
dau expansion of the ph-interaction is well justified forgalameters except the spin-isospin
parameter G’ which is strongly momentum dependent due tdotigerange of the one-pion
exchange. For that reason one has to include this contribakplicitly if one calculates mag-
netic properties’|7]. A detailed discussion of the Landagdail theory and self consistent
approaches and the application of effective forces in th® &&n be found in the review by
Khodel and Saperstein![8]. Fully self consistent calcolaiin the Landau-Migdal approach
have been also performed by Fayans et al. [9] who based tlezinfield and the residual
interactions orlocal energy-density functional€hiral Lagrangians [10] seems to be espe-
cially appropriate for self consistent nuclear structuakewlations within the Landau-Migdal
approach because they have a similar structure as the §reeéraandau-Migdal interaction
(which includes the one pion exchange contribut(dn [6])eyhave strong short range com-
ponents and the one pion exchange is included explicitlizast been shown inl[6] that this
structure of the bare interaction does not change if on@pad a partial summation to obtain
the Brueckner G-matrix. The inclusion of the one pion exgjeaim chiral Lagrangians is the
basic difference to Skyrme type Hamiltonians which are camignused in self consistent
nuclear structure calculations. This ansatz is a parapa¢itvh of a G-matrix and includes
zero-range and derivatives of zero range components ohg/z&ro range three body part can
be replaced by a density dependent two-body interactioociw$imulates the density depen-
dence of the interaction in nuclei. In the case of chiral bagian the density dependence is
introduced by the G-matrix and more over it has been showrefrj{E] that the chiral expan-
sion also give rise to a strong three body force if appliech®ortuclear many-body problem.
It is important to mention that the single particle spectraitulated in a mean field approach
can not be directly compared with the experimental specttnthcan therefore not be iden-
tified with Landau‘s quasi particles because the couplingnmnons modifies the theoretical
spectrum. For that reason, as we will show, the mean-fieldtspare the appropriate input
for the Extended Theory of Finite Fermi Systeji¥], which includes in a consistent way the
phonon contributions.

2. Landau’s Basic Theory

Landau’s theory of interacting Fermi systerns [3] deals wittakly excited states in infinite
systems of interacting fermions, such3e or nuclear matter. Without the interaction the
system would be simply a collection of independent fermiagech characterized by its
momentump and by its spin. The particles obey the Fermi-Dirac statiséind therefore
occupy all guantum states up to the Fermi momenpgmall the states with larger momenta
are unoccupied. The occupied states form a sphere of ragiughich is called thd=ermi
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sphere The Fermi momentum is proportional to the number of pasicl
1/3

pr = (3"2\,53“') | &)

Excited states are formed by moving patrticles from the iatdo the exterior of the Fermi
sphere. Therefore excited states differ from the grountd ¢tg a number of particle-hole
pairs, the particles witlp > pr and the holes witlp < pg. These particles and holes play the
role of elementary excitations in tlgeal Fermi gas They appear and disappear only in pairs
and they have momenta closeppe for weakly excited states.

The basic assumption by Landau is that interacting systeaystia obtained from non-
interacting systems by an adiabatic switching on of theraatison. In particular, he assumes
a one-to-one correspondence between the single-partatesof the non-interacting system
and the so-called quasi-particle states in the interastystem. These quasi-particles behave
in the correlated system like real particles in the nonradBng system: They obey the Fermi-
Dirac statistics and therefore occupy the correspondiragigoarticle states up to the Fermi
momentum which can be calculated from the same formulalljgAs in the non-interacting
system, the excitations in the correlated system are (gpasiicles with momenta greater
than pr and (quasi-)holes with momenta less thanthat appear and disappear, again in
pairs. Quasi-particles are only defined near the Fermisgyfahere their decay width is much
smaller then their excitation energy. In order to define syutdsi-particles Landau made the
following assumption concerning the interaction of thesjarticles: the interaction follows
from a self-consistent field that acts on one specific quadigbe and which is produced by
all the other quasi-particles. For that reason the energhetystem is no longer the sum
of the separate quasi-particle energies, but is a fundtiointhe occupation functiom(p)
of the quasi-particle stage. If one excites the system one basically changes the odoupat
functionsn(p) by an amoundn(p). The corresponding change of the energy is

5 — [ dp e (p)an(p) + [ dp [ dp'F(p,p)3n(p)3N(p) )

wheree%(p) are the equilibrium energies of the quasi-particles. Weitewhis expression as

o = [ dp |°(p) + [ dp/FO(p.1f o) | anip) = [ dpstpioni) (3

The natural definition of the energy of an individual quaaiticle is therefore the first
variational derivative of the total energy with respecthe bccupation function and that of
the interaction between the quasi-particles is the seaamctibnal derivative

oE 5°E
€ — Fw N / = —_—— . 4
P () PP) = Sl )n(e) @
In 3He the interactiofr® has a spin-independent and a spin-dependent part.
F(p,p’) = F(p,p’) +G(p,p)o- 0 (5)

The energies of the elementary excitations are measuredtire Fermi sphere. For quasi-
particles one obtains
p?

I
E(p>—2m 2m~V(p PF) (6)
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and for quasi-holes

pE P
—E(p):%—fn%V(pF—p) (7)
The velocity of the excitations at the Fermi surface is givgn
_ Pr
v= ®)

As we shall see later the effective massis directly connected witk .

If one considers excitations near the Fermi surface one esyict the magnitude of the
momentap andp’ in the interaction=%(p, p’) to the Fermi momentum. The only variable
then is the angl® between the two momenta. This suggests an expansion in degen
polynomials

f(p,p') = Z fi P (coso) (9)
The constant$ are the famous Landau parameters. One introduces dimésssgrarameters
by defining

R =Cof| (20)

is the inverse density of states at the Fermi surface. Likewone may also expand the other
component of the interaction in €d.(5) and define the pamnggetin the same way. The
parameterd and f; are related to the compression modukuby

where

dZ(E/A) ﬁzp2
_n2 _ F
K = pg g E =6 > (14 2fp) (12)
and the effective mass*
m‘/m= 1+§f1. (13)

The interacting quasi-particles and quasi-hole¥He give rise to the famous zero sound and
spin waves. The corresponding linearized time dependeratien fordn(p) is equivalent to
the random phase approximation (RPA) equation; it is theslzdshe Landau- Migdal theory.

