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Abstract: Random Phase Approximation (RPA) is the theory most commonly used to describe the
excitations of many-body systems. In this article, the secular equations of the theory are obtained by
using three different approaches: the equation of motion method, the Green function perturbation
theory and the time-dependent Hartree-Fock theory. Each approach emphasizes specific aspects of
the theory overlooked by the other methods. Extensions of the RPA secular equations to treat the
continuum part of the excitation spectrum and also the pairing between the particles composing the
system are presented. Theoretical approaches which overcome the intrinsic approximations of RPA
are outlined.
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1. Introduction

The aim of the Random Phase Approximation (RPA) theory is the description of
harmonic excitations of quantum many-body systems. This theory was formulated by
David Bohm and David Pines in the early 1950s at the end of a set of articles dedicated
to the description of collective oscillations of electron gas [1-3]. The approximation is
well defined in the first of these articles [1], where it is used to eliminate the random
movement of single electrons out of phase with respect to the oscillations of the external
probe exciting the system. The theory is presented only in the third of these articles [3]
and does not contain any random phase to be approximated. However, the authors used
the term Random Phase Approximation to identify the theory and it is by this name that it is
nowadays commonly known.

The applications of RPA in the 1950s and 1960s were focused on the description
of infinite, homogeneous and translationally invariant systems, such as electron gas. A
detailed historical overview of the works of these early years is given in Ref. [4]. Advances
in the computing technologies allowed the application of RPA also to finite systems such as
atoms and especially nuclei. During the 1970s and 1980s, RPA was the main theoretical
tool used to investigate nuclear excitations of various types (see, for example, Refs. [5,6]
for a review). More recently, RPA has been applied to atomic and molecular systems [7].
Nowadays, RPA calculations are rather standard and relatively simple to carry out, so that
they are, improperly, classified as mean-field calculations.

RPA belongs to the category of effective theories. These theories use particle—particle
interactions which do not have a strongly repulsive core at small inter-particle distances, a
feature characterizing instead the microscopic interactions which are tailored to describe
two-particle data. Hartree-Fock (HF) and Density Functional Theory (DFT) are also effec-
tive theories. They are conceived to describe the ground state of many-body systems, while
RPA starts from the assumption that the ground state is known and considers the problem
of describing the excitation modes.

The validity of RPA is restricted to situations where the excitation energies are rela-
tively small as compared to the global binding energies of the system. This means that RPA
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is not suitable for describing situations where the system undergoes deep modifications of
its structure, such as fission in nuclei or phase transitions in fluid.

In the energy regime adequate to be described by RPA, it is plausible to separate the
role of the external probe, which excites the system, from its response. Each probe, photon,
electron, neutrino, hadron, electric and magnetic field, sound wave, etc., is described by a
specific set of operators depending on the type of interaction with the system. The response
of the system depends only on the interactions between its fundamental components. For
this reason, the many-body response is universal, independent of the specific probe that
induces it. RPA evaluates this universal response.

Regarding the theoretical aspects of the theory, I like to quote what David Pines and
Philippe Noziéres write in Chapter 5.2 of their book on quantum liquids [8]:

“The development, frequent independent rediscovery and gradual appreciation of the
Random Phase Approximation offers a useful lesson to theoretical physicist. First, it
illustrates the splendid variety of ways that can be developed for saying the same thing.
Second, it suggests the usefulness of learning different languages of theoretical physics
and of attempting the reconciliation of seemingly different, but obviously related results.”

Despite this clear statement, RPA is commonly presented in the context of specific
theoretical frameworks in order to attack some well identified problem. In this article, I
want to focus attention on the theory in itself and I present three different ways of obtaining
the secular RPA equations. In my opinion, this allows a richer comprehension of the theory,
since each method emphasizes aspects overlooked by the other ones. The present article is
not a review of the recent advances in the use of RPA theory, but it aims to be a guide to
understand it by pointing out its underlying assumptions, its merits and its faults and by
indicating how to improve it.

The starting point of every many-body theory is the Independent Particle Model (IPM)
and in Section 2, I recall some aspects of this model which are important for the RPA theory.
RPA secular equations are derived in Sections 3-5 by using, respectively, the method of the
equations of motion, the perturbation calculation of the two-body Green function and the
harmonic approximation of the time-dependent evolution of the HF equations.

The following two sections are dedicated to specific aspects which can be considered
by RPA. In Section 6, I present how to describe the fact that one particle can be emitted
from the system, and in Section 7 how to treat pairing effects between the particles. Some
issues related to the pragmatic application of RPA in actual calculations are presented in
Section 8.

Approaches that extend the usual RPA formulations are outlined in Section 9, and the
formulation of an RPA-like theory able to handle microscopic interactions is presented in
Section 10.

Despite my good intentions, I used numerous acronyms and to facilitate the reading I
list them in Abbreviations.

2. Independent Particle Models

The starting point of all the many-body theories is the Independent Particle Model
(IPM). In this model, each particle moves independently of the presence of the other
particles. This allows the definition of single-particle (s.p.) energies and wave functions
identified by a set of quantum numbers. This is the basic language necessary to build any
theory where the particles interact among them.

2.1. Mean-Field Model
A very general expression of the hamiltonian describing the many-body system is

Y MU T B
H=Y (—5=Vi+W() | +5 Y Vi) +--, )
2m; 21.,].:1
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where A is the number of particles, each of them with mass m;. In the expression (1), the
term containing the Laplace operator V? represents the kinetic energy, Vp(i) is a generic
potential acting on each particle and V' (i, j) is the interaction between two particles. The
dots indicate the, eventual, presence of more complex terms of the interaction, such as
three-body forces. Henceforth, we shall not consider these latter terms.

By adding to and subtracting from the expression (1) an average potential U (i) acting
on one particle at a time, we obtain:
"2

1

. 14, . A
2+ V(i) + u<i>> +5 VG0 - 106 - @
1,] 1

HO H]

The part indicated by Hj is a sum of terms acting on one particle, the i-th particle, at a
time. We can define each term of this sum as s.p. hamiltonian h(i),

A 2
Hy =Y k(i) :Z(—;ivﬂ\?@(iwa(i)) : 3)
1 1

The basic approximation of the Mean-Field (MF) model consists in neglecting, in the
expression (2), the term H called residual interaction. In this way, the many-body problem
is transformed into a sum of many, independent, one-body problems, which can be solved
one at a time. The MF model is an IPM since the particles described by Hy do not interact
among them.

The fact that the hamiltonian Hj is a sum of independent terms implies that its
eigenstates can be built as a product of the eigenstates of /(i)

h(i) i) = eilgy) 4)
therefore

Ao} = (2 >|<1> —¢lo) ©)

1

where
D) = [p1)|p2) - - - [pa) - (6)

For fermions, the antisymmetry of the global wave function under the exchange
of two particles implies that the wave function |®) has to be described as the sum of
antisymmetrized products of one-particle wave functions. This solution is known in the
literature as Slater determinant [9]

9) = 2 det{|g)} 7)

Systems with global dimensions comparable to the average distances of two interacting
particles are conveniently described by exploiting the spherical symmetry. We are talking
about nuclei, atoms and small molecules. After choosing the center of the coordinate
system, it is convenient to use polar spherical coordinates.

The single-particle wave function can be expressed as a product of a radial part,
depending only on the distance r = |r| from the coordinate center, with a term dependent
on the angular coordinates 6 and ¢ and, eventually, the spin of the particle. The angular part
has a well known analytic expression. For example, in cases of an MF potential containing
a spin-orbit term the s.p. wave functions are conveniently expressed as:

‘Pnljm(r) = Rnlj(r) Z<ZV ‘7|] m>Yl/A(0 (P)XU = nl]( )yl]m<6 (P) (8)

no
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where the spherical harmonics Y, and the Pauli spinors - are connected by the Clebsch-
Gordan coefficients and form the so-called spin spherical harmonics [10].

Systems with dimensions much larger than average distances between two interacting
particles are conveniently described by exploiting the translational invariance. In condensed
matter conglomerates, the translational symmetry dominates. A basic structure of the
system is periodically repeated in three cartesian directions and it is not possible to find a
central point.

The basic MF model for this type of system considers the potential U to be constant.
This fermionic system is commonly called Fermi gas. It is a toy model, homogeneous, with
infinite volume, composed by an infinite number of fermions which do not interact with
each other. Since the energy scale is arbitrary, it is possible to select I = 0 without loosing
generality. In this case, the one-body Schrodinger equation is

2

I
- ijvjzfl)j(f) = €;¢;(r) . ©)
By defining

nk?

)
€ =—, (10)

] 21’)1]‘

the eigenfunction of Equation (9) can be written as

¢j(r) = ﬁe T XeXT s (11)

where ¢ is the volume of the system and x are the Pauli spinors related to the spin of
the fermion and, eventually, to its isospin. The third components of spin and isospin are
indicated as ¢ and T, respectively. The physical quantities of interest are those independent
of ¥ whose value, at the end of the calculations, is taken to be infinite.

The solution of the Fermi gas model provides a set of continuum single particle
energies. Each energy is characterized by k = |k|, as indicated by Equation (10). In
the ground state of the system, all the s.p. states with k smaller than a value kp, called
Fermi momentum, are fully occupied and those with k > kg are empty. Each state has a
degeneracy of 2 in cases of electron gas and of 4 for nuclear matter where each nucleon is
characterized also by the isospin third component.

2.2. Hartree—Fock Theory

The theoretical foundation of the MF model is provided by the Hartree-Fock (HF)
theory, which is based on the application of the variational principle, one of the most used
methods to solve the Schrodinger equation in an approximated manner. The basic idea
is that the wave function which minimizes the energy, considered as functional of the
many-body wave function, is the correct eigenfunction of the hamiltonian. This statement
is correct when the search for the minimum is carried out by considering the full Hilbert
space. In reality, the problem is simplified by assuming a specific expression of the wave
function and the search for the minimum is carried out in the subspace spanned by all
the wave functions which have the chosen expression. The energy value obtained in this
manner is an upper bound of the correct energy eigenvalue of the hamiltonian. The formal
properties of the variational principle are discussed in quantum mechanics textbooks.

For a fermion system, the HF equations are obtained by considering trial many-body
wave functions which are expressed as a single Slater determinant. This implies the
existence of an orthonormal basis of s.p. wave functions. The requirement that the s.p.
wave functions are orthonormalized is a condition inserted in the variational equations in
terms of Lagrange multipliers.

We continue this discussion by using Occupation Number Representation (ONR)
formalism, which describes the operators acting on the Hilbert space in terms of creation 4,
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and destruction 4, operators. Concise presentations of this formalism are given in various
textbooks, for example, in Appendix 2A of [11], in Appendix C of [12], in Appendix C
of [13], in Chapter 4 of [14] and in Chapter 1 of [15].

In Appendix A we show that the hamiltonian of the many-body system, if only
two-body interactions are considered, can be written as

N A 1 — JUTRN N N
H=) ea)a, — 5 Y Viiij+ Z Voo wNla) aydy ] =Ho+ Vees ,  (12)
v ij W w!

where Hj is the sum of the first two terms, while Vs is the last term. We use the common
convention of indicating with the latin letters 1,1, j, k, I s.p. states below the Fermi surface
(hole states) and with the m, 1, p, q, r letters the s.p. states above the Fermi energies (particle
states). Greek letters indicate indexes which have to be defined; therefore, in the above
equation, their sums run on all the set of s.p. states. In Equation (12), €, is the energy of the
s.p. state characterized by the v quantum numbers and V is the antisymmetrized matrix
element of the interaction defined as

Vi = (vp|VIV ') — (vp| V'V (13)

With the symbol N, we indicate the normal order operator which, by definition,
arranges the set of creation and destruction operators in the brackets such that their expec-
tation value on the ground state is zero. By considering this property of N, the expectation
value of the hamiltonian between two Slater determinants assumes the expression

(Do|H| Do) = (%!Ho@o) (@ | Vres| o)

= Zev q)()'a iy |Po) — szm (Do | Do)

+ 4 Z Vv‘uvy<q)0‘N[ a ’av/Hq)O>
up'vv'

= Ye- Zviﬁj = &[Do] , (14)

i

which clearly indicates that the contribution of the residual interaction is zero and the only
part of the interaction which is considered is the one-body term Hy. This is a consequence
of considering a single Slater determinant to describe the system ground state.

In Equation (14), we expressed the energy & as a functional of the Slater determinant
®y. The search for the minimum of the energy functional is carried out in the Hilbert
subspace spanned by Slater determinants. The quantities to be varied are the s.p. wave
functions forming these determinants. These s.p. wave functions must be orthonormalized
and this is an additional condition which has to be imposed in doing the variations.
Therefore, the problem to be solved is the search for a constrained minimum and it is
tackled by using the Lagrange multipliers technique.

The calculation is well known in the literature (see, for example, chapter XVIII-9 of [16]
or Chapter 8.4 of [17]). The final result is a set of non-linear integro-differential equations
providing the s.p. wave functions ¢ and the values of the Lagrange multipliers €. In
coordinate space, these equations can be expressed as

n*v?2 . " B0
fige(x) = =" gu(0) + D@ (x) = [ @ W0 )lr) = eiuln) . (15)
N, o’ .

Hartree

Fock——Dirac
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where the Hartree average potential is defined as
() = ¥ [ 79} ()0 (5, 7)9y(0) (16)
J

and the non-local Fock-Dirac term is

W(r, 1) = Zcp]’f(r’)V(r, )oi(r) . (17)
]

At this stage, the € are the values of the Lagrange multipliers. A theorem, called
Koopmans [18], shows that these quantities are the differences between the energies of
systems with A + 1 and A particles; therefore, they are identified as s.p. energies.

By neglecting the Fock-Dirac term, we obtain a differential equation of MF type. The
Fock-Dirac term, also called the exchange term, changes the bare mean-field equation by
inserting the effect of the Pauli exclusion principle.

The differential Equation (15) is solved numerically by using an iterative procedure.

One starts with a set of trial wave functions qblgl) built with MF methods. With these trial
wave functions, the Hartree (16) and Fock-Dirac (17) terms are calculated and included in
Equation (15) which is solved with standard numerical methods. In this way, a new set

of s.p. wave functions 4),52) is obtained and it is used to calculate new U and W potentials.
The process continues up to convergence.

As already pointed out in the introduction, the interactions used in the HF calculations
are not the microscopic interactions built to reproduce the experimental data of the two-
particle systems. These microscopic interactions contain a strongly repulsive core and,
if inserted in the integrals of Equations (15) and (16), they would produce terms much
larger than €. This would attempt calculating a relatively small number by summing
and subtracting relatively large numbers. HF calculations require interactions which have
already tamed the strongly repulsive core (an early discussion of this problem can be found
in Chapter 13 of [12]).

2.3. Density Functional Theory

The HF theory is widely utilized in nuclear and atomic physics, but there are two
problems concerning its use. A first one is related to the formal development of the
theory and it shows up mainly in the nuclear physics framework where the commonly
used effective interactions have a phenomenological input containing also terms explicitly
dependent on the density of the system. Without these terms, the HF calculations do not
reproduce binding energies and densities of nuclei. The addition of these terms allows the
construction of interactions able to produce high quality results all through the nuclide
table. The physics simulated by these density dependent terms is still a matter of study.
Formally, the variational principle used to derive the HF equation is not valid when the
interaction depends explicitly on the density.

The second problem is of pragmatic type and it is related to the difficulty in evaluating
the Fock-Dirac term of Equation (15) for complicated systems which do not show a well
defined symmetry, for example, complex molecules.

The Density Functional Theory (DFT) solves both problems. This theory is based on a
theorem of Hohenberg and Kohn [19], formulated in the 1960s.

Let us express the hamiltonian of a system of A fermions of mass m as:

H:T+aext+‘7/ (18)
with
. N Vi . 4 , L1 &
T = Z —h 271 , Uext = Z ﬁext<l> , V= E Z UA(L]) 7 (19)
i=1 m i=1 ij=1
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The kinetic energy term, T and the external potential U,y are one-body operators, while the
interaction term V is a two-body potential. The kinetic energy term plus V are characteristic
of the many-fermion system, while Uyt depends on external situations and therefore, in
principle, can be modified.

The Hohenberg—Kohn theorem states that there is a bijective correspondence between
the external potential Uy, the ground state [¥) and the number density

A
po(r) = (Yol ) o(r —1;)[¥0), (20)
i=1

of the system.
The theorem has the following implications.

