Concepts in Quantum Many-Body
Theories

Giampaolo Co’

Dipartimento di Matematica e Fisica, "Ennio De Giorgi”
Universita del Salento
and

INFN, Sezione di Lecce



Foreword

These notes are conceived to present the problem of describing many-body systems in Quantum Mechan-
ics. The public to which these notes are addressed is that of the graduate students of the Physics course.
I give for granted a basic knowledge of non-relativistic Quantum Mechanics and its simple applications
such as the solution of the Schrédinger equation of a particle in a potential, the quantization of the
angular momenta and the rules to sum them, the treatment of the identical particles, their classification
in fermions and bosons, and the related quantum statistics.

Many of the calculations are presented with a certain detail in order to allow the reader to verify the
results and to show how to apply techniques acquired in the basic mathematics and physics courses in
the undergraduate studies.

Despite the formal aspect of the presentation, no ambition of mathematical rigor is attempted in
the proofs, in particular, questions of convergence have been treated very lightly. In this presentation I
have been more interested in clarifying the physics behind the heavy mathematical apparatus than in the
mathematical rigor. I excuse myself in advance for these gaps.

The attention is focused to the description of the various many-body theories, while I limited the
presentation of the results of the applications to realistic cases. This because these last ones are in
continuous evolution and they are better acquired by consulting updated review articles. On the contrary,
the formulation of the theories is, now, well grounded and can be the subject of a handbook presentation.

Few words on the notation adopted. The operators are identified with a hat to distinguish them from
the functions. This rules is not adopted when the form of the operator is made explicit, for example
when it written as product or sum of derivatives. We use a relatively small number of acronyms whose
meanings are listed in Table E of the Appendix. The symbols which maintain the same meaning all
through the notes are listed in Table F of the Appendix.

Giampaolo Co’
Lecce Sept. 2022
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Chapter 1

Defining the many-body problem

The modern description that physicists gives of the universe reduces every natural phenomenon to the
interaction of six leptons and six quarks mediated by four fundamental interactions: gravitation, electro-
magnetic, strong and weak nuclear forces. This picture, so concise and powerful, is the result of studies
inspired to the most extreme reductionism: the understanding of a complex system goes through the
identification of its components and of their interactions. Decomposing a complex system in its parts is
a much simpler task than that of reconstructing, or building from scratch, the system starting from its
components.

This last job is the goal of the many-body theories. The necessary preconditions to carry out this
work are:

a) definition of the theoretical framework,

b) choice of the fundamental degrees of freedom, or in other words the basic components of the system,
¢) definition of their interaction.

These preconditions are not necessary independent of each other.

The theoretical framework can be, for example, that of the Classical Physics, of the non-relativistic
quantum Mechanics or of the Quantum Field Theory. Evidently, the choice is strictly related to the kind
of system under investigation. The description of a planetary system in terms of Quantum Field Theory
is not at all convenient. On the other hand, it would be very difficult to use Classical Physics for the
description of a barion in terms of quarks and antiquarks. In the present tradition of the physics, when
the words many-body theories are used, the speaker refers to theories developed in the framework of non-
relativistic Quantum Mechanics. From the pragmatical point of view, this means that the many-body
problem consists in solving the Schrodinger equation for a system of identical, and interacting, particles.
The validity of the non-relativistic Quantum Mechanics is limited to those microscopic phenomena where
the energies into play are much smaller than the rest masses of the components of the system. These are
atoms, molecules, quantum liquids, metals, crystals and also atomic nuclei, which we shall call simply
nuclei henceforth.

The second precondition requires the definition of the fundamental degrees of freedom, which are, in
other words, the particles composing the system. Also in this case, the choice is related to an economy
principle in the description of the problem. As it has been already point out, at present, the fundamental
bricks of the matter are leptons, quarks, the bosons mediating the four fundamental interactions and the
Higgs boson. Even though it is correct from the fundamental point of view, the use of these physical
entities to describe every microscopic many-body system is not convenient. For each system it is necessary
to identify the physical entities of which it is possible to ignore the internal structure in the description of
the many-body system which does not disregard the essential phenomenology. For example, the structure
of the nucleus is studied by considering the nucleons, protons and neutrons, as basic degrees of freedom.
The description of the liquid helium is carried out by using the helium atoms as fundamental particles.

3



4 CHAPTER 1. DEFINING THE MANY-BODY PROBLEM

The third precondition to be defined, the interaction between the basic degrees of freedom, is, clearly,
related to the second precondition. The choice of the particle defines what is the interaction to be used,
which is not directly one of the four fundamental forces quoted above. The relation between particles
and their interaction is the topic of the Chapter 3.