3. Migdal’s Theory of Finite Fermi Systems

Migdal has applied Landautheory of interacting Fermi systeto atomic nucleilll]. Here
one deals with two kinds of fermiongretons and neutrorsand, more importantly, with a
relatively small number of particles. In the past 40 yeargdi's theory has been successfully
applied to numerous nuclear structure problems. Whereadfimte systems the quasi-
particles differ from the bare particles only by their effee mass, the situation in finite
nuclei is completely different. Here the quasi-particles the single particle excitations of
the nuclei, which can be obtained from phenomenological shedels or, in the case of
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self consistent approaches, by the corresponding meahdaitions of a given effective
Lagrangian, effective Hamiltonian and energy density fiomals, respectively. The quasi-
particle interaction is defined in the same way as before. ifiteeaction, however, depends
not only on the spin but also on the isospin of the quasi-gadiand is density dependent
because the interaction inside a nucleus is very diffenemh fthe interaction in free space.
As in infinite systems, one expands the interaction at thenFsurface in terms of Legendre
polynomials and the parameters of the expansion —the fairaudau-Migdal parameters
are determined from experiment. These parameters turrodog tiniversal for all nuclei but
the very light ones.

As pointed out in the introduction,tiiéheory of Finite Fermi Systems (TFRS)a semi-
phenomenological microscopic theory. It is microscopiceaese all its equations are derived
rigorously from first principles, however it contains aldeepomenological aspects, such as
the quasi-particle energies and wave functions and tha-gaaiscle—quasi-hole interaction.
All these quantities are defined microscopically and coulg@yinciple, be calculated starting
from the bare nucleon-nucleon interaction. Such calautatare very involved and in actual
calculations one has to make severe approximations, sowhatannot expect to obtain
guantitative agreement between, for example, the cakdilabd phenomenological Landau-
Migdal parameters. Nevertheless the calculated Landayddparameters are in surprisingly
good agreement with the phenomenological ohkes [6]. In tHeSTRs in Landau’s theory, one
derives a renormalized equation for the response funcéindsolves this equation in a given
approximation. For that reason the TFFS can be applied to grablems as are connected
with the response function. These include, for exampleit&tken energies and transition
probabilities in even nuclei and moments and transitioredidt-mass nuclei. The input data.
single particle energies and wave functions are supposkd tiven by a shell model in the
phenomenological approach, or are calculated in mean figdcbaimation in self consistent
calculations. Similarly the residual particle-hole andtisée -particle interactions are either
parametrized and adjusted to the experiment or determmoed the corresponding effective
Lagrangian and effective Hamiltonian, respectively. Iistrespect is the TFFS and its
extension (which includes phonons explicitly) a frame foy auclear structure calculations,
for self consistent and non self consistent ones. This wiliscussed in detail in the following
chapters.

3.1. Basic properties of many body Green functions

In this section we will give a short introduction to the thgof many-body Green functions.
(More details are given in[2]). They are the basis of the THH& starting point of the theory
is a Hamiltonian for Fermions
1
H= Z 8\O) a\_)FaV + Z z WV2V4V1V3 a‘\_):a\_)'—za\)la\)g (14)
\Y Vi...V4

Hereel are single particle energies, whig anda, are creation and annihilation operators
of nucleons in the statfy,, which obey anticommutation rules, awds the residual two-body
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interaction. We now consider aparticle system
H |An) = E*, |An) (15)

where |An) and E/, are assumed to be the exact solutions of the many-body Giolyer
equation with a given many-body Hamiltonian. The one-phatand two-particle Green
functions are defined as

v, (t1;t2) = (1) (AO| T {aw, (t2)ay, (t2) } |AO) (16)

Quivavavs (tatsitota) = (=1)%) (AO| T{au, (tr)av, (ta)ay, (ta)ay, (t2) } [AQ)  (17)
with the time-dependent creation and annihilation opesato

av(t) — eth a, e—th aj(t) _ eth a\—ﬁ)— e—th (18)
The symbolT denotes the time-ordering operator of Wick, which means tthe operators
should be taken in time-ordered form with the latest timehi left and the earliest to the
right. In addition, the product has to be multiplied by a éact1 depending on whether an

even or odd number of permutations is needed to come fromitlea ¢p the time-ordered
form. The Fourier transform of the one-particle Green figrchas the form

1 [te .
S L L (19)

Correspondingly, the two-particle Green function depemushree frequencies. For further
investigation it is convenient to introduce Green funcsiorth a source field

(=) (A T {Uay, (t1)aj, (t2) } |AD)
(AO| T{U} |AC)

Yq (1,2) = (20)

with
U — o /4546 (5.6)ay; (ts)avg t) (22)

and the short hand notation:

5 [du=[a (22)

In order to determine the Green functions one needs theieqaaif motion. They can
be obtained by differentiation of the corresponding Greercfion with respect to time. For
the one-particle Green function with a source field we obtain

/ d3{S(1,3) + q(L,3)}gq(3,2) + 'é / d3d4d5 w(14, 35) gq(35,24) = 3(1,2) 23)
with the abbreviations
Su,v,0(t1 — to) {iE —g0 } =95(1,2). (24)
S

Here we have used eg.{14) in order to eliminate the HamatoHi in eq.[Z3). The equation

for the two-body Green function is connected with the tHsedy Green function and so
forth. Thereby one obtains a hierarchy of equations. Inmt@ealculate the one-body Green
functions one needs the two-body Green function, etc. Ehist the way that we proceed
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in the following; rather, we replace the bare two-body iatdionw by an effective one-body
potentialz (mass operator or self-energyhich, in principle, is given by the bare interaction
and the two-particle Green function. The correspondingagqa for the one-particle Green
function is called the Dyson equation.