(a) Because of the bijective mapping
Uyt <= |¥o) <= po - (21)

we can consider the states [¥) as functionals of the density py.
(b) Because of (a), every observable is also a functional of py. Specifically, this is true for
the energy of the system

Elpo] = (¥lpol [ ¥[po]) = Floo] + [ ' Uex (1) po(x), )
where the universal part, the part independent of the external potential, is defined as

Floo] = (¥lool (T + V) [¥oo])- (23)

(c) The variational principle implies that for each p # pg the following relation holds:

Ey = E|po] < E[p]. (24)

The focus of the theory has moved from the many-body wave function |¥y) to the
much simpler one-body density py. The idea of Kohn and Sham [20] is to reproduce the
ground state density p of a system of interacting fermions by using a fictitious system of
non-interacting fermions. This is done by changing the external part of the hamiltonian. In
this view, the density (20) is expressed as a sum of orthonormalized s.p. wave functions

r) =Y ¢/ (25)

i<ep

where e is the Fermi energy and KS indicates Kohn and Sham. The density (25) is generated
by a one-body hamiltonian whose eigenstate is a Slater determinant |®X5). The energy
functional built in the Kohn and Sham approach is usually expressed as:

Elpo] = T**[po] + Eff’ o] + EXalpo] + EXe[pol, (26)

where there is a kinetic energy term,

KS KS || pKS) 3 S (1 nV2\ ks
T¥lpo] = (@710 = [ 07 | -5, oS00 @7)
a Hartree term,
EIISIS[p ] /dgrz/ & TiPo 1‘1) (1'1/ )PO(rj)/ (28)

and an external mean-field term

ext PO /dBrPO 1‘l ext ) (29)
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The additional term, E)Ifcs, is said to be of exchange and correlation.

The variational principle is applied to the energy functional (26) and the final result is,
again, a set of non-linear integro-differential equations, which allows the evaluation of the
Kohn and Sham s.p. wave functions

K2vy2 s s s - -
{_ m + /d r]-ﬁ(r, I'j)pO(I‘]‘) + Uext(r) + Uy (1‘)} ; (r) = €iP; (r) . (30)

This set of equations is solved numerically with iterative techniques analogous to those
used in the HF case. In Equation (30), only local terms appear, contrary to the HF equations
which contain the non-local Fock-Dirac term. This makes the numerical solution of the KS
equations much simpler than that of the HF equations and allows an application of the
theory to systems difficult to treat with HF.

While the only input of the HF theory is the effective interaction V, in the DFT one has,
in addition, to define the exchange and correlation term UXS. The strategy for choosing
this term is an open problem of investigation in the field.

Formally speaking, the s.p. wave functions ¢*S and the Lagrange multipliers ¢; of
Equation (30) do not have a well defined physical interpretation. From the pragmatical
point of view, the values of these latter quantities are very close to the s.p. energies of the
HF theory defined by Koopmans’ theorem.

2.4. Excited States in the Independent Particle Model

The IPM is quite successful in describing the ground state properties of the fermion
systems. This is also due to the fact that effective interactions are tailored to make this
work. A good example of this is provided by the AMEDEE compilation of Hartree-Fock—
Bogolioubov results concerning the ground states of nuclear isotope chains from Z = 6
up to Z = 130 [21]. Experimental values of binding energies and charge density radii
are described with excellent accuracy by using a unique and universal effective nucleon—
nucleon interaction. The situation changes immediately as soon as one tries to apply the
same theoretical scheme to describe excited states.

The basic ansatz of the IPM is that a many fermion system can be described by a
single Slater determinant |®). The Slater determinant describing the ground state, |®y),
has all the s.p. states below the Fermi energy (hole states) fully occupied, while those
above it (particle states) are completely empty. In this picture, excited states are obtained
by promoting particles from states below the Fermi surface to states above it. By using the
ONR, this procedure can be formally described as

|DN) = ay, - -y Ay - Ay [ Do) (31)
where the p’s indicate particle states and the ’s the hole states. The number N of creation
or destruction operators is obviously smaller than A, the number of fermions. The state
|®y) is a Slater determinant where N hole states have been changed with N particle states
and it is the eigenstate of the IPM hamiltonian

Hy |Pn) = &N |Pn) - (32)

The excitation energy of this system is given by the difference between the s.p. energies
of the particle states and that of the hole states

WM =8y — 8y =€p, tep, + - +epy — (€n, +€m, + 1+ €ny ) (33)

A good example of the failure of this approach in describing the excitations of a
many-body systems is provided by the case of the 2%Pb nucleus. We show in Figure 1
the scheme of the s.p. levels around the Fermi energy of this nucleus. The energies of
these levels have been obtained by exploiting Koopmans’ theorem, i.e., by subtracting the
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experimental binding energies of the nuclei with one nucleon more or less, with respect
to 298Pb. These nuclei are 207T1, 299Bi and the two lead isotopes 207Ph and 299Pb. From the
experimental values of the angular momenta of these odd—even nuclei, we identified the
quantum numbers of the s.p. levels.

-3.798 -3.936
Lhg)p 2892
“““““““““““““““““““““““““““ Er
3512 3pin
-8.007 -7.367
protons neutrons

Figure 1. Sketch of the s.p. levels around the Fermi surface in 208pp. The numbers indicate, in MeV
units, the s.p. energies obtained as differences between the experimental binding energies of the
nuclei with one nucleon more or less than 2%Pb.

The first excited state in the IPM framework is that obtained by promoting the nucleon
lying on the s.p. state just below the Fermi surface to the state just above it. In the present
case, this one-particle one-hole (1p — 1h) excitation for the protons will be produced by the
transition from the 3s; /, state to the 1hg,; state. The excitation energy of this transition is
4.209 MeV, the parity is negative and the total angular momentum is 4 or 5. The analogous
transition for the neutrons also implies a negative parity value and excitation energies of
3.431 MeV and also in this case the angular momentum values of the excited state can be 4
or 5. Measurements indicate that the first excited state of the 2%*Pb has an excitation energy
of 2.614 MeV with angular momentum 3 and negative parity. Evidently, the IPM is unable
to predict the presence of this state. The part of the hamiltonian disregarded by the IPM,
the residual interaction, plays an important role. RPA considers the presence of the residual
interaction in the description of the excitations of a many-body system.

3. RPA with the Equation of Motion Method

The first approach I present in order to obtain the RPA secular equations is the Equation
of Motion (EOM) method inspired by the Heisenberg picture of quantum mechanics.
Let us define an operator, Q;, whose action on the ground state of the system defines
its excited states
QJ [¥o) = %), (34)

which satisfy the eigenvalue equation
H[Y¥,) = E/ |¥.). (35)

In the above equations, the index v indicates all the quantum numbers characterizing the
excited state. For example, in a finite fermion system, they are the excitation energy, the
total angular momentum and the parity. The choice of Q; defines completely the problem
to be solved, and also the ground state of the system through the equation

Qu[¥o) =0. (36)

It is worth remarking that the states [¥,) are not eigenstates of the full hamiltonian H
but, depending on the choice of Q;f, they are eigenstates of only a part of the hamiltonian.
For example, if O = ﬁ;{ih, ground and excited states are Slater determinants of the IPM
described in Section 2.4. As has been already pointed out by discussing Equation (14), this
choice does not consider the contribution of the residual interaction.
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Let us calculate the commutator of the Q] operator with the hamiltonian

[H,Q/ ] [¥o) = (HQF — Qi H) [Y¥o) = H|¥v) — Q; Eo [¥o)
= E,|¥y) — O Eo|Yo) = (Ev — E0)Qyf |Yo), (37)

and for the operator Qv, we obtain

A

[H,Qu] [¥o) = (HQ —

A A

Q,H) [¥o) = HQ, [¥o) — EoQy [¥0) =0, (38)
because of Equation (36).

We multiply Equation (37) by a generic operator © and by (¥| and we subtract the
complex conjugate. For Equations (37) and (38), we obtain

(Yol [O, [H, Q1] [¥o) = (Ev — Eo) (¥olOQ; [¥o) = (Ev — Eo) (Yol[O, Q)] [¥0). (39)

since (Yo| Qi =

This result is independent of the expression of the operator ©. In the construction of
the various theories describing the system excited states, the © operator is substituted by
the 5Q, operator representing an infinitesimal variation of the excitation operator defined
by Equation (34).

3.1. Tamm—Dankoff Approximation

A first choice of the Q;f consists in considering the excited state as a linear combination
of particle-hole excitations. This means that the excited state is not any more a single Slater
determinant as in the IPM, but it is described by a sum of them. This choice of Q;, leading
to the so-called Tamm-Dankoff approximation (TDA), is

= L X (40)

where X7 . is a real number and the usual convention of indicating the hole states with the
letters h, i, j, k, I and the particle states with m, n, p, g, 7 has been adopted.

The definition (40) of the Q; operator implies that the ground state [¥) satisfying
Equations (37) and (38) is the IPM ground state |®p). In effect

Qv |®o) Zme,*AmI% ) =0, (41)

since it is not possible to remove particles above the Fermi surface or to put particles
below it.
An infinitesimal variation of the Q, operator can be expressed as

60y =Y 4l s Xy, (42)
mi

since only the amplitudes X" can change. By substituting O with ¢ Q, in Equation (39),
we obtain

<¢0|{2ﬁ1‘+ﬁm‘sxjnl;'[ ZXVW ”|‘1>0>
mi

= (E,—E) ¢0|[Za+ﬁmsxml,2)§" A*A}|<1>O (43)

Every variation (SX;;z is independent of the other ones. For this reason, the above equation
is a sum of terms independent of each other. The equation is satisfied if all the terms related
to the same variation of X;h satisfy the relation. We can formally express this concept by
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considering a single term of the sum and by dividing it by 5X;Z which is, by our choice,
different from zero

<q>0|[a i, HZX p a]]}|<I>0 — E) ZX (®o|[aF am,afa)] | D). (44)

Let us calculate the right hand side of Equation (44):
(Do|[a] am, ﬁf{ﬁj} |@g) = (Pola; ama, a aj|Po) — <d>0|ﬁn+fz A | Do) . (45)

We apply Wick’s theorem (see, for example, Ref. [22]) to the first term

l?
(@o|a:F andsf 4} D) = Syundi;, (46)

where the lines indicate the operators to be contracted.
The second term of Equation (45) is zero since d,, |®g) = 0 . By using this result in
Equation (44), we obtain

<q>o|[afam,[ﬁ,2xv 6774 | |@o) = (B — Eo) X 47)

The evaluation of the double commutator of the left hand side of Equation (47) is
explicitly presented in Appendix B. We insert the results of Equations (A14) and (A19) into
Equation (47) and we consider the symmetry properties of the antisymmetrized matrix
element of the interaction V‘X,ﬁ’txl’ﬁ/, Equation (13). Finally, we obtain the TDA equations:

ZX [(en — €1)6mnij + Vimjin] = (Ev — Eo) X} (48)

The expression (48) represents a homogenous system of linear equations whose un-
knowns are the X .. The number of unknowns, and therefore of solutions, is given by the
number of partlcle—hole pairs which truncates the sum.

The normalization condition of the excited state induces a relation between the X} .
amplitudes:

L = <‘I’u|‘1’u>:<<I>0|QVQ$\<I>0>:<<I>0|ZL?Z% Xoi Y Xyl | Po)
plh/
[
= 2 )Xo Xy (Polay dpd,ay| o) =Y. X% (49)
php' W ph

which defines without ambiguity the values of the X;h and suggests their probabilistic
interpretation.

The TDA theory describes not only the energy spectrum of the system, but also for
each excited state it provides the many-body wave function written in terms of single-
particle states. This allows the calculation of the transition probability from the ground
state to an excited state.

Let us assume that the action of the external field which excites the system is described
by a one-body operator

F=Y (ulfluyafay =Y fupdla,. (50)
!

up!
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The transition probability from the ground state to a TDA excited state is

(Yu|E[Yo) = (DPo|QuF|Do)
<<1>0|ZX§1V17AmeWﬁ a,/|®Po)

= ZX*VZfW/l CD()‘[Z amA+A /|q>0>

mz ]/l]/l
= EX*V wa/‘slﬂ’5mﬂ = ZX*V i (51)
mi

where we used Wick’s theorem as in Equation (46). The many-body transition probabilities
are described in terms of single-particle transition probabilities.

3.2. Random Phase Approximation
3.2.1. Limits of the TDA

The comparison between the TDA results and the experimental data is not satisfactory,
especially in nuclear physics. For this reason, since the second half of the 1960s, the
assumptions related to the TDA theory have been carefully analyzed. These assumptions
are related to the choice of the expression (42) of the o) operator. From these studies, it
appeared clear that this choice is inconsistent with the equations of motion (39).

This inconsistency can be seen in the following manner. The equation of motions (39)
were obtained without making any assumption on the operator O. For the operator
© = 4},4;, the equations of motion are:

(Yol [anai, [H,QF 1] [¥o) = (Ev — Eo) (¥ola;8;Qi [¥o) = (Ev — Eo) (Yol [a5,:;, QF ] [¥o) - (52)

By inserting the expression of the TDA operator (42) in the right hand side of the above
equation, we obtain

Y X (@ol [, a5y )] | Po) ZX A (@olaaay aj| o) — (Polaf ajana;|Po) } = 0. (53)
.

This result requires that also the left hand side of Equation (52) be zero. The one-body term
of the hamiltonian has a double commutator equal to zero

At A At A At A _
Zh"‘fﬁ <(1)0| [amai, (a‘jajénﬁ —day 61,3(5]',1)] ‘q>o> = 0,
ap
but the double commutator of the interaction term is not equal to zero.

Y Vepap <cp0|[a$ai, [N[a}aja ﬁ/ﬁ,x,],a;aj}]@o) £ 0.
a"B/a/,/g/

3.2.2. RPA Equations

The most straightforward way of extending the TDA is to consider the RPA excitation
operator (42) defined as

) = ZX;ha i — ZY gy (54)
ph

where both X;h and Y;h are numbers.

RPA ground state is defined by the equation Q, |vp) = 0. Evidently |vp) is not an IPM
ground state, i.e., a single Slater determinant. In this last case, we would have

Qu[®o) = ) X;a, dp [o) ZY*"AJ’ﬁHq’o # 0.
ph

The first term is certainly zero, while the second one is not zero. RPA ground state |vp) is
more complex than the IPM ground state and it contains effects beyond it. These effects,
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called generically correlations, are here described in terms of hole—particle excitations, as
we shall discuss in Section 3.2.6.

From the definition (54) of RPA amplitudes, we obtain 6Q, and by inserting it as
O = 5Q, in the equations of motion (39) we obtain

30X (vl [, [, O] | vo) — Y563 (vol [, [, O] o)
- (EVEO){Zax;i<v0|[al.+am,@ﬂ|uo>Z(sy,; v0|[a a,,Qﬂ|uo>}. (55)

As in the TDA case, the above equation represents a sum of independent terms since
each variation is independent of the other ones. By making equal the terms related to the
same variation, we obtain the following relations

A

(vol |, [A, Q]| I0) = (Ew— Eo) (vol [, O |1v0) (56)
<V0|[ﬂ a;, [HIQAJ]MVo) = (Ev— E0)<U0|[A$ﬁi/Q1J/r]|VO>' (57)
Let us consider the left hand side of Equation (56)
(vol & am, [, Q7] Ivo)
= L% wl (ot [, 25 5) | o) — LY ol |8, [, ] | vo)

ZXZjAmiﬂj + ZY;l/ijinj’ (58)
nj nj

These equations define the elements of the A and B matrices.

We calculate the right hand side of Equation (56) by using an approximation known
in the literature as Quasi-Boson-Approximation (QBA) consisting in assuming that the ex-
pectation value of a commutator between RPA ground states has the same value of the
commutator between IPM states |®y). In the specific case under study, we have that

(vol[a; i, Q3 [ Ivo) = (o [}, Q3 | |D0) (59)

It is worth remarking that the QBA can be applied only for expectation values of commuta-
tors. The idea is that pairs of creation and destruction operators follow the rule

ita. atal ~ y
[ai amran ﬂ]] — 5”!}’151]1
which means that the operators Oy = ﬁf and (C)+ =a; aj behave as boson operators.

By using the QBA, we can write

(vol [, Qﬂ )
ZX (Do [a]" am, a5 ;]| Po) 2 (Dol [ am, & 4n]| Do)

12

= ngj{@oyajama;aj@o)—(cpo\an fiit} | Do) }
n
- 2 b (@olaf it | Po) — (Polaf aut | Do) |

= ZX (Poa; amas) aj|Po) = X5, 6mnbij, (60)
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where we have taken into account that the terms multiplying Y} j do not conserve the
particle number and, furthermore, that a,, |®¢) = 0. Equation (56) becomes

ZX Amzn] + Z mzn] EO)X:;” (61)

For the calculation of the left hand side of Equation (57), we consider that:
(A, a7 0] = (Haja; — aya;H)" = afagH — Hayan = —[H, 8 ), (62)
since H = H* and then

NS e e N A
[ﬁ*fzm, [H,a*an]} = —{aﬁ,}ai,—[H,an*aj]} = {aﬁ,’,ai, [H,a,fa]-]}. (63)

. [H,
= v (vol {a a;, [H, a5 aj ]\1/0 Z {vo| [uiui, [I:I,a].*an” lvo)
N +
= 1/0|[al+am, [H,a; an]} [vo) _ZY%]' (vo\{a;ram, [H,af{ajﬂ [vo)
- EX :;ll”] +2 mzn] (64)

where we considered the definitions of the matrix elements A and B in Equation (58).
For the calculation of the right hand side of Equation (57) by using the QBA, we have

(vol a5ha:, Q1 | [vo) — (QBA) — Z (Dol [t | |Po) = Yiibijomms  (65)

therefore, Equation (57) becomes

ZXZ]'( mzn] Z mzn] - (EV - EO)Y;;/n" (66)
nj

Equations (61) and (66) represent a homogenous system of linear equations whose un-
knowns are RPA amplitudes X;h and Y;’h. Usually, this system is presented as

A B XV I O XV XV
= (Ev - EO) = (Ev - EO) , (67)
B* A* YV 0 —1I YV YV

where A and B are square matrices whose dimensions are those of the number of the particle-
hole pairs describing the excitation, and X and Y are vectors of the same dimensions.