After having chosen theoretical framework, fundamental degrees of freedom and their interaction,
the many-body problem is well defined and it is only matter of solving the differential, or better to say
the integro-differential, equations which describe the system. In the case of our interest it is matter
of solving the many-body Schrédinger equation. Formally, it is a purely technical problem, but, in
reality, the problem can be solved without making approximation, only for a limited number of cases.
For more general treatments it is necessary to formulate approximations which simplify the problem.
The development of these approximations, their validity, the possibility of controlling, and to improve,
them at will are the topics of the many-body theories. To make this work it is necessary to investigate
deeply the problem, one has to understand the relations between the various theoretical and physical
quantities in order to identify what is relevant and, if it possible, to separate it from what is negligible.
A problem which, formally, is only technical, leads to the investigation of the physical characteristics of
the many-body system in terms of its components.

In the study of the many-body systems of different nature, it comes out the remarkable fact that
the interactions between the different particles show some common features, which are analogous for
the interaction between nucleons, and between atoms or molecules. For this reason, the approximated
techniques aimed to solve the many-body Schrédinger equation are, in fact, independent of the system
under study. These techniques are universal in the sense that they can be applied without using other
assumptions concerning the system. The only differences are the characteristics of the particles and the
interactions which are external inputs of the theories. There is an important discriminating fact in the
structure of the particles and this is related to their bosonic or fermionic structure. Apart from this
important feature, the theories developed have validity ranges which span on 6 orders of magnitude for
what concerns the distances, from the nano to the femto meter, and about 12 orders of magnitudes for
what the energy is concerned, from the meV up to the GeV.

There is not a unique way of tackling the many-body problem. In these notes, the variety of approaches
are divided in two main groups. The first group is that of the theories inspired to the Quantum Field
Theory. The theories of this group are the most commonly used, for both the techniques, but especially
for having defined a specific language. The second group is that of the theories inspired to the Statistical
Mechanics. The two groups of theories focus their attentions on different aspects of the many-body
problem. As usual, studying a problem from different perspectives allows a better understanding the
various aspects pointed out with different emphasis by the each specific perspective.

The last part of these notes presents the phenomenological approaches where the physical properties of
the particles forming the systems and, consequently, their interactions are modified in order to reformulate
the many-body problem in an manner which is technically more easy to solve.
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Chapter 2

Mean-field models

2.1 General properties

The mean-field (MF) model is the starting point from where all the many-body theories evolve. This is
also the easiest approach to the problem, since it makes an approximation which tranforms the many-body
problem in many one-body problems.

In the framework of the non-relativistic Quantum Mechanics, a very general expression of the hamil-
tonian describing the many-body system is

oA 72 . 13
H=Z(— ,V?+Vo<i))+22w,j)+~-- , (2.1)
i=1 ¢ i,j=1

2m

where A is the number of particles, each of them with mass m;. In the expression (2.1), the term
containing the laplacian operator V? represents the kinetic energy, Vo(z) is a generic potential acting on
each particle, and V(z’, j) is the interaction between two particles. The dots indicate the presence of more
complex terms of the interaction, a point discussed in Chapter 3. These terms are not considered at the
moment.

The use of potential terms implies an instantaneous action between the two particles, a concept valid
only a non-relativistic framework. Let’s consider, for example, the case of the electrons of an atomic
system. In this case, the potential term V(i) of the hamiltonian (2.1) is the electrostatic potential
generated by the nucleus

ez Z
dmeg i

Vo(i) = — (2.2)
where e and ¢; are respectively the unitary charge and the vacuum permittivity, r; the distance between
the position of the electron and that of the nucleus which is at the center of the coordinate system, and
Z represents the number of the protons of the nucleus, i.e. the atomic number which, obviously, is the
same as the number of electrons. The interaction potential between two electron is

2
~ e 1
Vi, j) = —, 2.3
() = G (23)
where 7;; = |r; — r;| is the distance between the two electrons. Obviously, in the atomic case in the

expression (2.1) one has Z = A.
In the case of an atomic nucleus, the basic degrees of freedom are the nucleons and in the hamitonian
(2.1)
Vo(i) =0, (2.4)
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with V(z, j) representing the strong interaction potential between two nucleons.
By adding and subtracting to the expression (2.1) an average potential U(¢) acting on a single particle
at the time we obtain:

A 2 R R A ~ A ~
f{:Z (;WV?JrVO(i)JrU(i)) +%Zv(i,j) fZU(i) : (2.5)

The term in parenthesis, f[o, is a sum of terms acting on a single particle, the i-th particle, at the time.
I can define each term of this sum as single-particle hamiltonian h(%),

A 2
Ho =3 h(i) =3 <— 27;% V24 Voli) + ﬁ@)) . (2.6)

%

The basic approximation of the mean-field model consists in neglecting in the expression (2.5) the
term H; called residual interaction. In this way the many-body problem is transformed in a sum of one-
body problems. The model is also called Independent Particle Model (IPM) since the particles described
by Hy do not interact among them.

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

h(i)léi) = eiléi) (2.7)
therefore

Hol®) = (Z B(i)) @) = é|2) , (2.8)

where

() = [61)[d2) - |6a) - (2.9)

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 sum of antisymmetrized products of one-particle wave
functions. This solution is known in the literature as Slater determinant [Sla29)

1

|®) o

det{[¢:)} - (2.10)

The mean-field potential U inserted in Hy is usually phenomenologically selected. For example, in
the many electron atoms U (1) is a potential which consider the screening generated by the more internal
electrons on the motion of the more external ones. In the case of atomic nuclei the most commonly used
expression of U () are the harmonic oscillator and the Woods-Saxon potential

S —U,
v = 1+ exp(==£)

a

(2.11)

where Uy, R and a are real and positive constants whose values are selected with a procedure implying a
comparison with empirical data.

In the following we present the solution of the mean field problem for some specific expressions of U.
We consider separately systems with spherical and translational symmetries.



2.2. SPHERICAL SYMMETRY 9

2.2 Spherical symmetry

In the MF model the solution of the many-body problem consists in solving the one-body Schrédinger
equation (2.7) for each particle.

Atoms and nuclei are systems which are well described by considering a set of spherical coordinates,
and a MF potential which is symmetric with respect rotations of the coordinate system. The spherical

symmetry of the potential implies U(r) = U(r), where I used r = |r|. It is convenient search for solutions
of the one-body Schrodinger equation of the type

(;5(1‘) = Z Rnl("’)Ylu(Q)Xa , (2'12)

Lo

where n, [, 4,0 are the quantum numbers identifying the various terms of the wave function: n is the
principal quantum number, [ is the quantum number indicating the orbital angular momentum, pu its
projection on the quantization axis and o the spin projection on this axis. We indicated with Y;, the
spherical harmonics and with Q = (0, ¢) the angular part of the polar spherical coordinates. The Pauli
spinor of the fermion, electron or nucleon, is indicated as

X1/2 = ( (1) ) P X—1/2 = < (1) > . (2.13)

The techniques used to solve the one-body Schrédinger equation with a spherically symmetric potential
are well known, see for example [Mes61]. The Laplace operator is expressed in spherical polar coordinates.
In this way it is possible to separate the terms related to r, the distance from the center of coordinates,
from those related to the angular coordinates 2. Eigenstates of the angular part are the spherical
harmonics Y7 ,(€2), and the eigenvalues are [(I + 1)A?. By inserting these eigenstates and the relative
eigenvalues in the in the Schrédinger equation we obtain an expression that, from the operator point of
view, depends only on r,

H2 I(l+1) k2
{Pr+(+>

et +U(r) - Enz] [Rni(r)Yiu()xo] =0, (2.14)

where the explicit expression of the p? operator is

1d d d? 2d
H2 =R (= =-r|— -— . 2.1
PRy (1) h e (T darl(r)> h (dr2 Ry (r) + rdTRnl(r)> (2.15)
By using a potential U depending only on r, and not on the particle spin, we obtain the expression
d? 2 d 2m (l+1)
WRM(T) + ;aRnl(T) + [hg(%l -U(r) - 2 } Ryu(r)=0. (2.16)

This technique, which expands the wave function in spherical harmon-
ics, is useful for every potential depending only on . The results of its
application is the reduction of a three-dimensional differential equation
to a one-dimensional differential equation. Only after having obtained

Vi) the expression (2.16) one has to specify the specific dependence on r
of the potential. I consider here below the cases of potentials interest-

0 ing for the many-body systems which will be considered in the next
chapters.