5 [43{SL3) +a1.3) + 2(1.3)}54(32) =512 25)

So far we have only replaced the unknown two-particle Greestfon by the also unknown
self-energyz and little seems to be gained. Before we discuss the solatitims problem we
continue with the development of the formal theory. We deffireeresponse functidnby the
functional derivative of the one-particle Green function

00q(1,2)

0q(4,3)
The functional derivative of the Dyson equation gives aegnal equation for the response
function

— L(13,24) = g(13,24) — g(1,2)9(3,4) (26)

L(13,24) = —g(1,4)9(3,2) —i/d5d6d7d8 9(1,5)K(57,68)L(83,74)9(6,2) (27)
where we introduced the effective two-body interactiouia

02(1,2) .

5393.4) iK(13,24) (28)

N
7

L] = -3< + [K[]L

Figure 1. Graphical representation of the Bethe-Salpeter equatiothé response function
in the ph channel.
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A graphical representation of €.[27) is given in Hig.1. Owtices that the kernd of
the integral equation is irreducible with respect to thetiplerhole propagator. We further
introduce the vertex functionby

L(13,24) / d5d6 g(1,5) T(53,64) g(6,2) (29)
The corresponding equation follows from €ql(27)
T(13,24) = —9(1,4)0(3,2) —i /d5d6d7d8 K(17,28)9(8,5)g(6,7)1(53,64) (30)
The linear response function allows one to determine tHevimhg quantities :

() From eqfZb) we obtain in linear approximation the cheof the one-particle Green
function :

d9q(1,2) = ;L(l& 24)%q(4,3) (31)

The Fourier transformation of the time variables gidgg(w, Q) and, after integration
over w, one obtaindpqy(Q), whereQ is the energy transferred by the external field
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dq(Q) and 8pq(Q) is the change of the density due to this external field in argive
single particle basié, :
OPv,(Q) = > L(Q)v1vav5vs w5 (Q) (32)
V3,Va
(I With the time orderts, t4 > t1,t, we insert into the two particle Green function a
complete system of eigenfunctions of the A-particle sysbetween the two particle-

hole pairs
01324 = 3 ¢(349(12 (33)
n=0
with
g™ (34) = —i (A0| T{a(3)a’(4)}|An) (34)
and
g™(12) = —i(AnT{a(l)a"(2)}|A0) (35)

As the response function is defined as
L(13,24) =g(13,24) —g(34)9(12) (36)

its spectral representation is also given byled.(33) bustine begins at = 1. With the
appropriate time order one obtains from the generalize@Ghenction in eql(35) the
transition amplitudes between the ground state and theeelksiates of the A-particle
system.

(1) With the time ordert3 — +o0 andts — Foo in the two particle Green function one can
move these operators to left and right side of the time ondesind may introduce two
complete sets of eigenstates of the (A+1)- system or (Ay&desn, respectively. From
this one obtains another generalized Green function

g*P(12) = —i(A+1,a|T{a(l)a™(2)}|A+1,B). (37)

wherea and3 are two given states in the odd mass system. As we know only the
response function, one has to subtract the one-particlerGuenction of the A-particle
system and obtains finally the change of the density betweergiven states in the
(A+ 1)-system and the ground state of the A-particle systemh Wi quantity one
can calculate moments and transitions in odd-mass nuciail® are given in]2].

3.2. One-particle Green function and the nuclear shell nhode

In order to solve the equation for the response function amtex function, respectively, we
have to know the one-particle Green functig$, 2) and the effective two-body interaction
K. As Landau has shown, one does not need the full informaticlided ing but only the
so-calledpole part of the one-body Green functions near the Fermi surface. &skegives
rise to a renormalized interaction and effective one-bgagrators. We first discuss the pole
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part of the one-body Green function. For that we consideDiyson equation in coordinate
spacel[l]
2
(8 - 2p_m) 0(&1,&2,€) — / d€3 2(&1,&3,€) 9(&3,&2,8) = 8(&1—&2) (38)

whereg = (r,s) represents space and spin coordinates. In an arbitrariegiagticle basis
dy (&) the Dyson equation has the form

2
€ gV1V2 - Z |:2p_rn + Z(Elv 637 E):| gV3V2 - 6\)]_\)2 (39)
V3 V1V3
We now chose a special bagig(¢) that diagonalizes the expression in the brackets
2
gt T B —En @B, (40)
m V1V3

It is obvious that such a basis has to depend on the erergiite one-body Green function
becomes diagonal in this basis and can be written as

6\11V2

Oviv, = S—T\,l(s) (41)
The functionsp, that diagonalize satisfy the equation
2
[t EED) 00 ~B ) 2)

Here the self-energy is given in a "'mixed” representation, where we have replahedon-
locality by a momentum dependence

Z(Ep.e) = [ dEaZ(€ L) T (43)

Due to Landau’s renormalization procedure one needs thariiele Green functions only

near the poles,, with
2

= Eu(ey) = | g+ ZEpi5)| (a4)

The single-particle energies, so defined are the quasi-particle energies (in the sense of
Landau) for finite systems. We expand Eq.(42) around thei-gaascle energye, up to

first order ine and obtain for the one-(quasi-)particle Green function
5\)1\)2 1

= : 45
E— &y, iy, <1_dﬁ> (43)
828\)1

ngVz (8)
de

The residue of at the pole is called theingle particle strength
1

(%)
de e=eu,

As we expanded the energy up to first order around the poleneeds the wave functions
only at the pole energyy (&) = dv(§,&y). These wave functions satisfy the equation
2
p

g ZEP.80)] 040 =5 (@7)

(46)
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We introduce the quantitp%, which is defined by

2
p;_f;‘) +2(r,Pr(r),6F) = €F (48)

where e is the Fermi energy. In infinite Fermi systerps can be identified with the

momentum at the Fermi surface. We now expand the self-enErggpout the Fermi

momentumpg and the Fermi energsg

{(%njtg—sz)F[DZ—DZF(TH—(1—%)F(€A—€F)}¢A=O (49)

This formula can be rewritten as

1
{—Zm* p2+U(r)}¢v = &vdy (50)
with the abbreviations
oy
m_ <1+2m6p2)|: (51)
mGE,
oe =
and
2
. PF(r) m . m
U(r) == = — (D +1(1- ) (52)

If we also take the spin degree of freedom into account thetg orderp? in the self-energy
>, one obtains the following single-particle Hamiltonian