The expressions of the matrix elements of A and B in terms of effective interaction
between two interacting particles are obtained as in Appendix B and they are:

A

Apinj = (QBA) = (o |47, [, ||@0) = (em — €)0mnsj + Vijin,  (69)

A

Buinj — (QBA) = — (®o| a7, [H, 8 2] | |P0) = Vi (69)
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3.2.3. Properties of RPA Equations

We consider RPA equations in the form

(o)) (5

where w, = E, — Ey is the excitation energy.

e If B =0, we obtain the TDA equations.
*  We take the complex conjugate of the above equations and obtain

A B Y*V Y*V
B* A* X*v _X*V

This indicates that RPA equations are satisfied by positive and negative eigenvalues
with the same absolute value.
e  Eigenvectors corresponding to different eigenvalues are orthogonal.

I S R P [ R

Let us calculate the hermitian conjugate of the second equation

A B

(XHF, It ( ) = (X', =Y")w,.

B* A*

We multiply the first equation by (X#*,Y#*) on the left hand side, and the second
equation on the right hand side by

XV
—yv

and we obtain

A B XV XY
XHE, yrt = wy(XrF, yrt
( / )( )( ) V( , )( )
B* A* YV _yv
A B XY XY
(Xﬂ*,w'*)( )( ) = wy(XP”,—YV)( )
B* A* YV YV

By subtracting the two equations, we have
0= (wy— wy)(X”JrXV — Y’”YV).
Since we assumed wy # wy, we obtain
(XFEXY —yFTyv)y =o.

*  The normalization between two excited states requires
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Syyt

(') = (0]QvQ;Iv0) = (vol[Qv, Qf]lvo) — QBA — (@o|[Qv, Q;]|Po)
3 (X5 X = oY), (71)

mi

where we used the fact that Q, [vg) = 0 to express the operator as commutator in
order to use the QBA.

3.2.4. Transition Probabilities in RPA

In analogy with the TDA case, we assume that the action of the external field exciting
the system is described by a one-body operator expressed as in Equation (50). The transition
probability between RPA ground state and excited state is described by

(vIE|vo) = (vo| QuE|vo) = (vol[Qu, F]lvo) (72)

where we used, again, the fact that Q, |vy) = 0. Since the equation is expressed in terms of
commutator we can use the QBA

(v]F[vo) — QBA — (@][Qy, F]|®p)
3 e { X0 X (o187 i, ]| Do) = LY (ol ) J e
up! mi

The two matrix elements are

(ol[a; am, & a,]|Po) = (Pola; Amdy; by |Po) — (Dol By G| Po) = Sy — O,
(Do [ag,a5, a4, 4,]|Po) = (Dol did,f d,|Po) — (Po|dyf Ay di| Do) = 0 — Eyyrbi;
therefore,

(v|Flvg) ~ wa (ZX iOmpSiy +Z i my'(5iy> =Y (Xpifmi + Yinifim)- (74)

! mi

Also in RPA, the transition amplitude of a many-body system is expressed as a linear
combination of single-particle transitions.

3.2.5. Sum Rules

We show in Appendix C that, in general, by indicating with |'¥,) the eigenstates of the
hamiltonian
H|Y,) =E/ |¥),

for an external operator F inducing a transition of the system from the ground state to the
excited state one has that:

2 (B~ E)| (4 [PI¥o) | = (Yol £, [, A ¥o). (75)

This expression puts a quantitative limit on the total value of the excitation strength of a
many-body system. This value is determined only by the ground state properties and the
knowledge of the excited states structure is not required. The validity of Equation (75) is
related to the fact that the |‘I’V> are eigenstates of H. In actual calculations, states based on
models or approximated solutions of the Schrodinger equations are used and Equation (75)
is not properly satisfied.

On the other hand, for RPA theory, it has been shown [23] that the following rela-

tion holds
2 Y (Ey = Eo) | {vIFlvo) [ = (@ol [F, [, F] o). 76)
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The above expression, formally speaking, is not a true sum rule since in the left hand side
there are RPA states, both ground and excited states, while in the right hand side there is
an IPM ground state. These two types of states are not eigenstates of the same hamiltonian.
When the residual interaction is neglected, one obtains mean-field excited states |<I>ph>, ie.,
single Slater determinants with a single particle-hole excitation. In this case, Equation (75) is
verified since all these mean-field states are eigenstates of the unperturbed hamiltonian Hy

23 (e el (@l = (ol [£, [0, £]] o), 77)

where the excitation energies of the full system are given by the difference between the
single-particle energies of the particle-hole excitation.

Since in RPA the full hamiltonian H = Hy + Vies is considered, by inserting this
expression in Equation (76) we obtain

23 (B = Eo)| (v[Flw) [ = (ol [£, [Flo F]] |@0) + (ol [£, [Vre, |00} (78)

For operators £ which commute with V;es, the IPM and RPA sum rules coincide.

3.2.6. RPA Ground State

We have already indicated that RPA ground state is not an IPM state but it contains
effects beyond it, correlations, expressed in terms of hole—particle excitations. A more
precise representation of the RPA ground state comes from a theorem demonstrated by
D.J. Thouless [23] leading to an expression of the RPA ground state of the type [13]:

lvo) = 11e% |@p), (79)

where 71 is a normalization constant and the operator § is defined as
S= Z smm] ama;at . (80)

ata

The sum considers all the particle-hole, 4;,4;, and hole-particle, 4 i, pairs and the index

v runs on all the possible angular momentum and parity combinations allowed by the
particle-hole and hole—particle quantum numbers. We indicated with 5;(111/1');1 jan amplitude
weighting the contribution of each couple of ph.

Starting from the above expression, it is possible to calculate the s,(11 l)n j from the knowl-

edge of RPA X;V:h and Y;]’h amplitudes [14]. By using these expressions, the expectation value
of a one-body operator with respect to the RPA ground state can be expressed as [24,25]

1/0|wa/a a,|vo)

(vo| Flvo)

(81)

= ) fun 1—722%\2
h 2 v.p

+;fw [;Z;YMZ -

This clearly shows that the Y;:/h amplitudes modify the expectation value of the operator
with respect to the IPM result. In TDA, the ground state is |®y) and the Y amplitudes are
zero; therefore, the expectation value of F is given by the sum of the s.p. expectation values
of the states below the Fermi energy, as in the pure IPM. The TDA theory does not contain
ground state correlations as indicated in Equation (41).
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4. RPA with Green Function
4.1. Field Operators and Pictures

In this section, we use the field operators ) (r), which creates a particle in the point
r. The hermitian conjugate operator 9 (r) destroys a particle positioned in r. These two
operators are related to the creation and destruction operators via the s.p. wave functions
¢y (r) generated by the solution of the IPM problem:

1) =Y ap(r) ; §(r) =) a ¢;(x). (82)

These equations can be inverted to express the creation and destruction operators in terms
of field operator

b= [@rgd) 5 a = [ @0t ), (83)

where we exploited the orthonormality of the ¢,. By using the anti-commutation relations
of the creation and destruction operators, see Equation (A3), we obtain analogous relations
for the field operators:

P77} =0 ;5 {d@), ¢} =0 ;5 {7, ()} =d(x—1). (84

In the Heisenberg picture [16,22], the states are defined as

Fr(t) = ¥ [¥s(8)), (85)

with respect to those of the Schrodinger picture [¥s(t)). In the above equations, H is the
full many-body hamiltonian. The states in the Heisenberg picture are time-independent
and the time evolution of the system is described by the operators whose relation with the
time-independent operators of the Schrodinger picture is:

At

Oge ', (86)

i
T

Ou=e
satisfying the equation:
ih 5, 0n(t) = Ou), 1 )
By separating the hamiltonian in the Schrodinger picture into two parts
A=H,+H, (88)

it is possible to define an interaction picture whose states are defined as

Fi() = ¢ [¥s(1)), (89)

and the operators
. Hot Ayt
Or(t) = Oge™' 7 . (90)
In the interaction picture [22], both states and operators evolve with the time as
indicated by the equations

S ¥1(1) = B a(8)[¥1(1), o1)
and 3
lh*él(t) = [ol(t),Ho]. (92)
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The fermionic field operators in the Heisenberg and interaction picture are, respec-
tively, defined as:

Pra(x ) = et The iHE 5 Pr(x t) = ehFot(x)e i Hot (93)

It can be shown that the anti-commutation relations (84) of the field operators, as well as
those of the creation and destruction operators, see Equations (A3), are conserved in every
representation [22].

4.2. Two-Body Green Function and RPA

The two-body Green function is defined as

(Yol T[r (x1, t1) Pra(x2, t2) iy (x3, t3) i (x4, t4)][¥o))
(Yo[Yo) '

In the above expression, |¥y) indicates the ground state of the system in Heisenberg
representation and T is the time-ordering operator which arranges the field operators in
decreasing time order. Because of the possible values that the times t; can assume, there are
4! = 24 cases, but, for the symmetry properties

(_i)ZG(Xl/tlIXZI t2/ X3, t3/ X4, t4) = (94)

G(1,2,3,4) = —-G(2,1,3,4) = —G(1,2,4,3) =G(2,1,4,3) , (95)

only six of them are independent. Out of these six cases, only three have physically
interesting properties and between these latter cases we select that where #1,t3 > t,t4
which implies

—(Fol e (x1, t1) g (X3, t3) Pri(x2, t2) Py (x4, ta) [Fo)
(Yol¥o) ’

(_i)zc(xl/tlIXZI tZ/ X3, t3/ X4, t4) = (96)

and describes the time evolution of a ph pair.
Since we work in a non-relativistic framework, the creation and also the destruction,
of a particle-hole pair is instantaneous; therefore, we have that

th=t3=t e th=ty=t. (97)

For this case, we express the two-body Green function in terms of creation and de-
struction operators as

G(x1,t',x2,t,x3,, x4, 1)

- v Py (x1) 7, (x3) b (x2) 9, (xa) (Fo T, () (1), () (1)) %)

V1VaV3ly <TO |T0>
- Z 471/1 (X1)¢V2 (XZ)(P:;S (x3)4’:;4 (X4) G(Vll t// Va, tl V3, t// Vy, t) . (98)
V1V2V3Vy

where it is understood that all the creation and destruction operators are expressed in the
Heisenberg picture. The previous equation defines a two-body Green function depending
on the quantum numbers v characterizing the single-particle states.

Since this Green function depends only on the time difference T = t' — t, we find it
convenient to define the energy dependent two-body Green function as

G(V1/U2/ V3, 1/4/E) - / dTG(V1/U2/ V3, Vy, T) erL;ET , (99)



Universe 2023, 9, 141

20 of 61

For the case T > 0, by considering the expression of the creation and destruction operators
in the Heisenberg picture, see Equation (86), and the fact that |¥y) is eigenstate of F whose
eigenvalue is Ej, we obtain the expression

(Yolawa, [ dre” i (A-Eo— B4, [¥o)

Grso(v1,v2,v3,v4, E) = FolFa) . (100)
We can express the value of the time integral as
lim [ dre #(~A+EtE=in)T  Jim _—lh ; (101)
7—0.Jo n—0 E — H+E0—117
therefore,
- . —i 1
GT>0 (Vl/ Vp,V3,Vy, ) == <‘P0|au1 V3 m 1/2 1/4 |T0> m . (102)
With an analogous calculation for the T < 0 case, we obtain
. . )
ﬁG(V1,V2,V3,V4, E) = E(Gwo + Gr<0)
1 1
= (Yola Ay, a, |¥
(Folfu,2 "315 A+Ey—in | 0>(‘I’O|‘I’>
1 1
— (103)

a b ¢ .
i 3 1¥0) 1 ) (Yol ¥o)

By inserting the completeness of the eigenfunctions of H, Y, |¥,) (¥»| = 1 and considering
H|Y,) = E,|¥,), we obtain the expression

~ 1
e E)=
7 (U1/V2/ V3, Vg, ) <‘P0|T0>
Z 1IIO’al/] 3|Tn><Tn|aV2ﬁ1j;|T0> . <1F0|ﬁ1/2ﬁ12“Y”><Tﬂmvlﬁ;r3|l}!0> (104)
n — (En — Eo) —in E+ (Ex—Eo) +in

In this expression, the states |¥,,) have the same number of particles as the ground state.
The energy values related to the poles, E = E;,, — Ey, represent the excitation energies of the
A particle system.

The unperturbed two-body Green function is obtained by substituting in
Equation (104) the eigenstates |'¥) of the full hamiltonian with |®), the eigenstates of
the IPM hamiltonian Hy. In this case, the action of the creation and destruction operators
is well defined and the energy eigenvalues are given by the s.p. energies of the ph pair.
Because of the properties of the creation and destruction operators we have that

. ) - 00
0 .. ij9mn 0/ . ijOmn
G’(m,i,j,n,E) hem—e,«—E—iiy , G°(i,m,n,j,E) hem—ei—kE—iiy' (105)
and
G%(m,i,n,j,E) = G°(i,m,j,n,E) = 0. (106)

We show in Appendix D that the two-body Green function is strictly related to
the response of the system to an external probe. By using F, the one-body operator
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of Equation (50) describing the action of the external probe, we can write the transition
amplitude from the ground state to an excited state as

S(E) = YL KYolF[¥n)[*(E — (Ex — Eo))
= Z ZfV1V2f1>/k3l/4§(ihé(l/l/v3/v2/v4/ E)) s (107)

where f,,,, indicates the matrix element between s.p. wave functions.

The expression (107) of the transition amplitude separates the action of the external
probe from the many-body response which is described by the two-body Green function.
This latter quantity is related to the interaction between the particles composing the system
and it is a universal function independent of the kind of probe perturbing the system. The
knowledge of S(E) allows a direct comparison with observable quantities such as scattering
cross sections.

In the time-dependent perturbation theory, a theorem, called Gell-Man and Low,
indicates that the eigenvector |¥g) of the full hamiltonian can be written as [22]:

(0, —c0)|®p) _  [¥o)
(@o|UI(0, —00)[®g) ~ (Po[¥o) ’ (108)

where the time evolution operator U can be expressed in powers of the interaction F;
expressed in the interaction picture

U(t, ty) = i(_hl) %/ttdtl.../ttdtnﬁ‘[ﬁl(tl)...Hl(tn)]. (109)

n=0

In the above equation, we dropped the subindex I to simplify the writing.

We insert Equation (108) into the expression (94) of the two-body Green function and
we obtain a perturbative expression of the full interacting Green function in powers of H;
and of the unperturbed two-body Green function G°.

It is useful to consider a graphical representation of the Green function, as indicated in
Figure 2. The full two-body Green function is indicated by two continuous thick lines. The
upward arrows stand for the particle state and the downward for the hole. The continuous
thin lines indicate the unperturbed Green function G. In the figure, we consider only
two-body interactions, i.e., A = ﬂ(xl, Xp) which is represented by a dashed line, with x
indicating both space and time coordinates.

Figure 2 shows some of the terms we obtain by carrying out the perturbation expansion
of the two-body Green function. The explicit expressions of the various terms are presented
in Appendix E. We observe that there are diagrams which, by cutting particle and hole
lines, can be separated into two diagrams already present in the expansion. This is the case,
for example, of the diagram E of the figure which is composed by two diagrams of C type
and by the diagram G which is given by the product of a diagram of C type and another
one of F type. The contribution of these diagrams can be factorized in a term containing
the four coordinates x;j - - - x4 of the full Green function times, another term which does
not contain them. The sum of all the diagrams of this second type is identical to that of all
the diagrams of the denominator; therefore, these two contributions simplify the matter.
Finally, the calculation of G can be carried out by considering only the remaining diagrams
of the numerators which are called irreducible.



Universe 2023, 9, 141 22 of 61

Figure 2. Graphical representation of the perturbation expansion of the interacting Green function.
The double thick lines represent G, the double thin lines G0 and the dashed lines the two-body
interaction .