A. Constant Potential
0 R The constant potential is typical of systems having translational sym-
metry, such as the infinite Fermi gas or the free particle. In these cases

-V

Figure 2.1: Infinite well potential.
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the value of the constant can be set equal to zero. The treatment of this
problem by using the spherical symmetry technique outlined above is
rather useful since the eigenstates can be used as basis to expand more complex situations.
Let’s consider a spherical system whose dimensions are defined by R. The potential is

U(r) =—Vyforr<R e U(r) =ococforr >R (2.17)

as it is shown in Fig. 2.1. The equation (2.16) is defined in the range 0 <r < R.
By dividing Eq. (2.16) by k? defined as

2m

K = S5 (e +V0) (2.18)
we obtain the following equation which depends on the dimensionless variable p = kr
d? 2 d I(1+1)
— R, -—R, 1- R, =0. 2.19
o)+ 2 k(o) 4 1= D g (2.19)
1.0
Jo

05t Ji ]

J3
N <

1.0 I I I
0.0 1.0 2.0 3.0 4.0

x[m]

Figure 2.2: The first four spherical Bessel functions.

This differential equation is well known in the literature. Two types of independent solutions are the
spherical Bessel functions j;(p), and the spherical Neumann functions n;(p). The former ones are regular
at the origin, and the latter ones are irregular. Because of the physical meaning of the wave function,
only the spherical Bessel functions must be considered.

The analytical expressions of the first two spherical Bessel functions are

sin p sinp cosp

Jo(p) = ’ i Jilp) = 2 I (2.20)

and, for [ > 0, the following recurrence relation is valid

20+ 1)j5i(p) = p [i+1(p) + Jim1(p)] - (2.21)
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From the physics point of view, since the potential goes to infinity for » > R, it is required that j; is
zero at the point » = R and, obviously, for » > R. This means j;(kR) = j;(X,;) = 0, and, because of the
definition of k,

2m h? X2

ﬁ(Gnl + ‘/E))R2 = X721,l y €Enl — %Rigl - VO . (222)
The zeros of the wave function depend on the principal quantum number n and on the orbital one . For
example, for jo the zeros are integer multiple of w. Eq. (2.22) clearly indicates that, in this case, all the

eigenvalues are discrete.

B. Three-dimensional Harmonic Oscillator
In this case the potential is

- 1
Ur) = §mw2r2 . (2.23)

Since 72 = x2 4+ y% + 22 it is possible to solve the problem by rewriting the Schrédinger equation in
cartesian coordinates. In this way the differential equation becomes separable in the tree coordinates
and the eigenvalues can be built as product of eigenfunctions of one-dimensional Harmonic Oscillator
obtained for each of the three coordinates. The eigenvalue is given by the sum of the single eigenvalues
in the three directions.

Obviously, the Harmonic Oscillator potential is of central type, therefore it is possible to use the
expansion in spherical harmonics. In this case the radial part of the wave function is proportional to the
Laguerre polynomials [Mes61]. The energy eigenvalues can be expressed by using the quantum numbers
identifying the single particle basis in spherical coordinates (2.12) as

3 3 3

€nl = hw <N+2> =M<N$+Ny+NZ+2> zhw(Z(n—l)—i-l+2> . (2.24)
The first two terms express the eigenvalues in terms of the quantum numbers of the solution obtained
in cartesian coordinates, while the last expression uses the quantum numbers of the solution in spherical
coordinates. In this latter case, n — 1 indicates the number of nodes of the wave function (the minimal
value of n is 1), and [ is the quantum number related to the orbital angular momentum. The value of the
energy depends on N a number which can be obtained by changing both n and [. States with the same
energy, even though characterized by different quantum numbers, are called degenerate. A degeneracy
is called casual, or accidental, when is produced by a specific choice of the potential and not by global
symmetry properties of the problem. A degeneracy of this latter type is related to the g quantum number
of the spherical harmonics, and it is present in all the problems with spherical symmetry.

N n 1 n 1 11
0 1 0 1s +1
1 1 1 1p -1
2 2 0 28 1 2 1d +1
3 2 1 2 1 3 1f -1

Table 2.1: Examples of combinations of quantum numbers producing the same energy values for the Harmonic
Oscillator potential, Eq. (2.24). The various energy levels are identified with the traditional spectroscopic
symbology. The last coloumn indicates the parity of the states obtained as (—l)l.