1
H=o PP+U(r)+a(r)o-1+B(r)I(1+1) (53)

Herel is the angular momentum operator ands quantum numbers. The form of this
Hamiltonian follows from the expansion of the self-ene@about the Fermi energgr

and the Fermi momenturmpg, and symmetry arguments. This Hamiltonian agrees with
phenomenological shell model Hamiltonians. It is usefypodmnt out that the spin-orbit term
follows here from the expansion of the non-localityzof

3.3. Landau’s renormalization procedure

We now return to the one-particle Green function. With ed8. dnd’4b) we can separate the
one-particle Green function into a singular part and a reoei

_ 6V1V22V1 (r)
gV1V2<w) - w— EVl i |r] Sigr(evl I u) + gV1V2<w) (54)

with
Zy, = |(AOJay, | A1 vy )[?
ev, =ENTT—Ep for &, > (55)
e, =E§ —Ej 1 for g, <p
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With this ansatzone writes the product of two one-particle Green functioagjgantity that
enters in all the integral equations we have derived befaea singular parg and the
remaindelR, using theansatan eq.[5%)
1 1
gV1V3 ((D+ EQ) gV2V4 ((L)— EQ) - S)1V2V3V4 ((L), Q) + RV1V2\)3V4 ((L), Q) (56)
with

(57)

i €y, +E& Ny, — Ny
S)1V2V3V4 ((D; Q) = 2sz32V46V1V36\)2\)4 5 (w_ V3 v4) sy L

2 €, — &y, —Q
Using Landau’s renormalization procedure one obtains arateap for the renormalized
vertex functiort

Ty1v3,vovs (w7 Q) = T\(j)lv&vzv‘; ((*)7 Q) + (58)
ph €vs 1 Evg Nys — Nvg €vs 1 Evg .
V52V6 Fy1vs.vove (wa > ,Q Ev; — Evg — Q Tusvs,Veva > ; Q

The renormalized vertex is defined as:

TV1V3,V2\)4 ((A), Q) - vV ZV]_ZVZ ffV1V3,V2V4 ((A), Q) (59)
Here only the singular part of the product of the two Greercfiams appears explicitly,
whereas the remainder gives rise to a renormalized efeetto-body interactiorF P" and
a renormalized inhomogeneous terth In similar fashion one can renormalize the response
functionL and obtains

L(13,24) = 1°(13,57)L(57,68)T¥(68,24) +1°(13,57)R(57, 24) (60)
whereL is the quasi-particle response function

L(13,24) = §(1,2)1(1324 (61)

3.4. The renormalized equations of the TFFS

As we have seen in section 2.1, the response function ingltlte transition amplitudes
between the ground state and the excited states of an Aclpastistem. Using the arguments
in section 2.1 and the projection procedure described jrof# obtains from the renormalized
response function in e@.(60) and the renormalized vertegtfon eq[5B) an equation for the
guasi-particle quasi-hole transition matrix elements
(sVl — &y, — Q) X\Tlvz = (nVl - an) z FVF;C4V2V3 X\r)n3V4 (62)
V3Vy

which are connected with the full ph-transition matrix etats
Xom, =< Amjay ay,|A0 > (63)
by the relation

m0 w m
XV]_VZ - Z TV3V1V4V2 X\)3\)4 (64)
V3V
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The transition matrix element of a one-body oper&as given by
< AmQ|A0 > = Z va XV1v, (65)

Vi1V2

whereQ®f is the renormalized one-particle operator
vlvz = Z \)1V3V2\)4QV3V4 (66)
V3Va
In section 2.1 we also showed that the response functiowslbme to calculate the change of
the density in an external field.
vy (Q) = > Ly (Q) Suzu, (Q) (67)
V3,V4
In the following we are interested in the transition stréngs a function of the excitation
energy. The expression for the strength function is given by

S(Q,8) = ——Im > Quu,(Q) 3P, (Q +id) (68)

V1V2
whereA is a smearing parameter that simulates the finite experahesgolution and the more
complex configurations not included in the present approBobm eqs[(38) td(61) anf (66)
we obtain, withdq = Q andéﬁ =D,

S(Q,A) = ——Im z Qvle )Puovy (Q+iA) (69)
V1V2
wherep is the change of the quasi-particle density
Ny Ny, — Ny
pvl\)z(Q) - WQ\)]_VZ( ) Vl—2§2 Z F 1V3V2V4pV4V3( )(70)

€vy — &v, — V3Vy

The second term on the right side of €ql(60) can be negleetealise we are interested in the
singular solutions (resonances) of the equation. The lzlons presented here have been
performed inr-space because this allows treatment of the continuum inmtb&t efficient
way. The corresponding equations have the farml[17, 11]

p(r,Q) = — / & Adr, ', Q)QM (', Q) (71)
- / d3r'd3r"A(r, v, Q)FP " p(r", Q)
with the ph-propagator

nV K K
Alr,r' Q) = 5 B ()6 () ()0 (72)
V1,Vp “V1
and the distribution of the transition strength
SQ,A) = _%[Im / Bro®(r, Q) p(r,Q +iA) (73)

These formulas refer to even-even nuclei because only treéis® can one define the Landau
guasi-particles as the single-particle excitations inrieghboring odd mass nuclei. This
holds for spherical as well as for deformed nudlei [18].
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We also have shown that the theory allows one to calculateentsrand transitions in
odd masgA+ 1) nuclei, where A refers in general to a closed-shell nuclgusthen obtain
for example,

<A£10a[QBAL1> - <A0QA>5p= Y QS 5000, (74)
V1V2o
with
ap Ny, — My, ph ap
= F 75
Pviv, O a 6\;2[3 + Ev—Ev, QGB V3Z\)4 V1V3,V2v4 Pvsvy (75)

The derivation is given ir 12]. EqsL{B9) arld174) are the $asithe TFFS.