Formally, this can be expressed with an equation similar to the Dyson’s equation for
the one-body Green function [22]:

G(Xlr X2, X3, x4) = GO (Xlr X2,X3, X4)

+ /d4Y1 dyy dtys dtys GO (x1,%2, V1, ¥2) R (Y1, Y2, V3, Y4)G(Y3, V4, X3,%4) . (110)

A graphical representation of Equation (110) is shown in Figure 3. The dashed area
indicates the kernel X containing all the irreducible diagrams which can be inserted
between the four y points.

* o
Y4
A Y = +
Y1
o o

Figure 3. Graphical representation of Equation (110). The criss-cross box represents the proper
kernel .

RPA consists in considering, in the previous equation, instead of the full kernel %, a
single interaction U depending only on two coordinates

KA (y1,y2,y3,y4) = U(y1, ya) [6(y1 — y2)8(ys — ya) — 8(y1 —y3)d(y2 —ya)] 5 (111)
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therefore,

GRPA (Xll X2, X3, X4) = GO(Xll X2,X3, X4)

+ / d4 Y1 d4 y2 GO (Xl/ X2,¥1,¥1 )u (er YZ)GRPA(YZI Y2,X3, X4)

— /d4y1 d*y2 GO (x1,x2, y1,¥2) U (y1, y2)GRPA (1, y2, %3, %) (112)

where we separated the direct and the exchange terms. The graphical representation of the
above equation is given in Figure 4.

Figure 4. Graphical representation of the two-body Green function in RPA.

In mixed representation, RPA equations are

GRPA(Vl/VZI V3, V4, E) = GO(Vl,UZ, V3, 1/4/E)
+ Y G, va 1,2 E) (sl Vpapa) GRPA (s, pa, v3, va, E)

M1, M2, 13,14

SH = SH|

GRPA (

- E GO(Vll V7, ]’llr VZ/E) <#ll’l2|‘7|]’l4]’l3> V3/ l’l4/ V3, Vy, E)

H1,H2,43, 14

~0
= Z G (1/1, V2, W1, B2, E) {5H11V35#2,V4
M1, 12,13, 14

1 X
+ 5 (sl Vipapa)

1 N ~
- g <V1]’£2|V|I’l4]’l3> GRPA(V3/V4/V3/V41 E)}r (113)

CRPA (F’l3/ ]’14/ V3,Vy, E)

where we used Ul = V /.

As indicated by Equations (105) and (106), there are two possibilities of forming
non-zero unperturbed Green functions. By adopting the usual convention of indicat-
ing with i,j,k,I the hole states and with m,n, p,q the particle states, we express RPA
Equation (113) as:

S { [Amigt = E0mg 61| GX (8,1, j,m, E) + BignGX* (1, j,m, E) } = Sy, (114)

q.1
{[Anigt + E0mgdis| G (g, j,m, E) + By GR™ (g, 1, j,m, E) | =0, (115)
q.1
{ [Amiql - E)ém,qéi,l] GRPA(q/ l/ 7’1, j/ E) + BmiquRPA(l/ q/ n/j/ E) } == 0/ (116)
q.1

{[Anigt + E0ma®s| G (L, n,J, E) + B G, L j) } = iy (117)
q,l
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where we have defined the matrices

Amiql = (em— €1‘)‘Srrl,q51',l + Viqml/ (118)

Bmiql = _Vilmq- (119)

The calculation is outlined in detail in Appendix F. These equations can be expressed in
matrix form. By defining

G1(E) = GRPA(m, i,j,n,E) ; Gy(E) = GRPA(m,i,n,j,E) ;
G3(E) = GR™(i,m,j,n,E) ; G4(E) =GR (i,m,n,j,E), (120)
we obtain
A—EI B G1(E) Gy(E) I 0
= . (121)
B* A*+ EI G3(E) Gy(E) 0 I

The two-body Green functions depend on the energy E. The poles w;,, = E, — Ej of
these Green functions are the excitation energies of RPA excited states |¥,). When the
value of the energy E corresponds to that of a pole, the value of the Green function goes to
infinity; therefore, Equation (121) remains valid only if the matrix of the coefficients goes
to zero. For this reason RPA excitation energies are those of the non-trivial solution of the
homogeneous system of equations

A—wyl B X,
=0, (122)
B*  A*+wyl Y,

which is the expression (67) of RPA equations.
In Section 3.2.3, we have shown that RPA equations for each positive eigenvalue wy,
admit also a negative eigenvalue —wy,. The set of the vectors of the X and Y amplitudes is

orthogonal
X
(X;(n/ _Y;d) = 511’[,1’!/
Y

X X
Z( )(X;/Y;)_E( )(XVIIYVZ)_H/

n>0 Y, n<0 Y;zk

and complete

where n > 0 indicates the sum on the positive w; and n < 0 the sum on the negative values,
as indicated by Equation (70). By inserting the above expressions in Equation (121), we
identify the solution as

Gi1(E) Ga(E) 1 X
= Zw —F (X Yom)
G3(E) Gu(E) m Yy
1 Y
X T~ E o )

X X} Y, Y Xn Yy X, Yyr
Z:Yl(wn—E + wp+E Zﬂ wp—E wp+
= , (123)

YaX; | XpYa YaVp | XaX;
z”(wn—E tonre) La\w—F + o5F
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where w;,, > 0 always. The comparison with the expression of the two-body Green function
in the representation of Equation (104) allows the identification of the X and Y amplitudes as

Xi = (Yolamdi [¥n) 5 Xpy = (Yl |¥n) ; (124)
Yoi = (Rol@ity[¥n) 5 Vi = (¥uldmd [¥o), (125)

where |¥,) and |¥y) are, respectively, RPA excited and ground states, which we called |v)
and |vp) in Section 3.2.2.

Infinite Systems

In an infinite and homogeneous system with translational invariance, the s.p. wave
functions are the plane waves (11) characterized by the modules of the wave vector k = |k]|.
If we use the representation of Equation (104) of the unperturbed two-body Green function,
we obtain terms of the kind

(0| v, 5 | @) (P | B0y, | Do) = O, 1, 0(Kk1 — ki) Sy 1,0 (ki — K2), (126)

since the action of the creation and destruction operators on the IPM states |®) is well
defined.

We consider Green functions depending on the energy, as indicated by Equation (99).
In this representation, by inserting the plane wave function in Equation (98), we obtain for
the unperturbed two-body Green function the expression

G%(x1,x2,%3,%4; E) = (2171)6 /dkl dkpek1 (=) gmike-0a=x3) G0 (ky ky E), (127)

clearly indicating that there is a dependence only on the difference between the particle and
hole coordinates. This is a consequence of the translational invariance of the system. The
interacting Green function and the kernel of Equation (110) depend only on the coordinate
difference. We can define the Fourier transforms of these quantities depending on the
modules of two momenta

G(x1,x2,x3,%4; E) = (2711)6 / dkq dkpe1a—xa) gk 0a=%) G(fey Ky, E) ,  (128)
R(x1,%2,%3,%5) = (2;)6 / dk dkgel X emike (eI G (ky k) 5 (129)

the kernel does not depend on the energy E.
By inserting these definitions in RPA Equation (112) and substituting X with U, which
is RPA ansatz, we obtain

/dkl kel (9—x) =ik (xo—x3) GRPA (k| o F) —
/ dl; dikge™11—x1) p=ika (0 =%) G0 (ky ky; E)

+ / dy1dysdysdya / dky dipe™i (1 -y2) ke (a-y1)
GO(ky, ka; E) / dk, dipele 1=Y8) =% (2-33) ) (k. k)
/ dks dkge™s (V3—a) o= ke (ya—x3) GRPA (ko k- F)

+ /dY1dY2dY3dY4/dk1 dkge'1(x=y2)p=ike- (2 =y1)
GO(ky, ka; E) / dk, dipele 1=Y8) o=k (2-33) ) (k. k)

/ dks dk4eik3‘(Y4—X4)e—ik4‘(Y3—X3) GRPA (k3, k4; E),
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where the second term of the right hand side is called direct and the third term is the
exchange. The integration on the y coordinates in the direct term leads to the relations

-ki=kyo=ks and -k, =k; =ks, (130)
while that of the exchange term leads to
ki =ky =—-k3 and k, =k; = —ky. (131)
By considering the above conditions, we have
/dkl dkzeikl.(x]7X4)efik2-(x27X3)GRPA(kl,kz;E) _
/ iy dipel™1 00 —x) o=ika (0=%3) GO (ko )

+ /dk1 dkge' 01X~k 0 =x) GO (ky ey E)TU (Ky, ko) GRPA (Ko, oy E)

2

+ / dkq dkpe 1 (atxa)p=ika 0o txa) GO (k) ks E)UU (Ko, k) GRPA (ky, k1; E).

If we neglect the exchange term, we have a simple algebraic relation between the Green
functions in momentum space

GRPAD (k1 ko; E) = GO(ky, ko; E) + GO(ky, ko; E)U(Ky — ky = q)GRPAP (ky, ky; E),
GRPA'D(kl,kl +qE) [1 — Co(kl,kl + q;E)ﬁ(q)} = Go(kl,kl +q,E),
GO(ky, k1 + q; E)

GRPAD (1) k1 + ;E) = - —. (132)
(kg E) 1— GO(ky, k1 + q; E)TL(q)

This expression is commonly used to calculate the linear response of infinite fermion
systems to an external probe. The graphical representation of the above equation is given
in Figure 5. The equation represents an infinite sum of diagrams of ring form and it is,
therefore, called ring approximation.

Figure 5. Graphical representation of the ring diagram approximation in RPA.

The exchange term cannot be factorized as the direct one. The inclusion of this term
is sometimes treated by using approximated treatments. One of them is the continuous
fraction technique [26,27].
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5. RPA with Time-Dependent Hartree-Fock

Another way of obtaining RPA secular Equation (67) is that of using time-dependent
Hartree—Fock (TDHF) equations and the variational principle. We apply the variational
principle to the time-dependent Schrodinger equation

5 (¥ (H)| <H - ihi) ¥ () = 0. (133)

The search for the minimum of the above functional of ¥ () is carried out in the Hilbert
subspace spanned by many-body wave functions of the form

Zsz t)a)a;

[¥(£)) = emi [@o(t)), (134)
where the time-dependent IPM state has been defined as
[@0(£)) = ¢ <) . (135)

In the above equation, |®y) is the stationary Hartree-Fock ground state of which &,
Equation (14), is the energy eigenvalue. In Equation (133), the variation of the real and
of the imaginary part of ¥(t) are independent. The variation is carried on the only time
dependent terms which are C,,;(f) and C;.(t). We obtain a system composed by the
equations

) A ., 0

WWUNH—WEW(W = 0, (136)
J N O

mc}f(t)lH—lh&Hj(t» = 0. (137)

We consider Equation (136) and calculate the expectation value of operators by using the
power expansion of the exponential

Y Coni(t)
emi =T+Y Cuilt a+a1+ Y Ci(t)ahaiCpj(t)afaj + - -, (138)
mi

mzn]

For the hamiltonian expectation value, we obtain the expression

(F(IHY () = ()IHI%( )

+ ZC (t)]a; a,H|Do(t))

+ Zcmi Do (t)|Hatya;|Po(t))

+ = Zc <I>o(t)|ﬁ;’ﬁnﬁfﬁmﬂ|d>o(t)>
mzn]

+ = Zcmz n O(t)’HﬁiﬁiaA;{ﬁj'@O(t»
mm]

+ Y Cri(B)Ci(t) (Do(t)|af amHaya;H|Do(£)) + -+ . (139)
minj

The first term of the above equation is the &y of Equation (14). The linear terms in
Cyi(t) are all zero since they overlap with orthogonal Slater determinants, or, in other
words, since the number of ph operators is odd.
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Let us calculate the matrix element of the fifth term by using the expression of the
hamiltonian given in Equation (12)

(®o(t)|Hahaia, aj|®o(t)) = Y ey (Po(t)|a) ayaraiarf a;|Po(t))

+ 2 Y Vi (@o(t)IN[a] 6 a, 4,458,857 8j|Po(t)) (140)

The first and second terms are zero because of the orthogonality of the Slater determinants.
With a calculation analogous to that leading to the interacting term of A, in Equation (68)
(this calculation is presented in Equation (A19)), we obtain

>

1 — e —
4 Z Vvyv’y< ()‘N[ ]j_ W v’]a$aia;—1~_aj|<p0(t)>:Vijmn- (141)

up'vv’!
The fifth term of Equation (139) can be written as

Py Z sz n 0( )|H Ediﬁ:ﬁ ‘CDO 2 sz n z]mn' (142)

mm] mm]

By working in an analogous manner for the fourth term of Equation (139), we obtain

= Z Ch; t) (Do (t)|aT ant dp H|D 2 Ck; (O)V i (143)

mzn] ml”]
The expression of the last term of Equation (139) is

Y G (Do(t)|a; amHa, a;H|Do(t))

minj

= Z|Cmi|226k+2|cmi|2(em*ei)
—*2|sz| ZVkaz + Y CuiCyriVimjin

minj

& Z |Cm1|2 + Z |Cm1| €m — €) + Z sz m]in/ (144)

minj

where we used the definition (14) of &. The final expression of Equation (139) is then

<\F(t)|H|\Ij(t)> = & <1+Z|Cmi2> JrZ]lcmi|2(€ + Z sz m]in

minj

+ Z sz n 1]mn +5 Z C C* ( )7mnij- (145)

mzn] mm]

Let us calculate the second term of Equation (136), containing the time derivation. By
considering the expression (134) of [¥(t)), we have

OO YD) = 6 CFOIY() +i0 L Colt) (VO ¥(0) (140
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We make a power expansion of the exponential function in Equation (134) and obtain

(YY) = (@ ()|<I>o( )
+ Y Chi(H)Cyi(t) (Po()|a] ity 4| Po(t)) + - - -, (147)

minj

and after the application of the Wick’s theorem

FOMFE) =1+ Y |Cui ()P + - (148)

mi

The terms of first order in C are zero because of the odd number of ph excitation
pairs. By using the power expansion of the exponential to calculate the second term of
Equation (146), we have

(¥ ()| ¥ (t) ch] (@o(t)|a] andyai|Po(t)) + -+ = Coy+ -+ (149)
The term related to the time derivative becomes
. d . *
mwmBmw»=%0+zmﬂmﬂ+mzqwugwo+~. (150)
mi mi

We put together the results of Equations (145) and (150); we consider terms up to the second
order in C and obtain the expression

Z |Cmi(t)|2(€m - ei) + 2 CmiC;;ijjin

minj

12

(E ()|~ i 2% (1)

+ 5 Z sz n Z]mn +5 Z C C* ( )7mnij

mm] mm]

- ihZCMt)%cmi(t). (151)

We have to impose the variational condition

0 A .. 0 d A .0
3C () (Y(t)|H — mEW(t» = ac: (1) (Y(t)|H - zhgl‘l’(t» =0, (152)

where the variational derivative has been changed in partial derivatives since the C’s are
the only terms depending on time. By working out the derivative, we obtain the expression

. = ) d
Coni(t) (€m — €1) + ) CpiVinnij + ) CojVinjin = il ) ﬁcmi(t)- (153)
nj nj mi

We consider harmonic oscillations around the ground state
Coi (1) = Xypie 4 Y, 0™t (154)

where X, Y and w are real numbers. By inserting this expression in Equation (153) and
separating the positive and negative frequencies, we obtain the system of equations

Xmi(e + Z Vm]an] + 2 me] nj = thmi, (155)
nj nj

Yoi(em =€) + ) Vijin Yo + 3 Vi Xy = —hew* X, (156)
nj nj
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which is identical to Equation (67) where the A and B matrices have been defined by
Equations (68) and (69).

6. Continuum RPA

If the excitation energy w of the system is larger than |¢;|, the particle lying on this
state can be emitted and leave the system. In an atom, this effect produces a positive ion, in
anucleus a new nucleus with A — 1 nucleons. The RPA approach which explicitly considers
the emission of a particle is called Continuum RPA (CRPA), where continuum refers to the
fact that for €, > 0 the IPM Schrodinger equation has a continuous spectrum. In this case,
the s.p. wave function has an asymptotically oscillating behavior.

In CRPA, the operator (54) defining the excited state is written as

Z Z: n(ep)d " (ep) dy — Yy, (ep) af fzp(ep)} , (157)

where we have introduced the symbol

E; Yoo+ / de, (158)

€F<€p<0

to indicate a sum on the discrete energies and an integral on the continuum part of the
spectrum. The symbol [p] indicates the set of quantum numbers characterizing the particle
state with the exclusion of the energy.

RPA secular Equation (67) with the continuum can be written as

(ep —en — w) Xpy(ep) +
[% ﬁe [Vph’hp’ (Gp, €p/) XZ/h/(ep/) + Vpp’hh' (Gp, Ep/) Y;)/’h’<€}7’):| = 0, (159)
P e

(ep —en+w) Yp,(ep) +

Z/ X:/ [Vhﬁpfh/ (Gp, €p/) Y;;/h/ (GP) + th,pp, (ep,ep/) X;’h’ (ep/)} = 0. (160)

where we have explicitly written the dependences on the particle energies which are now
continuous variables.