A list of values of quantum numbers producing the same value of the energy (2.24) is shown in Tab. 2.1.
It is evident that the Harmonic Oscillator produces sequences of eigenstates accidentally degenerated. It
is interesting to notice that all the states with the same energy have the same parity, whose value changes
when the energy eigenvalue is increased by one Aw step.
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C. Coulomb Potential

In the description of an atomic system with many electrons, the mean-field model intervenes when the
interaction between electrons is neglected and only the interaction of every electron with the nucleus
is considered. Eventually, the potential generated by the nucleus can be corrected by the presence of
a mean-field potential describing the screening effect generated by the presence of other electrons. For
distances very close to the origin of the coordinates the potential felts by the electron is that generated
by the nucleus

SN ez Z
rlilglo%(l) +U) = Cdmegr;

(2.25)

while at distances far from nucleus the electron is sensitive to a potential screened by the presence of N

electrons
- e? Z—(N-1)

lim Vo(i) +U(i) = — 2.26
ml—r>I<1>o O(Z) + (Z) 47T60 T ( )
The bare Coulomb potential
N e Z
Vi =& 2 2.27
(r) dmeg ] (2.27)

generates eigenvalues of the energy which are independent of [, accidental degeneracy, and of i, degeneracy
produced by the spherical symmetry od the potential

1 ,(Za)?
€n = —5MC 5, (2.28)
where « is the fine structure constant
21 1
< L (2.29)

“= 4dmeg he ~ 137 7

and n is the principal quantum number. For a given value of n the angular momentum quantum number
l can assume the values 0,1,---,n — 1.

n 1 n 1 n 1
er |1 0 1s
e 12 0 2512 1 2p
es |3 0 3s|3 1 3p|3 2 3d

Table 2.2: Level scheme generated by the Coulomb potential. The energies are identified by the quantum number
n, therefore there is an accidental degeneracy for different values of [.

In table 2.2 levels with accidental degeneracy are shown. Every level has a degeneracy related to the
values of the third component of angular momentum characterized by the quantum number g which can
assume 2[ + 1 values. By considering also the fact that the potential does not depend on the direction of
the electron spin, the global degeneracy is 2(2] + 1). On this ground, by considering the Pauli exclusion
principle, the periodic table of elements is built.

2.2.1 Spin-orbit potential

At the end of this section dedicated to the solution of the one-body Schrédinger equation with central
potentials, we present the treatment related to the presence of a spin-orbit term in the potential. It is
now established that the source of the effects generated by the presence of the interaction between orbital
angular momentum and the half-integer spin of the fermion whose motion is described by the Schréodinger
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equation is the relativity. This fact has always been accepted in atomic physics, but, in nuclear physics,
it has been quantitatively understood only at the beginning of the '80s of the last century.

For our purposes, the idea is to describe the spin-orbit effects in the framework of the non-relativistic
Quantum Mechanics. We add to one of the spherical potentials presented so far a new term proportional

to the spin-orbit coupling

Vi) = Vu(r) — %2‘1 P (2.30)
where « is a real and positive constant. The scalar product between 1 and the spin § = /2 is due the
fact that the hamiltonian is a scalar operator, and this is the simplest type of coupling between the two
vector operators describing the orbital angular momentum and the spin.

The presence of a spin-dependent term in the hamiltonian requires a change in the procedure used
to solve the Schrodinger equation. We used so far an expansion of the wave functions (2.12) in terms
of the spherical harmonics, eigenstates of the 12 operator present in the hamiltonian. The Pauli spinors
X, eigenstates of §2, were factorised. So far, the presence of these latter terms was irrelevant since
the potentials adopted did not contain terms dependent on the spin. The present situation is more
complicated due to the presence of a spin-dependent term in the hamiltonian.

Let’s considers the total angular momentum of the fermion obtained as a sum of the orbital angular
momentum and of the spin j = 1+ §. This definition implies

PP=0+s)?=12+s>+25s, (2.31)

from which one obtains an expression for 1-8 depending on the squares of the three angular momenta
under consideration

i.s:%(j2—i2—s2) . (2.32)

At this point, it is convenient to consider expressions of the eigenfunction of the hamiltonian of the
form

Sntim () = Rty () S {015 013 ) ¥iu (@)X = Rty ()i () (2:33)

no
where spherical harmonics and Pauli spinors are connected by the Clebsch-Gordan coefficients and form
the so-called the spin spherical harmonics [Edm57] which are eigenstates of the following operators

PUjm(@) =56+ DB Yy () 5 3:Vhjm(Q) = m AV () (2.34)
Ui () = 10+ DI Uyn(@) 5 8 Ui () = 1 Uy (@) (235)