3.5. Application to the giant electric dipole resonancesurclei

As examples for the TFFS and —later— for the ETFFS, we presemterical results for
the giant electric dipole resonance in the doubly magic eiffCal®?Sn and?°8Pb. The
calculations presented here are performed inrthgpace and not in the configuration space
of a shell model. In the: -space one is able to include all single particle states hwban
contribute to a given multipolarity if the TFFS is appliedy fexample, to collective states
in nuclei. The single particle continuum is included cotiyecising the method suggested
by Shlomo and Bertsch [12]. We wish to stress that the TFF&temuand the continuum
RPA equation are formally identical. The TFFS equationsdaméved in a rigorous manner,
therefore they arexactuntil one choses certain approximations for the quasigast the
interaction and the effective operators. As we have exdatioes we are able to apply
conservation laws, which connect the interaction pararseth gross properties of nuclei
(symmetry energy, compression modulus and effective mass)which give information
about the renormalized operators (Ward identities). Intamdg the Green function method is
the most appropriate way to extend the theory in a consistanner, as we will show in the
next section. In the present calculations the experimeimgle particle energies are used as
far as possible, and for the rest we take the solutions of add4 &axon shell model potential,
the parameters of which are adjusted to reproduce the expetally known energies, as
discussed in [11].

For the calculation of the electric states we used the cdioeal Landau-Migdal
parametrization for the ph-interaction:

FPM(1,2) = Cod(r1—12) [fo(p) + fg(P)T- T+ go(P)0 - 0’ + Go(p)0- 0'T- T (76)
with

f(p) = fex+ (fin — fex)Po(r) (77)
and with the parameters used in most of the previous apialicat

fin = —0.002 fex= —1.4, f,,=3,0, f/, =0.76,

g=0.05, ¢ = 0.96, Co = 300 MeVfn? (78)
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For the nuclear densitgp(r) in the interpolation formula we chose the theoretical gbun
state density distribution of the corresponding nucleus,

pol) = T ==(2ii+ IRA(T) (79)

& <EF 4m

which is more consistent than the previously used Woodsssdistribution. For that reason
one had to readjudty and f, HereR(r) are the single-particle radial wave functions of the
single-particle model used.

For magnetic properties it has been shown[13, 6] that onalkago consider the effects
of the one-pion exchange. For that reason on must repladeisgin-isospin channel the
conventional Landau-Migdal parametrization by fidich-Stony Brook ansatzhich has the
following form in the momentum space:

/ d3k / /
G(q) = / o (k) +Vo (k)] Qa — k) +86h0- 0'r-1 (80)

with

Q(q) = (2m°8(q) - Zq—T2[25(|q\ ) (81)
Here V; and V, denote the one-pion and one-rho exchanQéq) a parametrization of
the nuclear correlation function [14] witty, = 3.93, which is the inverse of the Compton
wavelength of thes meson, andGj, a small (universal) correction parameter that must be
adjusted to the data. Thpeexchange has been added because it introduces a natucdf cut-
for the tensor part of the one-pion exchange. A detaileduidsion can be found in 1B} 6].

The renormalized ph-interaction and therefore also thedaarMigdal parameters are
defined microscopically and can be traced back to the barkeomaiucleon interaction.
In Ref.[@] these parameters have been calculated from a @xmaased on a meson
exchange model for the bare nucleon nucleon interactionis iBhthe lowest order for
the renormalized ph-interaction nevertheless the thigatatesults were in fair agreement
with the phenomenological parameters. The Skyrme ansaizhvwit mostly used in self
consistent nuclear structure calculations has the same &srthe original Landau-Migdal
parametrization. For that reason, the parameters of thentkynsatz can directly be
connected with the Landau-Migdal parametéis [4]. Theskaasthave shown that several
parameterizations of the Skyrme forces led to instalbglitigainst spin collapse. These
relations can also be used to design new parameterizatmmself consistent nuclear
structure calculations [5]. For magnetic properties wéie ane-pion exchange has to be
considered explicitly self consistent calculations basedhiral Lagrangian seems to be more
appropriate.

In the upper part of Fid2) the g-dependenceGfis plotted. One realizes that at
small momentum transfers the central part of the spin-isasferaction is strongly repulsive
and for larger momentum transfers it is small. This is thesoeawhy, for example, the
Gamow-Teller resonances, where small momenta are invoredstrongly shifted to higher
energies whereas high-spin states are[nat 13, 6]. For titeat@artrt-meson angh -meson
contributions have the same sign and for the tensor part ppesite sign. The -meson
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Figure 2. Momentum dependence of the spin-isospin param&gr)’ in units of
[302MeV fn¥]. The full line is the complete modd[{B0), the dashed linehie lower part
is the correlated one-pion exchange only.

exchange therefore acts as a natural cut-off for the stremgpr component of the one-pion
exchange.

We have already mentioned that the Migdal parameters haue ¢eculated from a G-
matrix starting from the bare nucleon nucleon interactijn [n this calculation the authors
not only determined the zero-range parameters shows i@&adot also the momentum
dependence of the spin-isospin interaction given in Hjg.(2

In the TFFS equations effective operat@¥" appear. In the case of electric multipole
operators one can show using Ward identities that theseatmpsrare not renormalized due
to the local gauge invariance, as shown in Appendix A. Magrogierators are renormalized
for two reasons: (I) there exists no conservation law forgpie contribution and (1) there
are mesonic contributions. For that reason one has to paiaenhe magnetic operatoid [2],
the parameters of which are universal for all medium and eaass nuclei. In Fid{3) the
results of TFFS calculations for the electric giant dip@sanances if°Ca, 132Sn and?®®Pb
are shown. The single particle continuum is included in aaceway. In order to simulate the
experimental resolution and more complex configuratiossnearing parametéy =250 keV
is used. The (isovector) electric dipole operator is given a

z N
Qm =5 3 (@) 3 i¥(@) 82
In 298pPb, where the electric giant dipole resonance is knawh [tt],peak energies agrees
with the experimental centroid-energies (up to 1 MeV) aral lsonance exhaust a large
fraction of the energy weighted sum rule. However, the tbgcal width is much too small
and the maximum of the cross section is much too high becaesspteading width, which is
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Figure 3. E1 photo absorption cross section for three double magitenughe thin lines
denote the results of the continuum RPA and the thick linesdBults of the extended theory.

due to the fragmentation of the single particle strengthpisconsidered. The same is true for
the other two cases if one compares the theoretical resithisw@ighboring nuclei data exist.
In the next section we will discuss an extension of the TFH& e the low lying collective
phonons are coupled to the single particle states, whioksgige to a fragmentation of the
single particle strength. In this way we include, as we withw, a major part of the spreading
width.