In order to discuss the implications related to the fact that €, can assume a continuous
set of values, it is useful to express the X and Y RPA amplitudes as:

;h (6}’7) = A;hé(ep —€p — CU) + @ﬁ, (161)
P
BY'V(Gp)
Y = 162
() €p— €y +w (162)

When €, assumes the value €, = €, + w, in the integrals of (159) and (160), the X amplitudes
have a pole. In the above expression, the contribution of the pole, multiplied by a constant
A‘;;h, is separated from the principal part, indicated by #.

The CRPA secular equations in terms of the new unknown can be written as

- B (ep) By (€p)

— /p \Ep _ pH

V i (€ , € _rr 7 + V(€ ,Ey ) ———

[%’,E, phhp(p p)ep/—eh/—w pphh(p p)ep/—eh/—i—w

_ [Z] Vph/hp/(ep,ep/)A;’,,h,é(ep/ — €y — (U) , (163)
P
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B (e) BXV (e,)
BY'V € + i Vh 1 (€p, € ;7}17774_ th/ 1\ €Ep, €yt phip
Ph( P) [l%l/_ep/ rr ( pr=p ep/—eh/+w PP( P p)ep/—eh/—(x]
= - Z Vhpp’h’(GP’GP’)Az’h’é(ep' — €y — (U) . (164)
('

The above equations indicate a system of linear equations whose unknowns are the B’s.

The continuum threshold, wyy,, is the minimum value of the energy necessary to emit
the particle, i.e., the absolute value of the s.p. energy of the hole state closest to the Fermi
surface. For w < wy,, no particle can be emitted. In this case, all the A];;’h’ = 0; therefore,
the system is homogeneous. Solutions, different from the trivial one, are obtained when
the determinant of the known coefficients is zero. This happens for some specific values
of the excitation energy w. Below the emission threshold, the CRPA equations predict a
discrete spectrum of solutions. When w > wy,,, some ph pairs have enough energy to
put the particle in the continuum, i.e., with €, > 0. In the CRPA jargon these ph pairs are
called open channels. Obviously, the other ph pairs where €, < 0 are called closed channels.
Every open channel generates a coefficient different from zero in the right hand side of
Equations (163) and (164). The problem is defined by imposing boundary conditions, which
is equivalent to saying that we have to select specific values of the A;h coefficients. The
choice commonly adopted consists in imposing that the particle is emitted in a specific
open channel, called elastic channel. This means

A = 0p,poOngs (165)

where pg and hj are the quantum numbers characterizing the elastic channel. The sums
in terms of the right hand sides of Equations (163) and (164) collapse to a single term. For
each value of the excitation energy w, the system has to be solved a number of times equal
to the number of open channels.

The solution of the CRPA system of equations can be obtained by solving directly the
set of Equations (163) and (164). The s.p. particle wave functions in the continuum are
obtained by solving the s.p. Schrodinger equation with asymptotically oscillating boundary
conditions. This is the classical problem of a particle elastically scattered by a potential.
This problem has to be solved for a set of €, energy values mapping the continuum in
such a way that the integral of Equation (158) is numerically stable. This means that €,
must reach values much larger than those of the excitation energy region one wants to
investigate. The selection of the €, values to obtain the s.p. wave function is not a simple
problem to be solved. The various particles may have more or less sharp resonances and
they have to be properly described by the choice of the €, values mapping the continuum.

There is another technical problem in the direct approach to the solution of the CRPA
Equations (163) and (164). The numerical stability of the interaction matrix elements V is
due to the fact that, in the integrals, hole wave functions, which asymptotically go to zero,
are present. This works well for the direct matrix elements

(piha|Vliipa) = [ dry [ @ragy, (0097, (12)V (e1, 1200, (11)gpa (), (166)

but it is a problem for the exchange matrix element

(piha| Vlpais) = [ @ry [ drag, (2097, (12)V (11, 12) g (1), (12), (167)
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where the two particle wave functions, both oscillating, are integrated together. The direct
approach is suitable to be used with zero-range interactions V(ry, 1) = Vpé(r; — rp). In
this case, direct and exchange matrix elements are identical

(p1ha|V|hipa) = (p1ha|V|pahi) = Vo/d371¢;§1(r1)¢Z2(r1)4’pz(r1)4’h1(rl)/ (168)

and the hole wave functions are always present in the integral. This ensures the numerical
convergence. The direct approach is used, for example, in Refs. [28,29], where the CRPA
equations are expanded on a Fourier-Bessel basis.

Another method of solving the CRPA equations consists in reformulating the secular
Equations (159) and (160) with new unknown functions which do not have explicit depen-
dence on the continuous particle energy €,. The new unknowns are the channel functions f
and g defined as:

() = ¥ X (ep) dylrey), (169)
€p
and
g = ¥ Vi) gp(rey). (170)
€p

In the first step of this procedure, we multiply Equations (163) and (164) by ¢, (r,€p),
which is the eigenfunction of the s.p. hamiltonian

~

hoy(r,ep) = €ppp(r,€p), (171)

and we obtain
(ep —en _w)‘Pp(rrep)X;h@p) = fl‘PP(rrep)th(ep) — (en+w) pp(r,ep) ;Vah(ep)- (172)

Since the s.p. hamiltonian /1 does not depend on €p, We can write
i hip(r,ep) Xpy(ep) = i, (x) (173)
P

We apply this procedure, i.e., multiplication of ¢, (r) and integration on €, to all the
terms of Equations (159) and (160). By considering that

[ ey (r)gp(ez) = o(r — ra),

we obtain a new set of CRPA secular equations where the unknowns are the channel
functions f and g,

i fone) = (e + @) fn(n) = —Fi(x)
L 0 [Ergim)Fum), a7

ep<er
hgun(r) = (en — w) guu(x) = —Gp(r)
Y. ¢p(r) /d371 ¢y, (r1) Gpn(r1), (175)

€p<€F

+

_|_

where we have defined

Fn(r) = ) /d3TzV(r,rz){¢Z§r(1’2) [¢h(r)fp’h’(r2)fp’h’(r)(Ph(rZ)]

4L

+  &yw(r2) [%(r) P (r2) — @i (r) ¢h(r2)] } (176)
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and Gy, is obtained from the above equation by interchanging the f and ¢ channel functions.
The last terms of both Equations (174) and (175) are the contributions of particle wave
functions ¢, which are not in the continuum.

We changed a set of algebraic equations with unknowns depending on the continuous
variable €, into a set of integro-differential equations whose unknowns depend on r. In
analogy to what we have discussed above, for the direct solution of the CRPA secular
equations, we solve Equations (174) and (175) a number of times equal to the number of
the open channels, by imposing that the particle is emitted only in the elastic channel.

In spherical systems, the boundary conditions are imposed on the radial parts of the f
and g functions. For an open ph channel, the outgoing asymptotic behavior of the channel

function f;,gho is
h _
Foi (r = 00) = Ry (1,€p) Op,pg Oy + AH, (e +w,1), (177)

where A is a complex normalization constant and H, (e, + w, r) is an ingoing Coulomb
function if the emitted particle is electrically charged or a Hankel function in cases of
neutron. The radial part of the s.p. wave function R, is the eigenfunction of the s.p.
hamiltonian for positive energy. In the case of a closed channel, the asymptotic behavior is
given by a decreasing exponential function

1
2
PO s o) 5 L exp l_r(W) ] ) (178)
p r I
in analogy to the case of the channel functions gzzho,
1 2mley —wl )
pol mle, —w
gp;)l 0(7 - oo) — ; exp [—7<#> ‘| . (179)

This approach solves the two technical problems of the direct approach indicated above,
since the integration €, is formally done in the definition of the two channel functions f
and g.

These CRPA secular equations can be solved by using a procedure similar to that
presented in Refs. [30,31]. The channel functions f and g are expanded on the basis of
Sturm functions CD% which obey the required boundary conditions (177)—(179).

In the IPM, the particle emission process is described by considering that a particle
lying on the hole state /i is emitted in the particle state py. The CRPA considers this fact
in the elastic channel and, in addition, takes care of the fact that the residual interaction
mixes this direct emission with all the other ph pairs compatible with the total angular
momentum of the excitation.

7. Quasi-Particle RPA (QRPA)

In the derivations presented in the previous sections, we considered that the IPM
ground state is defined by a unique Slater determinant |®y), where all the s.p. states
below the Fermi energy are fully occupied and those above it are completely empty. This
description does not consider the presence of an effect which is very important in nuclei:
the pairing. This effect couples two like-fermions to form a unique bosonic system. In
metals this produces the effects of superconductivity. In nuclear physics this leads to the
fact that all the even—even nuclei, without exceptions, have spin zero.

A convenient description of pairing effects is based on the Bardeen—Cooper—Schrieffer
(BCS) theory of superconductivity [32]. In this approach, the choice of |®g) for the descrip-
tion of the system ground state is abandoned.
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Let us consider a finite fermion system and use the expression Equation (8) for the s.p.
wave functions. We introduce a notation to indicate time-reversed s.p. wave functions

1. 1.
k) := |nl§]m> ;o |—k) = ‘7’115] —m). (180)

The BCS ground state is defined as

[e9)

IBCS) := H(uk +vkak+ﬁjk) -, (181)
k>0

where we have indicated with |—) the state describing the physical vacuum. The v? factor
is the occupation probability of the k-th s.p. state, and u? = 1 — v? the probability of being
empty. When pairing effects are negligible, for example, in doubly magic nuclei, vy = 1 for
all the s.p. states below the Fermi surface and vy = 0 for all the states above it; therefore,
[BCS) = |).

A convenient manner of handling the |BCS) states is to define quasi-particle creation
and destruction operators which are linear combinations of usual particle creation and
destruction operators. The relations are known as Bogoliubov—Valatin transformations

R = uply — v’ (182)
&I:F = Z/lklfllj—vkﬁ_k. (183)

Since the quasi-particle operators are linear combination of the creation and destruction
operators, anti-commutation relations analogous to (A3) are valid also for the & and &
operators. It is possible to show that [14]

&y [BCS) = 0, (184)

indicating that the |BCS) states can be appropriately called quasi-particle vacuum. The
BCS ground state is not an eigenstate of the number operator

N=Y aa, (185)
k
and the number of particles is conserved only on average [13,14]

(BCS|NIBCS) =2} v = A. (186)
k>0

The values of the vy coefficients, and consequently those of 1y, are obtained by exploit-
ing the variational principle. For this reason, it is common practice to use a definition of the
hamiltonian containing the Lagrange multiplier A, related to the total number of particle A

# =H— AN. (187)

The hamiltonian H is written by expressing in Equation (A13) the @ and 4" operators
in terms of the quasi-particle operators a* and a. By observing the operator structure, it is
possible to identify four different terms (see Equation (13.32) of [14])

H = H— AN = Hy + Ftry + T + Hine, (188)

where A is present only in the first three terms. The various terms are defined as follows.

1. # is purely scalar,

3%0 = Z (Gk . yk)Zv,% + U0 ZVk,k/,k/k/uk/vk/ . (189)
k k'
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2. 11 depends on &; &,
Ferr = Y {lex — A — il (uf = 0}) + 208 | 5 (190)
k
3. Hxn depends on N[&k &y + dydye].
4. Hy = Hy + Hzy + Hyp, where
Hyy depends on [ak ak ak ock +h.cl,
H3; depends on [ock+ zx;r oc;r dy, + h.c,
and finally,
Hy = Z abc ¥ aku&,jb Ry, Ry, (191)
ubc
with ”
Va(bcﬂ? = (uguptictiy + 005004 + 4u0pUc0g) V aped- (192)
In the above equations, we used the following scalar quantities:
Ak = - ka —kk, _ K Uy Ok, (193)

e = /d3 Pr (r ( ) P(r Z Vi ki Vs (194)
He = —% ;Vk,k’,k,k’ U%- (195)
Because of Equation (184) the expectation value of # with respect to the BCS ground state is
(BCS|#|BCS) = (BCS|#,y|BCS) = &5, (196)

therefore, the application of the variational principle is
5({(BCS|#,|BCS)) =0, (197)

which implies the relation [13,14]:

A
(12 — 0?) A = 20510 (€ — A + ug) = vy = k . (198)
2\/(ex — A — )2+ A7
We insert the above result in Equation (190) and obtain the BCS s.p. energies
Hy = {\/(ek — A= )2 +A2}6¢ Ry := e Ody iy (199)

In the BCS approach, the radial expressions of the s.p. wave functions are obtained by
carrying out IPM calculations and only the occupation amplitudes vy and uj are modified.
There is a more fundamental approach, the Hartree-Fock-Bogolioubov theory, where s.p.
wave functions, energies and occupation probabilities are calculated in a unique theoretical
framework whose only input is the effective nucleon—nucleon interaction.

After having defined a new ground state containing pairing effects, we can use it to
develop the theory describing the harmonic vibrations around it. The derivation of the
QRPA secular equations is carried out by using the EOM method described in Section 3. In
this case, the Slater determinant |®y) is substituted by the BCS ground state |BCS) and the
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particle creation and destruction operators a4 and 4; by the quasi-particle operators & and
&,j. The QRPA excitation operator is given by

=) XUara — Y Y ey (200)
a<b a<b

The indexes a and b containing all the quantum numbers which identify the quasi-particle
states are not, any more, referred to as particle or hole states. In this approach, the idea of
Fermi surface has disappeared. Each quasi-particle state can be partially occupied. For this
reason, in the above equation, we had to impose restrictions on the sums in order to avoid
double counting.

In the present case, the EOM (39) assumes the expression

(BCS|[6Qu, [7, Q7 ]][BCS) = w (BCS|[6Qu, Q] [BCS), (201)

where we have substituted © with 6Q,. Following the steps of the derivation of RPA
equations, see Section 3.2, and defining A and B matrices as

Agpea = (BCS|[aady, [#, 85 a]]][BCS), (202)
Bupea = — (BCS|[aady, [#, &citg]]BCS), (203)

it is possible to obtain a set of linear equations analogous to those of RPA

Y AwcaXly+ Y BaeaYly = wiXY, (204)
c<d c<d
Z B:d,ungd + Z Acd,ahYg/d = —Wy ;h/ (205)
c<d c<d

which can be written in matrix form analogously to Equation (67). This calculation is
explicitly carried out in Chapter 18 of Ref. [14] and it shows that only Ho, #11 and Hop
contribute to the A and B matrices. These matrices contain, in addition to the particle-hole
excitations present in the common RPA, also particle—particle and hole-hole transitions,
since each s.p. state is only partially occupied. The solution of the QRPA secular equations,
for each excited state, provides the X and Y amplitudes which indicate the contribution of
each quasi-particle excitation pair.

The QRPA solutions have the same properties of those of RPA solutions. The QRPA
equations allow positive and negative eigenergies with the same absolute value. Eigen-
vectors corresponding to different energy eigenvalues are orthogonal. The set of QRPA
eigenstates is complete.

The transition amplitudes from the QRPA ground state to an excited state, induced by
an external one-body operator F, Equation (50), is

(QRPA; v|F|QRPA; 0) = Y fup(vauty, + 1qvp) (XY + Y5y )- (206)
a<b

For ph transitions only, when v, = 1,u, = 0 and v, = 0,u; = 1 one recovers the
ordinary RPA expression (74).

8. Specific Applications

In this section, I discuss some pragmatic issues arising in actual RPA calculations. The
input of RPA calculations is composed by the s.p. energies and wave functions and also
by the effective interaction between the particles forming the system. There are various
possible choices of these quantities and they define different types of calculations.

A fully phenomenological approach is based on the Landau-Migdal theory of finite Fermi
systems [33,34]. In this theory, the attention is concentrated on the small vibrations on top
of the ground state, which is assumed to be perfectly known. The s.p. wave functions
are generated by solving the MF Equation (4) with a phenomenological potential whose
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parameters are chosen to reproduce at best the empirical values of the s.p. energies of the
levels around the Fermi surface. In RPA calculations, these empirical values are used when
available; otherwise, the s.p. energies obtained by solving the MF equation are considered.
The interaction is a zero-range density dependent Landau-Migdal force whose parameters
are selected to reproduce some empirical characteristics of the excitation spectrum.

This approach has shown a great capacity to describe features of the excited states and
also a remarkable predictive power. For example, the presence of a collective monopole
excitation in 2%Pb was predicted at the right energy [35] before it was identified by ex-
periments with « [36] and 3He scattering [37]. The drawback consists in the need for a
continuous tuning of the MF potential and the interaction parameters, since the results
strongly depend on the input. This means that there is a set of force parameters for each nu-
cleus, and also in the same nucleus the values of these parameters change if the dimensions
of the configuration space are modified.