4. Extended theory of finite Fermi systems (ETFFS)

As mentioned earlier, the original TFFS allows one to catilonly the centroid energies
and total transition strength of giant resonances becdesagproach is restricted to 1plh
configurations. In order to describe nuclear structure gmgs in more detail one has to
include 2p2h, or even more complex configurations. A thémakapproach that takes into
account the complete 2p2h configuration space and a redg2h interaction is numerically
intractable if one uses a realistically large configuratspace. For this reason the main
approximation in the ETFFS concerns the selection of the mgmrtant 2p2h configurations.
One knows from experiments, e.g. from the neighboring oddsnrauclei of2%8pPb, that
the coupling of low-lying collective phonons to the singlaricle states gives rise to a
fragmentation of the single-particle strength, which isrsi even-even nuclei as a spreading
width in the giant resonances. In the past 15 years an egten$the TFFS that includes, in
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a consistent microscopic way, the most collective lowgdypphonons has been performed by
Tselyaev|[16] and Kamerdzhiev, Speth and Tertychny [114l (eferences therein). In this
way one considers a special class of 2p2h configurationsibedhe phonons are calculated
within the conventional (1p1h) TFFS. The phonons give risa modification of the particle
and hole propagators, the ph-interaction and the groume starelations. The extension that
includes uncorrelated 2p2h configurations is discusseefifX<9] and [20].

4.1. Some basic relations

In Landau’s theory the self energ@yis irreducible in the one-particle and one-hole channels,
respectively, and the kernKl in the integral equation for the response function (seg[ip.

is irreducible in the particle-hole channel. One introduc®w a hierarchy of energy
dependencies: As one can see from[ed).(54) the particleghofmgator introduces a strong
dependence in the energy transfer Compared to this singular behavior one neglects in
Landau’s theory the energy dependence in the ph-interac@me neglects consistently the
energy dependence of the self-eneigyn the Dyson equation (e@.(34) and considers the
guasi-particle and quasi-hole poles only. This approaadbf ieading order in the energy
transferQ. In the extended theory, where phonons are introduced, @m&ders the next-to-
leading order in the energy transfer; i.e., the self energithe ph-interaction become energy
dependent. We the write, explicitly,

2u(8) = 2y +Z5(e) (83)

=ph h h,

FVF;_V37V2V4(Q) = FVF;_V37V2V4 + FVF;_V3\e7)\3t2V4(Q> (84)
el

< u ™,

(a) (b) (c) (d)

Figure 4. Graphs corresponding to the propagator of the (a) RPA ard) the extended
theory. The wavy lines and the thin lines denote the phonarbthe single particle
propagators, respectively.

First we discuss the so-called approximation[[11],12], which is graphically shown in Fig).(4
The upper part of graph (b) gives a correction to the Dysomegui for quasi-particles, which
now has the form

e~y ovy () =1 (85)

Sie— Qi —¢y,

Here g(e) is the one-quasi-particle Green function in the extendedrthand the vertex
' which couples the quasi-particle statto the core excited configuratimi, is given by

W= 3 e (86)
a?
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where' is the RPA wave function of the phonon considered. The cpamging energy-
dependent correction for the ph-interaction has the form

I sy V3
FapLT’g\j‘t(Q,e,s’) =5 (/yﬁ v .
v —e—¢& +(Qi —id)

This model has been applied, for example, to M1-resonamcessed shell nuclel [21]. This
approximation has, in general, problems with the so-cakectbnd order poles, which give
rise to a distortion of the strength function near these pokeor this reason the model has
been extended in several steps: (1) summation offtterms [22] and (11) partial summation
of diagrams|([16], which is calthronological decoupling of diagramdn the latter case all
1plh® phononcontributions are consistently included and all more caxpglonfigurations
are excluded —as long as one neglects ground-state carnslat he actual formulas, however,
include the ground state correlations completely. In thes@nt approach, like iri_[16]
two types of ground state correlations are included: thevewtional RPA ground state
correlations, which affect the location and the magnituidne residua of the ph propagator
only, and the new type of ground state correlations, whiataissed by the phonons. These
correlations are qualitatively different from the convenal RPA correlations because they
create new poles in the propagator, which then cause tiamsivetween thedlh® phonon
in the ground state and the excited states. They give risqualative change of the strength
distribution and a change in the sum rules for the momentseo$trength function. As in the
TFFS, the energy dependence of the generalized propa#fatas much stronger than that
of the generalized ph interaction, as the next-to-leadmdgmoenergy dependence is removed
from the interaction and explicitly taken into account ie tieneralized propagator. Therefore
one considers explicitly only the energy dependence ofthpggator and neglects the energy
dependence of the ph interaction. The interaction is patrézed as before; the corresponding
parameters may differ from the previous ones. The final éguédr the change of the quasi-
particle density in an external field has the identical foorthiat in the TFFS (ed.(68)

(87)

P Q) = - [ A, Q)R (', Q)P (88)
—/dsr/ds’r”AeXt(r,’P/,Q)th’(r/,r//)ﬁe)(t(r//,Q)

The analytical form of the generalized propagator can badan Ref.[11].

4.2. Numerical applications

As in the case of the TFFS the numerical input to the ETFFSarséts of phenomenological
parameters that describe (1) the Woods-Saxon single fapitential and (11) the effective ph
interaction. If one includes phonons, the problem of doablenting appears in the two input
data sets. One therefore has to subtract explicitly the @moontribution from the mean field
solutions as well as the ph interaction. In order to obtagnrtbwrefinedsingle particle basis



Migdal Theory 19

{'z-fx,?pA} one has to solve the equation

Vi 2

yV]_
8\)1 - Q| _EVZ

(89)