An approach which avoids this continuous setting of the free parameters is the so-
called self-consistent approach. In this case, the s.p. wave functions and energies are
generated by solving HF or DFT equations. The parameters of the effective interaction
are tuned to reproduce at best experimental binding energies and charge radii, all along
the isotope table. The same interaction, unique for all the nuclei, is used also in RPA
calculations.

The density dependent zero-range Skyrme force is probably the interaction most used
in this type of calculation [38]. The zero-range characteristic allows great simplifications
of the expressions of the interaction matrix elements and the numerical calculations are
relatively fast. There are tens of different sets of parameters of the Skyrme force, each of
them properly tuned to describe some specific characteristics of the nuclei. The zero-range
feature of the Skyrme force is mitigated by the presence of momentum dependent terms.
On the other hand, the sensitivity on the dimensions of the s.p. configuration space is not
negligible. For this reason, in BCS and QRPA calculations it is necessary to use a different
interaction to treat the pairing.

These drawbacks are overcome by interactions which have finite range, a feature which
clearly makes much more involved the numerical calculations. A widely used finite-range
interaction is that of Gogny [39]. Despite this difference, the philosophy of the calculations
carried out with the two kinds of interaction is the same: a unique force, valid all along the
nuclide chart, tuned to reproduce ground state properties with HF calculations and used in
RPA. Discrete RPA calculations carried out with Gogny force show a convergence of the
results after certain dimensions of the configuration space have been reached.

The self-consistent approach does not provide an accurate description of the excited
states obtained with the phenomenological approach. On the other hand, by using self-
consistent approaches it is possible to make connections between the properties of the
ground and of the excited state and also between features appearing in different nuclei,
everything described within a unique theoretical framework. This approach can make
predictions on properties of nuclei far from stability where empirical quantities have not
yet been measured.

As an example of the RPA result, we consider the case of the 3~ state in 2%®Pb already
mentioned in Section 2.4. We show in Figure 6 a comparison between the transition densities
calculated with an RPA theory (full line), that obtained by an s.p. transition (dashed lines)
and the empirical transition density (dots) extracted from the inelastic electron scattering
data of Ref. [40]. The s.p. excitation was obtained by considering the proton transition from
the 151/, hole state to the 2f;, particle state with the excitation energy of 5.29 MeV. RPA
calculation was carried out with the phenomenological approach and the excitation energy
is of 2.66 MeV to be compared with an experimental value of 2.63 MeV.
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Figure 6. Electron scattering transition densities for the first 3~ excited state of 2°®Pb. The empirical
density, indicated by the dots, is extracted from the inelastic electron scattering data of Ref. [40].
The dashed line shows the transition density calculated in an IPM particle model where the state is
described by the s.p. proton transition from the 1s1 /, hole state to the 2f;,, particle state. The full
line shows the RPA result.

The s.p. transition, which is what the IPM at its best can provide, is unable to describe
the large values of the transition density at the nuclear surface. This surface vibration is a
characteristic feature of this highly collective state. RPA is able to reproduce the value of
the excitation energy and also the correct behavior of the transition density.

9. Extensions of RPA
9.1. Second RPA

The main limitation of RPA theory is due to the fact that the Q; operator considers
only 1p — 1h and 1k — 1p types of excitations, see Equation (54). The many-body system
allows more complicated excitation modes where n-particle and n-holes are created. The
extension of fo to consider also 2p — 2h excitations is called Second RPA (SRPA) [41-43].
In this theory, the operator which defines the excited states is

OF = YKt — Yt i)

+ ¥ (X” e a — Y ..ﬁfafaman)Jr Y ZY it dadi (207)

mjin j
m<n,i<j mn,i,j

where the X, Y and Z factors are real numbers.
We insert this operator into the EOM Equation (39) and substitute © with 6Q,. Since

50, implies variations of the coefficients in (207) and these variations are independent of
each other, we obtain five equations

(RPAII| [ 4y, [H, Q;f ]]IRPAIL) = w, (RPAII|[4) 4y, Q;f | [RPATI), (208)
(RPAII|[a}}a;, [H, Q) ]| |[RPALl) = w, (RPAII|[4;;4;, Q; ] |RPAIL), (209)
(RPAII|{A+ i, [A, ijPAII) = w, <RPAII\[&Z.+1§]. ,Qv}|RPAII> (210)
(RPAI| a4 a;a;, [H, QF ]| |IRPAIl) = w, (RPAII| (4,4, 4;a;, Q) | |[RPAIT), (211)
(RPATI| (& af a;a,, [H, Q) ]| [RPAIL) = w, (RPAII|[4; 4, 4;4,n, Q;f | [RPAIT), (212)

where |RPAII) is the SRPA ground state defined by the equation

Q, |RPAII) = 0. (213)
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In analogy to what is presented in Section 3.2.2, we use the QBA by assuming
(RPATI| [y, O, [RPATI) ~ (@] [O;, Oy]|®p), (214)

where O are two generic operators and |®g) indicates, as usual, the IPM ground state. It is
convenient to define the following matrix elements

(©o| [8 2, [H, 8 2)]]|P0) = Apinj, (215)

(ol [, (A, 8] |P0) = ~Buis (216)

(o [}, [, 05 0] |90} = Awipit (217)
(o [ an, 1,2} 8 3,,]] |P0) = —Buimpit, (218)
(ol 6787 s, [, 667 812]| |90) = A gt (219)
<q>0|{ﬁa]*anam,[ﬁ,a,jal*aqap] [D0) = —Buij pahi- (220)

The A »j and By,; ,j matrix elements are identical to those defined in Equation (58). Explicit
expressions of the other matrix elements can be found in Ref. [41]. With the help of these
definitions, Equations (208)—-(212) can be expressed as:

Z(Ami,ka;k + Bmi,pky;g/k) + Z Ami,qulxzqkl = XZW (221)
pk p<gk<l
Z(B”” PkXVk + Aml Pk Pk) + Z Amz qulqukl = wy Yy (222)
pk p<qk<l
2 Amm] ka k + 2 Amm/ qulqukl = X:/nm]r (223)
p<qk<l
Z Am”l] pk 2 Amm] pakl qul = _WVY;,/mij/ (224)

where it appears evident that the Z terms of Equation (207) do not contribute.

The above equations form the complete set of SRPA secular equations. Usually,
one does not search for the whole solution of these equations, but one considers only
the unknowns X} . and Y} .. This is done by formally extracting X} .. j and Y, .. j from
Equations (223) and (224), respectively, and by inserting the obtained expressions into
Equations (221) and (222). In this way, we obtain two equations where the only unknowns
are X and Y},

Z Ami,pk - Z

pk p1<q1,k1<li p2<qa.ko<lp
B v
Ami,p1q1k111 (APMlkllerz%kzlz - wV‘SPl'PZ5‘11r‘725k1,k2511/12) APzszzlz,Pk ka
+Y Buip);, ok = wWu X, (225)
pk

A+

mi,pk Z Z

p1<q1.k1<ly p2<q2,ka<lp

)3

pk

-1
+ + _ + v
Ami,plqlkl l] (Ap]q]k]ll,pzqzkzlz wV5P1/P25%1#25’%7(2511,12) Apzqzkzlz,pk‘| ka

Z Bmz ,pk pk - wVYmt' (226)
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which, in matrix form, can be written in analogy to Equation (67) as
A B XV XV
= wy . (227)
Bt At YV =YV

The second terms in square brackets of Equations (225) and (226) couples 1p — 1h excitations
to 2p — 2h excitations. If these terms are zero, RPA equations are recovered. The secular
SRPA equations have the same properties as RPA equations.

1.  Positive and negative energy eigenvalues with the same absolute value are allowed.
2. Eigenvectors of different eigenvalues are orthogonal.
3.  The normalization between the excited states implies

Z(X:/rzixx;i - Yriih%i) = 51/,1/’- (228)

mi

The number of terms of the AT matrix elements is

p1a1k s, pagakols and Ap, g1k, pagakaly
quite large; for this reason, the so-called diagonal approximation is often used. This
approximation consists in considering in Ay 4 k1, p2g,k,1, 00y the diagonal part depending

on the s.p. energies involved in the 2p — 2h excitations

+
Aqulklll,P2Q2kzlz > (€py + €gy — €k, — €1,)0py,p2001,42 0%y kOl 1y - (229)

The expression of the transition amplitude between the SRPA ground state and excited
states can be calculated as indicated in Section 3.2.4 and the same result, Equation (74), is
obtained. In this theoretical framework, the SRPA approach modifies the values of the X
and Y RPA amplitudes by coupling them to the 2p — 2h excitation space.

9.2. Particle-Vibration Coupling RPA

The approach presented in the previous section is general but rather difficult to
implement because of the large number of 2p — 2/ pairs to consider. Many of the 2p — 2h
matrix elements are relatively small with respect to the 1p — 1/ terms. Instead of evaluating
many irrelevant matrix elements, it is more convenient to identify the important ones and
calculate only them.

This is the basic idea of Particle-Vibration Coupling RPA (PVCRPA) [44], also called
Core Coupling RPA (CCRPA), where RPA excited states are coupled to s.p. states. In this
approach, the excited states have the expression

|R) =YY Iph) @ v), (230)

Vph

where |v) is an RPA excited state, |ph) is ph excitation pairs and ® indicates a tensor
coupling.

We define a set of operators which project the eigenstate ¥ of the hamiltonian on IPM
eigenstates |®y), RPA states |v) (composed by 1p — 1h excitations) and particle-vibration
coupled states |R) (composed by 2p — 2h) excited pairs:

PI¥) = | (231)

QlY) = v (232)
Q[¥) = |®) (233)
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These operators have the properties

PP=P Qi=Qu B =Q (234)

PQ1=PQr=PP=0; (235)

P+Q1+ Q=1 (236)

The latter property implies that |¥) does not contain excitations more complex than 2p — 2h
and automatically neglects some term of the many-body hamiltonian.
We can write the eigenvalue equation as

HIY)=HP+Q1+Q)¥) =w(P+01+Q)¥). (237)

We multiply both sides of the above equation, respectively, by P, Q; and Q,, and, by using
the properties (234)—(236), we obtain the following equations

(w—PHP)P|Y) = PHQ;|¥)+PAHQ, |¥) (238)
(w—01HO)O1 [¥) = OQHP|Y)+ O1HQ, [¥) (239)
(w=0HO) D [¥) = QHP|Y)+ QHO: [Y). (240)

We formally obtain P [¥) from Equation (238) and Q5 |¥) from Equation (240) and we
insert it into Equation (239). This allows us to express this latter equation as:

AN A s 1 o s
w—Q1H Y = HP —— PHQ.|Y
(w—0Q1HQ1)Q1 [¥) Q1 o PAP Ty Q1 |¥)

A s 1 o
+ HP —— PHQ, |Y
QR Py )
A Ao 1 A A
+ Q1HQ s QHP[Y)
w—QHQ +i1
A A A 1 A A
+ QiHQ: QHQ1 [Y), (241)

w—QyHQ, + i
where we inserted in the denominator a term i to avoid divergences. In the two terms
containing P [¥) and Q, [¥), we could insert again the results of Equations (238) and (240)

and we obtain terms with many denominator factors. We neglect these terms and obtain an
eigenvalue equation of the form [45]

()01 [¥*)y = (v —iTn)O1 [¥)y
A A AA 1
= H + HP—MF———
QHQ Q w— PHP + iy
1
w— QHQ, +i7

+ QiAQ QA Qi [¥ )y,  (242)
where we distinguished the energy w characterizing the effective hamiltonian # from the
energy eigenvalue which can be complex because of the imaginary parts inserted in the
denominators.

Since the Hilbert subspace spanned by the Q; [¥*) states is composed by 1p — 1k
components only, we can expand each Q1 [¥*) state in terms of RPA eigenstates |v) which
form a basis

¥y =Y FN ), (243)

v
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and write the eigenvalue Equation (242) in a matrix form

Y W (w)V) F) = (Qn —iTN)F). (244)

v

The solution of the above eigenvalue problem provides the values of the ?VI)] coefficients.
The transition probability of a transition from the ground state [¥*) to an excited state
induced by a one-body operator F is given by:

N <Tm| QTﬁQAf |1Fm>0 = Z%N <V|ﬁ|VO> = Zng Z(X;/nifmi + Y fim), (245)
v v mi

where we used the result of Equation (74).

In this approach, one has first to solve RPA equations for various multipoles which
have to be inserted in the sums on v. The choice of RPA solutions to be inserted is an input
of the method and it is based on plausible physics hypotheses.

9.3. Renormalized RPA

The extensions of RPA theory presented in Sections 9.1 and 9.2 aimed at including
excitation modes more complicated than 1p — 1h. The renormalized RPA (r-RPA) attacks
another weak point of RPA theory: the QBA (59). This approximation forces pairs of
fermionic operators to work as they would be bosonic operators. For this reason, in the
literature, the QBA is associated to the statement that RPA violates the Pauli principle. The
r-RPA theory avoids the use of the QBA.

As in the ordinary RPA, we indicated with |vp) the ground state of the system and
with |v) the excited state which is a combination of 1p — 1h and 1h — 1p excitations. We
consider a Q; operator whose action is

v) = OF o) = Zh(x;h@;h =By ) Ivo), (246)
p

where the renormalized p — h operator is

@;—;’l = /Zh, hp/h/a Llh, (247)

and Ny, ,yjy is a number. The EOM method implies that the correlated ground state satisfies
the equation

Qv |1/0> =0.

By using the anti-commutation relations (A3) of the creation and destruction operators, we
express the orthonormality condition relating the excited states as

Oy = <V|V/> = <V0| [Qv’l QAl—” |V0>
= ) (XZ;;’XZh (vol [@p’h’ }|V0> +YY o <Vo|[ i ph} |Vo>)

ph,p’h’
— Z (leh/XZh —Y;;/,],;‘; ;;h)
ph’p/h/
Y N Nt (% (vola} ai|vo) — 6 <v0\a;am|uo>). (248)
minj

The above expression is simplified if we use the s.p. basis formed by the natural orbits. By
definition, this is the basis where the one-body density matrix is diagonal [46]

(volaf aglvo) = nadaup. (249)
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If we assume that

Npp,prny = oot (250)
we obtain
Y (XX = YY) = bwss (251)

ph’plh/

which is an expression analogous to that of the standard RPA, Equation (71). It is worth
remarking that now the indexes p and / do not refer any more to s.p. states which, in
the ground state, are fully occupied or completely empty. The natural orbit s.p. states are
partially occupied with probability n,; therefore, all the indexes in the sums of the above
equations run on the full configuration space. To avoid double counting, we assume that
the i, j, k, h indexes indicate natural orbits with energies smaller than those of the states
labelled with the m, 1, p, g indexes.

We proceed by using the EOM approach analogously to what was indicated in
Section 3.2.2 where, now, the ﬁ;ﬁh operators are substituted by @; , and we define the
following matrix elements

A = (vol [Bn, [, 355, ]| 1v0), (252)

and
Bphp’h’ = — <1/0| {@phr [H, @plh/]:| |1/0> . (253)
We obtain a set of equations analogous to those of the usual RPA
A B XY XY
=wy . (254)
B* A* YV —yv

The evaluation of the A and B matrix elements is carried out by using the expressions
of the B operators in terms of Q) operators

B = LG+ Q). (255)
By = L(XQu 1500 (256)
v

and we obtain

1 ny — np — Ny
Aphp'h/ = E ( — n’ P— np pp/éhh/ — Ehh’épp )

+\/ 1y — 1p) (g = 1)V s (257)

and

]Bphp/h' = \/(Tlh — np)(nh/ — np/)th/pp/. (258)

In the above expressions, we used the natural orbit energies defined as

—h2V?

Ea = (@] la’) + Z”ﬁvaﬁrx’ﬁ- (259)
B

The key point of the r-RPA consists in expressing the occupation probabilities 7, in
terms of X and Y amplitudes. In Ref. [47], by using a method which iterates the anti-
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commutation relations of the creation and destruction operators, it is shown that the
expressions of these occupation probabilities up to the fourth order in Y are

mp 1= Y Y AN ny, ;Z . (260)
v’

P v
with

e - M) X X5 | (= )Y Y01 (261)
pl /

This result inserted in Equations (257) and (258) generates expressions of the A and
B matrix elements in terms of X and Y amplitudes; therefore, Equation (254) becomes a
system of nonlinear equations in the latter unknowns. This is solved by using an iterative
procedure. Starting from some initial guess for the X and Y amplitudes, obtained, for
example, by solving the standard RPA equations, one calculates the A and B matrix
elements. The solution of Equation (254) provides new values of the X and Y amplitudes.
The procedure is repeated until convergence is reached. A review of recent applications of

the r-RPA theory is presented in Ref. [6].