8\)1 - 8\)1 -
Vo'l

where the second term on the right side is graphically giwenhie upper part of graph
(b) in Fig.(2). As the wave functions are only little change&ee restrict the refinement
to the single particle energies. In FIg.(3) we also show tlEMES-results fof8Ca, 132Sn
and 2%8pPp, The effect of the phonon coupling is very clearly demaaestl in all three
cases. The phonon coupling reduces the maximum of the #treligtribution and shifts
part of the strength to higher energies. This effect in@sdbe width of the resonances
and creates the long tails, which are seen in the data. ¥ the theoretical mean
energy has the valug, = 12,84MeV compared with experimental valtﬁ&p: 13.4MeV
and the theoretical widtli, = 3,6MeV compared td exp = 4,1MeV. For The energy
weighted sum rule (EWSR) is only little changed in the rangeveen 5-30 MeV. Fof®Ca
holds: E, = 19,71MeV compared toEAe;p: 19,6MeV and @y, = 5,36MeV compared to
exp= 7,1MeV. The phonon coupling improves the CRPA results by a facttwof

4.3. A realistic example for the application in data anadysi

The renewed interest in nuclear structure physics comasn fiewly built and planned
experimental facilities that will give new information omglei far from stability. One of
the main reasons for this is its application to astrophysitese, for example, one would like
to know the compression modulus and the symmetry energy wfarerich nuclei. Such
experiments will be performed in so-called inverse kinaosati.e. the radioactive isotopes
will be accelerated and will be scattered from proton, deuter alpha particle targets. The
analysis of such experiments will be very complicated adteathing mode and giant electric
dipole resonance are expected to be broad and becausesvaritdtipole resonances overlap
each other. For that reason on needs realistic strengthibdisdns and energy dependent
microscopic transition densities as input into the sciaerodes in order to be able to extract
reliable physical results. In the following we demonsttis in the analysis ofa, a’) cross
sections irP®Ni, where the isoscalar breathing mode has been investigatgeneral problem
in nuclei with A < 90 is that the isoscalar monopole resonance is very broasathahger
concentrated in one single peak. In deformed nuclei (sudmagxpects for nuclei far from
stability) the giant resonances are split due the defoonativhich gives rise to additional
complications([23]. In lighter nuclei the role of the sualbecomes more important than
in the heavier ones and, in additiofgy,a’) experiments are most sensitive to the nuclear
surface. For these reasons the correct treatment of thecsurf those nuclei is crucial. All
this has to be considered if one develops models for giamneees in light and medium
mass nuclei for which the conventional RPA approach is elddno include surface modes
and the single-particle continuum. Compared to this exbensf the configuration space, the
way that one determines the mean field and the residual atiena is of less importance.
When the present example was first published the experifngitiation in°®Ni was rather
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Figure 5. Cross sections ofNi(a,a’) at 108°. At this angle the cross section is dominated
by the isoscalar monopole resonance.

unclear. In the original analysis of tlie,a’) data[24] only 32% of the EWSR was observed.
The authors used standard data analysis techniques wihnhe phenomenological transition
densities for the whole energy range. For comparison theedgpe of experiment iff°
Ca and a similar analysis by the same authors sho@@d: 15) % of the EWSR [[25].
With an improved —but still conventional— analysis the austof Ref[26] obtained about 50
percent. Such differences might have serious consequargasclear matter compressibility
and its application to astrophysics. In what follows we d&can analysis of thex,a’)
experiments if®Ni, where the isoscalar giant resonance has been analyirerths results of
ETFFS calculations. Within this model the authors cal@dahe distribution of the transition
strengths of the isoscalar EO-E4 resonances and the condigsgy energy dependent transition
densities. Using these transition densities one obtairthe standard wayp, a’) scattering
cross sections that were compared with the data in the emargge between 5-35 MeV
[27]. One of the problems that occurs in such analysis is tidraction of thanstrumental
background. Usually the experimentalists draw a straigbtbetween the beginning and end
of the resonance peak, where the strength distributiorebedlat. It has been demonstrated
in Ref.|28] that if one adds up the contributions of the vasweakmultipole contributions
one also obtains a flat back ground, which may erroneoushntegpreted as part of the
instrumentabackground. Thidackgroundncludes also a fraction of thesonancestrength
that one wishes to extract. In Fig.(5) the differentiala’) cross section for the scattering
angle® = 1.08 is shown, where the EO contribution dominates the crossosecthe full
theoretical result (full line with dote$)[28] is comparedwthe experimental cross section
[27]. These data where obtained by subtractingrestrumentalback ground denoted by
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Figure 6. Cross sections ofNi(a,a’) at 408°. At this angle the cross section is dominated
by the isoscalar quadrupole resonance

"Backgr(2000)” from the original experimental spectrunheltheoretical cross section is the
sum of five different multipole resonances, of which the EQ B2 contributions are shown
explicitly. The straight line in the lower part of the figuréenoted by ” Backgr.(1996)”
corresponds to the analysis of Retl[24], where the energyval was smaller (12-25 MeV).
In this analysis only 32% of the EWSR EO was found, whereagpthsent theory predicts
71.4% of the EO EWSR in this regime. If one considers the lafige35 MeV interval,
the theoretical strength exhaust 89.6%. We also show di¢s @t © = 4.08°, where the
EO resonance has a minimum and the E2 its maximum. The samssiaras before was
performed by Ref.[28] and the result is shown in Fip.(6). ¢difre E2 strength dominates the
cross section whereas the breathing mode contributes aimly fraction. Theotherisoscalar
modes again give an important contribution to the cross@ecAs both experimental cross
sections are well-reproduced within the ETFFS analysisroag conclude that the major
part of the EO and E2 EWSR strength is in the energy range derexl. One may also
conclude that realistic microscopic nuclear structure ef®dre necessary for the analysis of
experiments in the giant resonance region. The models bayelieyond 1plh RPA and must

include the coupling to low-lying phonons in order to reprod the width of giant resonances
in a realistic manner.
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5. Conclusion