10. Correlated RPA

Interactions built to describe systems composed of two particles are called microcospic.
These interactions show similar features independently of the particles considered, nu-
cleons, atoms or molecules. They are short ranged, meaning that they are zero after a
certain value of the distance between the two particles. They have an attractive pocket at
intermediate distances and a strongly repulsive core at short inter-particle distances. This
latter feature inhibits the use of microscopic interactions in theories based on perturbation
expansion such as RPA. The derivation of the RPA with the Green function formalism
clearly shows that RPA is the first term of a perturbative expansion of the two-body Green
functions. The presence of the strongly repulsive core would produce extremely large value
of the interaction matrix elements with respect to the energy eigenvalues. This is because
the s.p. wave functions obtained in the IPM would allow the particles to get too close to
each other. The traditional RPA requires the use of effective interactions, i.e., interactions
which do not contain a short range repulsion.

Microscopic many-body theories aim to describe many-particle systems by using
microscopic interactions. One method of handling the problem of short range repulsion is
to use a correlation function which modifies the IPM wave functions in such a way that
two particles do not get too close to each other. This is the basic idea of the Correlated Basis
Function theory [46,48,49]. The ansatz is that the ground state of the interacting particle
system can be expressed as

oy = 1%L (262)

1
(®o| F*F|®)2
where |®) is the IPM Slater determinant and F is a correlation function. These two
elements of the state are determined by minimizing the energy functional

(263)

SE[¥y] = 5[(¢’0|F+HF|CI’0>} _o,

(®o| FFF| Do)

where the hamiltonian H contains the microscopic interaction. The usual ansatz on the
expression of the correlation function F is

A
F(ry, -, ra) = [ [ f(ry), (264)

i<j
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where f is a two-body correlation function depending only on the distance r;; between
the two interacting fermions. The need to keep finite the product of the interaction V and
the wave function |¥) requires that f is almost zero for small values of r;; and it rapidly
assumes the value of 1 when the distance becomes larger than that of the short range
repulsive core. The minimization of the energy functional is carried out by changing the
parameters of f and also the set of s.p. wave functions forming |®).

After having solved the problem of finding the minimum of E[¥y], the correlated
RPA aims to describe the excitations of the system in this theoretical framework. There
is an ambiguity in defining the expression of the excited state. If we consider the [¥)
of Equation (262) as ground state, the approach of the EOM (see Section 3) implies the
calculation of matrix elements of the form

(®o|FtafanHayaF|Pg), (265)

whose evaluation requires the knowledge of the effects of creation and destruction operators
on F |®)). We attack the problem by considering the correlation function acting on an
exited IPM state. This implies that the ansatz for the excited states is analogous to that of
Equation (262)

P = % (266)
(P|FTF|D)?

where |®) is the Thouless variational ground state (79)
Y Critih i
|P) = emi |Po), (267)
and the C,,;; coefficients are defined by using a variational procedure which minimizes the

energy functional
SE[¥] =6 (Y|H|¥) = 0. (268)

In the expression (267) of |®), we can consider E as a function of the C,,; coefficients
and we make a power expansion around the ground state energy value

(®o|FTHF| D)

Hop = o2 120),
0 (@ [FFF|@y)

(269)

which is obtained by considering all the C,,; coefficients equal to zero in Equation (267).
The power expansion can be written as

. S6E SE 1 .,
E[Cmi/ Cmi] = HOO + Z( |:5le:| OCmi + |:(5C*:| Cmi)
mi midQ

1 52E 1 6°E
+ = ——— | CuiCyj + = s o0 | CmiCuj
zn%jldcm,-é(fnj . mi'-nj zrr%jl§CMi5an . mi'=nj
5’E «
+ L (sc(sc] ConCj 4+ o
minj mi” =] | g

where the subindex 0 indicates that, after the evaluation of the variational derivative, all
the C’s must be set equal to zero.

The second term of the above equation is JE, the first variation of the energy functional.
We obtain the minimum when this variation is zero and this implies that each variational
term must be zero. Let us consider the term with the variation about C;, .

SE 0 [<CI>|F+HF|<I>>}

= 271
5C: ~ aCk. | (®[FFF|®) @)



Universe 2023, 9, 141

46 of 61

where we have considered that, in this case, the functional derivative coincides with the
partial derivative. By using the expression (267), we obtain

OCi (®[F*F|®) : (®|F+F|®)>

(272)

After calculating the variation, we have to impose that all the C’s go to zero; this is
equivalent to saying that in Equation (267) |®) = |®), and we obtain a relation
(Do amF+ HF| D) (P |2 T F|Dy)
= 1100
(®o| FF|Do) (®o| FF| Do)

(273)

An analogous calculation carried out for the variation about C,,; generates an expression
which is the complex conjugate of (273).

The fact that the value of E is a minimum, when the first variational derivatives are
zero, is ensured if the sum of all the second order variational derivatives is positive. It is
convenient to tackle this problem in matrix form by defining the matrix elements

52E
6Ci0Cyi |

5215

and Bminj = [

7’1]0

By carrying out calculations analogous to those carried out for the first variational deriva-
tives, i.e., by considering Equation (267) and making the limit for C — 0, we obtain the
expressions

A (®ola; 2, F+ HFa; a;| Do) o (®olaf anF*HFa ) a;| Do) 275)
minj = (@[ F+F|y) o0 (@[ F+F|y)
and
(@ola; amif anF+ HF| Do) (®o|a; amat; 4, F+ HF|®y)
B, .= — H, 27
minj (@[ FFF[y) 0 [ FI) (276)

We consider the set of the C’s as a vector; therefore, we write the condition that the
sum of the second variational derivative is positive in matrix form as

A B C
(c* I'ch > 0. (277)
B* A* C*

NI~

This is equivalent to asking that in the eigenvalue problem

A B C C
= A ) (278)
B* A* C* c*

the eigenvalues A are all positive. By inserting Equation (278) into Equation (277), we
obtain

1
5 Tc+ctc)>o, (279)

which is satisfied for A > 0 since the part inside the round brackets is certainly positive
because it is the sum of squares moduli of complex numbers.

The condition (273) and its complex conjugate, together with (277) allows us to build
equations for the Correlated RPA.

We consider Equation (137)

(6Y¥(t)|H — ih%rf(t)) =0, (280)
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where now the state |®(t)) is

Flo(t))
(@(t)[FTF|D(t))?

[¥(t) = , (281)

In the above equation, the |®(t)) states are defined analogously to Equation (267) but now
the C coefficients are time-dependent

Z Cmi(t)ﬁxﬁi
|D(t)) = emi [®o (1)), (282)

and the time dependence of the ground state is defined as
(1)) = ehHof |ay), (283)

analogously to the usual interaction picture (see Equation (89)).
Since only the C amplitudes can be varied, we can express Equation (280) as

(O~ in 2 [ (1))

_ ¥y gfﬂ”' (H_ ihaat) ¥ (£)) 6Cp

mi
5<11f(t)|<A .a)
+ LA == ) Y (1) 6C,;
= ) (Smi6Cumi + Ryi6Cpy;) = 0. (284)
mi

The above equation is verified only if both the matrix elements R,,; and S,,; are zero for all
the m and i particle-hole pairs and for all times ¢.

The evaluation of R,,; proceeds by considering the expressions (281) for [¥(t)), (282)
for |®(t)) and (283) for |®y(t)). We show in Appendix G the details of the calculation
leading to the expression

X ) d
0=Ryi= ZAminanj(t) + ZBminanj(t) —ih Z Ecanminj/ (285)
nj nj nj

where the A and B matrix elements are those of Equations (275) and (276), respectively, and
we defined
(Do|a;" a, F T Fay; aj| Do)
(®o|F*F|Po)
(®o|a;" am FF| Do) (Do|FFitf | ®o)
(@o|F+F|®p)?

Mminj =

. (286)

Analogously to what is presented in Section 5, we consider harmonic oscillations of
the C amplitudes

Coi(t) = Xpie ™t 4 Y7 0™, (287)

We insert Equation (287) into Equation (285); we separate the positive and negative fre-
quency oscillations and obtain

ZAmiannj + ZBmiannj(t) = hw ZanMminj/ (288)
nj nj nj
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and
ZAmin]'Y;j + EBmian;:j(t) = —hw ZY;ijinj' (289)
nj nj nj

By considering the complex conjugated of the second equation we can cast the system
in a matrix form

A B XV M 0 XV
= hw, . (290)
B* A* Yv 0 -M YV

The structure of the standard RPA equations can be recovered by performing a trans-
formation on (290) such that the matrix on the right is converted into a unit-diagonal form

M 0 I 0
— . (291)
0 —-M 0 -I

The properties of these equations have been studied [12] and they are similar to those
quoted in Section 3.2.3.

Obviously, we want to interpret the eigenvalues /iw of Equation (290) as excitation
energies of the system. The question is if the amplitudes X and Y can be used as in
Section 3.2.4 to evaluate the transition probabilities. This is not straightforward since in the
present approach we have worked with a hamiltonian of the type £+ HF. Consequently,
the one-body operators describing the external operator should also be described as £+ OF.

11. Summary and Conclusions

In this article, I presented three different methods to obtain RPA secular equations.

The EOM approach emphasizes the fact that RPA considers only excitations of 1p — 1h
type and also that the RPA ground state is not the the IPM ground state, but it contains
correlations. These correlations are described in terms of ph pairs; therefore, RPA excited
states contain also hip excitations which are taken into account by the Y amplitudes.

RPA secular equations are obtained by truncating at the first order the expansion of the
two-body Green function in powers of the interaction. As a consequence of this truncation,
RPA requires the use of effective interactions, i.e., interactions without the strongly repulsive
core at short inter-particle distances, a feature which, instead, characterizes the microscopic
interactions.

The derivation of RPA obtained with the TDHF approach clearly indicates that RPA
has to be used to describe harmonic oscillations around the many-body ground state, i.e.,
excitations whose energies are relatively small with respect to the global binding energy of
the system.

RPA calculations require in input a set of s.p. wave functions and energies and also the
effective particle-hole interaction. The solution of RPA secular equations provides not only
the excitation spectrum, but for each excited state also the description of the corresponding
wave function in terms of 1p — 1h and 1h — 1p excitation pairs. The knowledge of RPA
wave functions allows a rather straightforward evaluation of observable quantities because
many-body transition amplitudes are expressed as linear combinations of s.p. transitions.

RPA is able to describe in a unique theoretical framework both single-particle and
collective excitations. This is particularly useful in atomic nuclei where these two types of
excitations are both present in the same energy range.

RPA is able to predict emergent phenomena which are unexpected in the IPM. In the
present article, I have considered, as an illustrative example, the case of the 3™ state of the
208Pb nucleus. RPA has been widely used to investigate the giant resonances in nuclei [5].
The position of the peaks of the resonances and the total strengths are well described. These
latter quantities are related to RPA sum rules whose values are rather different from those
obtained in the IPM, as was pointed out in Section 3.2.5. The accuracy of most modern
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data indicates that, even though RPA provides reasonable values of the total excitation
strengths, it fails in describing their energy distributions. This is the main reason leading to
an extension of the theory.

The main limitation of RPA is the fact that it considers 1p — 1h excited pairs only. The
straightforward extension consists in considering, in addition, also 2p — 2h excitations.
The formulation of the SRPA has been presented in Section 9.1. Applications of the SRPA
are numerically very involved, but the obtained results are rather promising. Another
method of including 2p — 2/ excitations consists in coupling s.p. wave functions to RPA
vibrational modes.

It is possible to untie RPA theory from the use of effective interactions. The formulation
of a theory which uses microscopic interactions has been presented in Section 10. To the
best of my knowledge, this formulation of RPA has never been used in actual calculations.
Its validity in the description of observables remains an open question.

RPA is a milestone in many-body theories even though nowadays its role and relevance
is sometime overlooked because its relative simplicity in favour of theories makes use of
microscopic interactions.
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Abbreviations

CCRPA Core coupling RPA

DFT Density Functional Theory

EOM Equation of Motion

HF Hartree—-Fock

hp Hole—particle

IPM Independent Particle Model

KS Khon-Sham

MF Mean-Field

ONR Occupation Number Representation
ph Particle-hole

PVCRPA  Particle-vibration coupling RPA
QRPA Quasi-particle RPA

RPA Random Phase Approximation
r-RPA Renormalized RPA
s.p. Single particle

SRPA Second RPA
TDHF Time-dependent Hartree—Fock

Appendix A. The Hartree-Fock Hamiltonian

In this Appendix we obtain a useful expression of the hamiltonian for its use in HF
and RPA calculations. We consider the expression of the hamiltonian in ONR [13,22]

N n 1 — e
H=Y'T,  afa, + 1 Y Vit dfda,, (A1)
vv! vv'pp!
where we have defined
Tv,v’ = <V‘T|Ul>/ (AZ)

and VVW/ w is the antisymmetric matrix element of Equation (13). We indicate with a; and
4, the usual fermion creation and destruction operators satisfying the anti-commutation
relations

{a,at} =6,  {av,ay}=0  {aj,a}} =0, (A3)
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From the definition of contraction (see [22]) we have that

[ [

koA LA At oA A oAt oAt
ay Ay = Oyyby 5 Ay a,=0; dya,=0; a;a,=0. (A4)

where i indicates a state below the Fermi surface. By considering the definition of normal
ordered product N we obtain

. [
afa, =N[a) a,] +a a, , (A5)
and, for the Wick’s theorem
atata a0 — WNiatsetas , a
ayay aydy = Nayay d,a,]
. [ . [
+ Nlayayla) ay +Naya,la; a,
. [ . [
— [ﬁ;{ﬁv/}ﬁj Ay — N[ﬁfjﬁy/]ﬁ; a,
[ I /o
+ ﬁ;ﬁwﬁj 4y — ﬁjﬁﬂ/ﬁfj ay . (A6)
We insert the above expression in Equation (A1)
> PN ata.a
H = ZTVV’[’ZV LIV/ Z Vl/yv I { ;4 ﬂyl av/]
v/ ;4;4 vy’
+ N[ﬁ;{fzw]é 1/’51/1 + N[ﬂ LIV/} /5;”- — N[ﬁ;flw]%;ﬂ%i - N[ﬁjﬁw]éywéyi
Bt 6uibg6j — 5,,H,5vi5w5w}, (A7)

where we have already considered the fact that a contraction is different from zero only if
the single-particle state is of hole type, i.e., if its energy is below the Fermi surface.
By considering the restrictions imposed by the Kronecker’s J, we obtain

A o n 1 — Sadad A
H = Z Tw/ajavl + 1 Z VVW/F/N[aja; ay avl}
v/ up'vv’
1 it A
+ 1 Z VI’”P*,ZN[Q;‘—LIW] + 1 Z VZUW/N[LZJ_LIV/]
up'i vv'i
1 ST Ad A N{PUIA
- 3 Y ViiN[aya,] — Y ViiwNafa,]
uv'i vp'i
j—— j ——
t 3 Y Vi — 1 2 Vit - (A8)
ij ij

The definition (13) of the antisymmetric matrix element implies the following relations:

VV]/“/’]/[’ = V‘HVV,]/[, — V]/”/‘HIV/ = _VVH‘HIV, Vi (A9)
therefore
A T At A
H = 2 Tvv’av 611,/ Z Vv;u/ P"N[ a Ll}l/ Lll,/}
vv! ;ty "vy!

+ ZVV”,/Z (8, ay] + = ZVW. (A10)

vv'i
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We use the definition (A5) of N and we obtain the following expression for the hamiltonian

_ e~ 1 _
+ 2 Y ViwwNaja)a, av,]fEZV,ﬁj. (A11)
D

This expression makes evident the presence of a one-body hamiltonian operator, the term
multiplying 4, 4,

Up to now, we did not make any assumption on the structure of the basis of single-
particle wave functions composing the Slater determinant on which the creation and
destruction operators are acting. We choose the single-particle basis which diagonalizes
the one-body term of Equation (A11)

(Tvv/ + Zvviv’i> 51,,]// = hvv/él/,v/ = 61/5]/’]// . (AlZ)
i

In this basis, the expression of the hamiltonian is

A T A 74 1 = STatat A a N
H = Zeva:;uv — 5 Z Vl]l] + 1 Z VVW/H/N[[J;%Z; ayy avl] = Hyp + Vies - (A13)
v ij up'vv’!

where Hy is the sum of the first two terms.

Appendix B. RPA Double Commutators
In this Appendix, we calculate the double commutator

(ol |, (A, 6 47)| |90,

of Equation (47) by considering the hamiltonian expressed as in Equation (A13). The second
term of the hamiltonian (A13) is a number, therefore commuting with every operator. By
considering the anti-commutation rules (A3) of the creation and destruction operators, we
have that

Ata atal— s .ata At
[y g, 4y 4] = 0,pdy A; — 0judtyy Ap,

therefore, the commutator of the hamiltonian can be written as

(H,a58] = Y hag(Supisd; — 0jalt) dg)
«p
1 = Nlatata . a1 ata
+ Z Z leﬁtx’ﬁ’ [N[a;’agaﬁ/aal],ajaj}.
e B/

The double commutator of the first term of the hamiltonian can be rewritten as

e (@0l [ i, (8upfi 6 — Sjady ) | |0)
= hap (Dol (8] Ambupay aj — 8 Abjudyy ag)| Do)
= g (Po|d; ity 4;|P0) 64 — hap (Pola) amd, ag|Po) b
hzxﬂéijfsmtxénﬂ - htxﬂéiﬁfsmndja
= (em — €)0ij0mn, (A14)

where in the last step we considered the diagonal expression of h, g, Equation (A12).
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For the calculation of the second term of the hamiltonian we have that
[N[a;ag Gy ), ﬁ;a]] = Nag af ag dylaga; — afaiN[af o) ag ay),
therefore
(@) [ﬁjam, N[agay ag aa/]a;a]} - [a;a]N[a;ag i aa/],ajﬁm} @)
= <q>0|ai+amN[a;ag A dy ]yt ;| Do) (A15)
- <¢O|N[a;ag A By )5t 4 | Do) (A16)
+ <q>0|ai+ﬁma,jﬁjN[ﬁ;aﬁ+ g 4 ]| Do) (A17)
— <q>0|a;ﬁ]N[a;a; A Ay ]a; B | Do) . (A18)

The terms (A16) and (A18) are zero since a,, |®p) = 0. The situation for the term (A17) is
more involved. In the application of the Wick’s theorem one can see that in all the possible
set of contractions there are always terms where 4, is contracted with 4,/ or 2 and these
contractions are zero. Only the term (A15) is different from zero and, by applying the
Wick’s theorem we have to consider all the possible contractions and we obtain

<<I>0‘a amN[ ﬁ Lllg/ aa/]aﬁaj|<l>0> = 5ia’5mﬂé§ﬁ’n5ﬁj - 5ia’§mﬁ5ﬁ’n‘sﬂj
_ 5,'13/5;11“(5“/,15’3]‘ + 5iﬁ/(5mlg5wn(5ﬂ]‘. (A19)

This expression is used to obtain the TDA Equation (48) whose terms are equivalent
to the A;,;,; matrix elements (58) of RPA equation.

For the term By, of Equation (58) we use again the expression (A13) of the hamilto-
nian. In this case also the contribution of the one-body term is zero. By considering the
anti-commutation properties of the creation and destruction operators we obtain

(83 2p, & Gn] = Opjty An — Onad g,
therefore
(@0l & am, [ 4, 87 a2 ] | |@0)
= (@g|a] amd, an| Do) — 0
(Doayf and; dm| Do) — 0
—  (Do|a] ama; ag| Do) = 5igdim — 0
+ <q>0|aj+ﬁﬁai+am|q>o> -0

For the two-body term we have to evaluate
(Do [ai*am, [N[ay ”/3 A, 4 an” |Dg) .

Three terms of the double commutators are zero since they contain a,, |®y) = 0. Only
the term

is different from zero, therefore

Binj = Z Vg (Pola; ﬁmﬁ Andt ; dgdy| Do) . (A20)
DC‘BIX/‘B,

By considering the symmetry properties of V and all the possible contractions we obtain
Equation (69).
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Appendix C. Sum Rules
We derive here the expression of the sum rule (75).
(¥o| [F A, ﬁ]] ¥y) = (¥ [FHF — PO - AFE + FHF)] %)
= {2 (YolFHF[¥o) — (Yol EF[¥0) Eo — Eo <‘I’o|ﬁﬁ|‘1’0>}
= 2(YolF(H — Eo)F[¥0) .
We insert the completeness ), |¥,) (Y| =1
2(YolFY[¥v) (¥u|(H — Eo)F[¥0)
v
= 2 <‘Ij0|ﬁ2|‘yv> (Yv|(Ev — Eo F|‘YO Z ‘P0|F‘Tv> <‘Ijv|ﬁ‘1¥0>-
v v

Appendix D. Linear Response

Let us consider the situation where the many-body system is subject to an external
perturbation. We express the total hamiltonian describing the perturbed system as sum of
the hamiltonian H describing the system in absence of the perturbation, whose eigenstates
are |¥), plus a time-dependent term H*(¢):

At = [0+ A%Y(t) = A + FA(t) , (A21)

where F is the operator describing the action of the external perturbation on the system.
The function A(t) describes the time evolution of the perturbation and is defined such as
A(t) = 0for t < ty = 0. This means that the perturbation is switched on after a specific
time, tg which we define as zero time.

We assume that, under the action of the external perturbation, the reaction times of the
many-body system are much faster than those needed to the perturbation to switch on and
off. Then, when the perturbation is totally switched on the hamiltonian is A=A+ F. In
this case we can treat F as a perturbative term of the total time-dependent hamiltonian. For
this reason, we can consider the equation of motion (91) in the interaction picture

2 [a(0) = BOIA) | (A22)
where o , .
B(t) = et Pe i1 e [¥y(1)) = i ¥ (1)) . (A23)

In this section, we use the convention that states and operators without sub-indexes are
expressed in the Schrodinger picture. We formally integrate Equation (A22)

i [ ar Dy = [ ar B, (A24)

and obtain the expression
i) = i) — 5 [ ar B (A25)
Since the perturbation is switched off when t = —oco we have that [¥1(—o0)) = [¥() which

is the ground state of the system. We can express the above equation as perturbative
expansion by iterating [¥1(t))

() = %)~ & [ R + (A26)
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We call D the operator which describe how the system reacts to the external per-
turbation induced by the operator F. The expectation value of this operator is given by

<Tl(f)|DI(f)|‘Y1(t)> .
{trlag [ arhrenl + o foo{ivo -5 [ arfienge +

= (FolDx(O¥0) +1 [ ¥ (Rol[A(E), DoY) +-- (A27)

We define the response function as

0 th<t
RW—ﬂ={iHMHWﬁWM%> Pt (A28)
h (Yol¥o)

This definition implies causality. The system cannot respond before that the perturbation is
switched on.
By making explicit the time dependence of F(#') and D(t),

B(t) = et e iV, Dy(t) = enfltPe=iflt (A29)
we can express the response as
Bei (A=Eo)(t=t) Py, | (Wo|De i (H=Eo)(t=t) By
Rt/ — 1) = L YolBer [¥o) 1 {%o|De B¥o) (a0

h (Yo[¥o) h (Yol¥o)

and, since it depends only on the time difference T = t — t/, by using the definition of
Fourier transform, we obtain

R(E) = / dTR(T) ehET
i 1
- ‘FF/ dret (=Bt BT |y —f‘I’ D/ dreH(A-Eo-ET |y >
(1l [¥o) — & (¥ ¥0)) e
_ (Y|F(H—-Eo+E+iy)'D[¥o) <‘Y0\D(H—EO—E—”7)71F|‘YO> (A31)
(Yol¥o) (Yol¥o)
We insert the completeness ), [¥,,) (¥»| = 1 and obtain
R <TO|D|TH><Tn|ﬁ|lFO> <‘Y0|ﬁ|Tn><‘Fn|D|\FO>} 1
R(E) = — — - . A32
(£) ;[ E— (E, — Ep) +in E+ (En—Eg) +in | (¥o|¥o) (A32)

The poles of R(E) correspond to the excitation energies of the system. For each positive
pole there is a negative pole, equal in absolute value to the positive one.
We consider the Dirac expression

T 1 ,
x,_xiin—@x,_xqimé(x x'), (A33)

where & indicates the principal part, therefore

1 1
Mx—f):—%(ﬂ_xim>, (A34)

with the symbol < indicating the imaginary part.
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We assume D = F, as it usually happens and consider only positive energies. The
transition probability from the ground state to an excited state is given by

S(E) = ——S(R(E)) = Y (¥olE[¥n)|?0 (E — (En — Eo)) - (A35)

This is the traditional expression obtained by applying the time-dependent perturbation
theory [16]. Assuming that F is a one-body operator

F= valvzavl ay, and fy,u, = /d3r¢vl ) f(x) duy (x) (A36)

we obtain

" o (Yoldyay, [¥n) (¥aldu,aj,[¥o)
R(E) - Z Z Z |:f1/11/2f1/31/4 E _ (En _ EO) + ”7

f f* <‘YO |ﬁv3ﬁ14/; |‘Fn> <‘Fn |ﬁv1 ﬁ]j; "Y0> } 1 (A37)
V3Vy 141 %) E + (En _ EO) + ”7 <\F0|T0> 7
Since [ is hermitian, fuov, = f;‘m and the indexes v are dummy, we can write
R(E) = Z valv2f1;k31/4
V1Vp V3Vy
y [<‘1’0|ﬁvlﬁu+z|‘1’n><‘1’rz|ﬁv/3ﬁv+4 [¥o)  (Yoldw,ay,[¥n) <‘Yn|ﬁvlﬁu+z|‘1’o>} 1
— E— (E, — Eo) +in E+(E,— Eo) +in (¥o|¥o)
= Z Z fV1V2f1/31/4 ) (1/1, V3, V2, V4, E) s (A38)
V1V2 V3Vy

where, in the last step, we considered the expression (104) of the two-body Green function.
The transition probability is given by

S(E)=—=S(R(E)) = )_ valyszM (ihG(v1,v3,v5,v4,E)) . (A39)

1
T V1V V3Vy
Appendix E. Green Function Expansion Terms

In this appendix we show the explicit expressions of the diagrams of Figure 2. The
x and y labels indicate both space and time coordinates. The integration on all the y
coordinates is understood. The symbol U indicates the two-body interaction.

A= GO (X1/X2/ X3/X4)/ (A40)
0(X1/X2/ Y1, y1) A (yll y2)GO (y2/ Y2,X3, X4)/ (A41)
= G%(xq,x2, 1, y2) U(y1,¥2)GO(y1, 2, X3, X4, (A42)

D = G%(x1,%2, 71, y1) W (y1,y2)G (y2, 2,73, ¥3) U (Y3, y4)G° (Y4, Y4, X3, X4), (A43)
E =G (x1,%2,y1,y2) U(y1,¥2)G’(y1,y2, y3, y4) U(y3, ¥4)GO(y3, ya, X3, Xa), (A44)
F = G (x1,x2,y1,¥3) U (y1,¥2)G%(y2, 2, V3, y2) U(y3, y4) G (Y1, Va, X3, X4), (A45)

G = G(x1,x2,y1,y3)U(y1, y2)G'(y2, y2, ¥4, ya) U(ys, y4)G (y1, ¥3,¥5,¥6)
l,z (YS/ Y6)G0(y5/ Ye6,X3, X4)- (A46)



Universe 2023, 9, 141 56 of 61

Appendix F. RPA Green Function in Matrix Form
We consider Equation (113) and we calculate first
hGRPA(m,i,j,n, E)

Y COlm, i1, 2 E){ G 0 + piapis| Vlpiapns) CX(piz, s, E)
H,H2,13, 14

— (mp2|Vpaps)

GRPA(]’[?)/ ]’l4/ jr n, E) }

Because of Equations (105) and (106) we have that

0; 0
~RPA .. - i,jOm,n
hG (m,z,],n,E)—iem_ei_E{l

X [ sl Vlmpua) GR (s, sy, ) — (i) P piapis) GR™ (s, paa o, E) | .
H3,Ha

Making explicit the sum on p3 and 4 and considering that, for the conservation of the
number of particles, one of the indexes must indicate a particle state and the other one a
hole state, we can rewrite the above expression as:

h(em — € — E)GR™ (m,i,j,n,E) = Y [ (il|V'|mq) GRPA(1,q,j,n, E)
lq
+  (iq|V[ml) GR"(q,1,j,n,E)
— (im|V|lq) GR™(q,1,j,n,E)
(im| V|q1) GR*A(1,q,,m, E)] = 88

By considering the antisymmetrized matrix element (13) we can express the above
equation as

Z { |:h(€m — € — E)éi,lfsm,q + ViqmlGRPA(qr l/j/ n, E)
I
+ VllquRPA(l/ q/j/ n, E):| == 51‘,]'5111,7[/

which is Equation (114). The evaluation of Equations (115)—(117) is carried out in analogous
manner.

Appendix G. Correlated TDHF

In this section, we obtain the explicit expression of the R,,; and S,,;; factors defined in

Equation (284) as
':(5<‘I’(t)\ N O
Ry = 5Cx (1) (H lhat) [¥(£)), (A47)
and 5 (¥ )
Spi = 3Con (1) <H — ihat) [ (1)) . (A48)

To simplify the writing we define
D = (®(t)|FTF|D(t)), (A49)

By considering Equation (282) for |®(t)) we have

—~

1(®(t)|aj amFTF|D(t))
5C* (1) 2 D

, (A50)

N|—
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and
51[» = Zdt il (1)]a; Fta,FTF|®(t))

+ Zdt nj (1) (@(1)|FFafaj|®(t)) . (A51)
From the time dependence (282) and (283) of |®(t)) we have

ih%@(t»:HOO@ +1h2d i (D)7 8 |D(0)) - (A52)

We use the above expressions and Equation (281) of [¥(¢)) and obtain the following

expressions
A ayFT ﬁ+ﬁm *
AL (@000 1 @OBIEEO0) gy, as
S(¥()] _ 1 (P(H)|FTFa,a|D(t))
N in

Putting together the above equations, we obtain

0=Ryi = g (@(0]af anF"AF®())
5 (®(0)af A FIR() Hoo
o (@I anE T Fl(1)) (@(1)|FFAF ()
- g; % Cof(1) (@(0) |2 a0iF " E 2|0 (1)
y 20y L Ct) (0laf anF* FIR(0) (S(0)IF* Faa2(0)
+ il B (0 (@01} 0 FIO(0) (00140 FRO(0), (450
and
0=-25,; = &(@(tﬂF*Fﬁ;ﬁi@(t))(CD(t)|F+HF|<D(t)>
— 5 (@I Faai|() Hoy
()| Ea () z & C.(0) (@] Faj (1))
¥ %ﬂ (1) F* Faar| (1)
[Zdt 5 (6) (@(0)]f 2, FFlo(2))

+Zdt wi(D) (@D Fagajlo(h)) |. (A57)
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We carry out a power expansion of Equation (282)

(@(t)] = (Po(t 1+ZC

-, (A58)

and

[@(t)) = |1+ ) Ci(t)aya; +

mi

|[@o(t)) - (A59)

Since Hy is a number, the expectation values of an operator between |®(t)) states
are identical to those obtained between those calculated between time-independent |®g)
states. This means that the expression (273) is also valid in the form

(@o(t) a7 amF* HF|®o(t)) (@

4y )|a; 4 FHF| Do (t))
(@ () [FTF|@(t)) .

o(t)2;
(Po(t)[FTF[@(t))

(A60)

We use the approximation

(@O[FAF@(1) _ (@o()[FHAFI®y (1) A6
(@(H)[FTE|D(t)) — (Po(t)[F*F[Do(t)) "
This expression has been obtained by using the expansions (A58) and (A59) in both numer-
ator and denominator and by neglecting all the terms containing C’s.
By using the expansions (A58) and (A59) and the approximation (A61) in Equation (A57)
we obtain the relation

<%|F+Fﬂ+tZ |Po)
Zdt n] (I)0|F+F|q>()>

(@ola] anF F|do)
L G0 g
a7 dt (Do|FFF| D)

(A62)

We consider the expansions (A58) and (A59) and the approximation (A61) in
Equation (A56) and obtain

Rmi =
= 1 Y Coy(0a - o A |14+ Y oD a4+ | |o(1))
nj nj
_ %%( 14+ Y Cri(hara FanFtE 1+ZC a i+ || @o(t))
nj
(®(t)|FTHF|®(t))
o+ <<I><t>|F+F|q><t>>}
e
+ 7({0”] (AG3)

where we have indicated with K the terms depending on the derivative of C’s. We retain
only the terms containing a single C, we use the approximation (A61) and obtain
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1 s .
R, = ﬁ<<1>0(t)|afamF+HF|<Do(t)>
1 . o A
+ ﬁchj(t) <c1>0(t)|a]*anajamF+HF|q>o(t)>
nj
+ Dch] (t)| & 4w FTHFa) ;| Do(t))
~ Ll anFTF |®o(t)) H
g (@o()| 47" amF™F |®o(t)) Hoo
1 . e
-5 Y Cri(t) (@o(t)] a7 andy amF ™ F |@o(t)) Hoo
nj
1 s N
-3 ch](t) (Do(t)| ;" aF* Faf aj |Po(t)) Hoo
nj
+ Jf[fﬂ. (A64)

By applying the condition (A60) the terms without C’s cancels and we obtain

dcC

Rini ZAmm] + ZBmzn] +*X |: at :| 0. (A65)
nj

where we used the definitions (275) and (276).

We use the relation (A62) and we can write the term dependent on the derivative of
the C’s as:

] (@(0) 0 Fa ;| 0o(1))
d "’ZJZJ [ (@ ()| FF[bo(0))
o

(@o(t)] 8" amFF |@o(t)) (Po(t)| FFaj a;[Po(t))
< o(f)| F+F |@o(t))?

dcC
= —in) Yy 7 ”f M. (A66)
nj nj
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