We have reviewed Migdal'$heory of Finite Fermi Systen(§FFS) and thé&xtended Theory
of Finite Fermi System§ETFFS) as well as their application to nuclear structureothB
approaches are derived within the Green function formalistnich enables one to obtain
the final equations without approximations. For that reasoe can apply conservations
laws, which restrict the number of parameters in the actuaherical application. The
TFFS and the ETFFS are frameworks that require singlegbarénergies,single-particle
wave functions and the ph interactions as input. The singtégbe basis may be obtained
from phenomenological single-particle models, as disbass, or from self consistent mean
field calculations. The original Landau Migdal ph-interantincludes delta functions and
derivatives of delta functions in -space, so that Skyrme forces can be directly connected
with the Landau Migdal interactionl[4] and! [5]. This fact da@ used as a test for the various
versions of the Skyrme parameters but also for designingsetvef parameters which are
especially appropriate for self consistent nuclear stimectalculations. The original Landau
Migdal theory is formally identical with the 1p-1h RPA. Tleéore if one calculates in this
approach giant multipole resonances one can only repradithecenean energy and the total
strength of those states. For a quantitative descriptiaxgnsion of the theory is necessary.
One has to include in a consistent way the effects of the p@ndhis has been done in
the Extended Theory of Finite Fermi Systewlsich we also reviewed here. We have pointed
out that if one uses experimental single-particle energiefior a correspondingly adjusted
single particle model in the ETFFS, one has to correct forpth@non contributions in the
single particle spectrum as the phonons (or, in generalh Zmafigurations) give rise to
a compression of the single particle spectrum [19]. Theecboself consistent mean field
approach provides the correct input data because in thestbasphonon contributions are
not included. For the same reason is the conventional RP&eappropriate approximation
in self consistent calculations because the uncorreldtesbpctrum is in general too wide
as a consequence of the phonon contribution being missmghel case of very collective
resonances, which are strongly shifted in energy, this iéefty can be removed by an
appropriate ph interaction. W e are aware of the fact that, dor a specific Skyrme
parametrization the residual interaction is defined by tkgri8e interaction itself and one
has, in principle, no freedom. But we are also aware of thetfat there exist dozens of
different parameter sets that give similar ground stat@enges but quite different nuclear
structure results [5]. Moreover, the size of the configoragspace can also be chosen in an
appropriate way. Thus the arbitrariness in self-consigtaiculations lies in the choice of the
effective Lagrangian, effective Hamiltonian or energysiéy functional and the size of the
configuration space. For less collective states, such gsytiiay resonances, the energies of
which are only little shifted by the residual interactioalfsonsistent calculations in general
have difficulties reproducing simultaneously these expental data and the giant electric
dipole resonance. Therefore some authors, elg.f29hpresshe too large level spacing by
multiplying it adhocwith the corresponding effective mass in order to fit the datas may
be justified by the energy dependence of the effective masis tertainly destroys the self
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consistent treatment. We have also mentioned that for ni@gireperties one has to consider
in the spin-isospin channel the one pion exchange explidibr that reason self consistent
calculations, starting from chiral Lagrangian may be thegrmnsistent approach compared
to the Skyrme Hamiltonian.
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collaboration with Sergej Kamerdzhiev and Gennady Tertydh this field. The work was
supported in part by the DFG grant No. GZ:436RUS113/806/0-1

6. Appendix A: Ward identities

As the final equations of the Landau-Migdal theory are derivghout approximations, one
can apply conservations laws in order to restrict the nurabkeee parameters. Here we show,
using local gauge invariance, that scalar vertices areematrmalized, i.e. one has to use the
bare charges (for protons and neutrons) for the electritipmlé operators. We start with the
one-particle Green function:

gxy) =—i <AOT{W (X)W (y)} |AO> (90)

where x and y denote four-vectors. The gauge transformafitime \P-operators wherg is
the charge

W(x) =MW WH(x) =MWt (x) (91)
leads to the following change in the Hamiltonian
_ of (x)
BH(x) =~/ (075 (92)

Herej! p= =(j¢  Inp) is the four-current of neutrons and protons. This field detgjive rise
to any physical changes. If one expands the transformedhtgerin the one-particle Green
function up to first order, one obtains

dg(x,y) =i(af(x)a(x,y) —g(x.y)af(y)) (93)
The inverse of this equation has the form
8t =—g dgg = —i(gr(xy)af(y) —af(x)g t(x.y)) (94)

On the other hand one can calculate the change of the Greetidinmlue to the additional
term in the Hamiltonian ed.(92) with help of the linear resge function

og(x,y) = /dz L(x,zy,z)0H (z) (95)

The corresponding inverse change of the Green functiorvengs:

0f(2)
59 (X,y) = /dzrxzy, )J() oz
With the field:
f(z) = k=0 (97)

(96)
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one obtains from ed.(®4) and €q.J(96)
~i(g eyt 2)adh — qdbrg Ha,yio- ) = (98)
—iQ/d3ZT(m,z;y,z;oo,Q)p(z)eikz—i/d3ZT(m,z;y,z;w,Q) ((2)k) &

This equation has in the single particle bafsjéx) the form:

> {alg e+ 5)ve) 0910 v2) - aladh vy slg -S| (99
= Q (va|T(e0,; [ 9" |) v2) + (v (@, | (KX ) vz)
with
V1[(@.0; 9 ) va) = 5 Toeveva(.0) [ (100)
and -
WalT(00:[(GKEM ) V2) = 5 (@, @) [(G0E] @01

We have replaced in ef.{99) the charge distribufoby the point chargay. With the
singular part of the one particle Green function [ed.(54) obi&ins a relation between the
bare operators and the vertices

Ww+3—g, w-%-s, "
— V1| g€ vp) = 102
{ 20 2, (vi|ge™ |va) (102)

T, [qé’ﬂ + T, [(jk)é’ﬂ

We multiply this equation with /z,;v, and replace the verticasy the renormalized vertices
T defined in eqg[{d0)

(@1, —81,) (1] (@€ v2) = QT [qé’“] +ug ke (103)
Here the apprommaﬂog/ ~ Was used. If one puts the renormalized vertex function
(eq.[1I0%)) explicitly into ed:CIDB)
Tyyvz,vovs (wv Q) = T\(j)1v37vzv4 (w7 Q) + (104)
€ve +E&v Ny — Ny €vg T &y
= Vs 6 O 5 6 5 6.0
V5ZV6 V1V5,VoVe (wa 5 ) £y —Evy — Q Tysvs,vgva < > )

and considers the lim2 >> (&, —¢&y,). One obtains the final result:

ZT\%V3V2V4(qé(k Wavs = (qé >V3V4- (105)

V3V

Scalar (electric multipole) operators are not renormalize
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