The spin-orbit term inserted in the hamiltonian gives the result

18 Uyl = 5 [~ 2= 2] Uy @) = 5 [JG+ D - 104D = F P . (230

and since j = £ 1/2 we obtain

for ]7l+2 {(l+2)(l+2) -1 4} =1 (2.37)
. 1 1 1 9 3
for j =1 3 {(Z—Q)(l+2)—l —Z—J =—(+1),

This means that €, the energy obtained by considering only the term V, in Eq. (2.30), is modified as

nl’
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j=l-172

1
{ €nlj = €y ta(l+1) forj:l—§

j=1+1/2 . 1
/ €nij = €5 —al forj=1+ 3 (2.38)

Figure 2.3: Splitting of the single

particle level because of the action In. Eq. (2.30.) I defined the constants such as for a« > 0 the energy

of the spin-orbit term in the poten- with [ — 1/2 is smaller than €’;, and the contrary for [+ 1/2. This is

tial. what happens in nuclear physics. In atomic physics the effect of the
spin-orbit term is inverted.

2.3 Translational symmetry

Barions, nuclei, atoms and molecules are many-body systems well described by using a rotational sym-
metry. In these systems, even though they are deformed, it is possible to find a point around which
the system develop and this can be considered the center of the mean-field. In the 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 mean-field model for this type of systems consider 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 possibile to select U= 0, without loosing generality. In this case, the one-body
Schrédinger equation is

2
_QZli Vigi(r) = e;hi(r) | (2.39)

with 1
¢1(I') = = ei(ki.r)Xch'r y (240)

VU
where ¥ is the volume, and y are the Pauli spinors related to the spin of the fermion and, eventually, to
its isospin. The third components of spin and isopin are indicated as o e 7, respectively. The physical
quantities of interest are those independent of ¢V whose value, at the of the calculations, is taken to be
infinite.
The symmetry of the problem induces to consider the system contained in a cubic box of side L = ¢/1/3
with periodic boundary conditions

¢7,(:I; + Lay7z) = ¢i(x7y + L,Z) = ¢i($7yaz + L) = ¢i(x7yaz) . (241)

Since )
i(r=0)= —=xoXr , 2.42
pi(r =0) @X X (2.42)

in order to satisfy the periodic conditions we have to impose

eifal — giky L _ ikl _ 1 (2.43)
and this implies
2 2 2m
ky = fnx P ky = fny ) Rz = fnz ) (2.44)

where ng, ny, n, are integer numbers. By defining n = (ng,n,,n.), we can write

d®*n= L—Scﬁ’ k= Ligd?’ (2.45)
(%)3 (@) p . .
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The evaluation of the density of states starts by considering the expression of the energy of the
systems in a infinitesimally small energy interval, i.e. the energy between the value € and € + de. In
non-relativistic mechanics, the momentum is related to the wave number by the relation p = mv = hk,
therefore, e = mv?/2 = p?/2m = h?k?/2m. The energy differential is

1 1
de =d <2mv2) = §m2vdv =vmdv=vdp , (2.46)

with v = |v| and p = |p|. The density of states is

d’n L3 1 1% 1 v p?
e = — Bp— = ——— p?dQ,d —dQ 2.47
P de  (2mh)3 pvdp (27h)3 Py dp  (2mh)3 v P (247)

where (2, indicates the spherical coordinates identifying the direction of p. This is the expression of the
density of states commonly adopted in the calculations of the scattering cross sections.

Let’s calculate the density and the kinetic energy per particle of the Fermi gas. The normalization to
1 of the single particle wave functions (2.40) implies that each integral involving wave functions must be
multiplied by the factor ¢/(27)3. In effect,

_ v 3. 1 e 1 i) U (27m)%0 (ko — kp)
(ko) = Ty | 775 7 e = G

The particle density, or number density, in the Fermi gas can be evaluated as

=1. (2.48)

A
p(r) = |da(r)]* (2.49)

where A is the number of fermions composing the system. This expression is valid only within the the
MF model. It can be obtained by calculating the mean value of the density operator between two Slater
determinants. A more intuitive way of understanding its validity can be acheived by considering that the
interpretation of |¢,(r)|? is the probability of finding a particle, characterized by the a quantum numbers,
in an infinitesimal volume around r. In a situation where the individual particles do not interact, the
individual probabilities are independent of each other and, therefore, the global probability of finding a
particle, independently of its quantum numbers, in the infinitesimal volume around r, is the sum of the
individual probabilities.

Each single particle state is characterized by energy and spin and isospin components and it is occupied
by a single fermion. At zero temperature, when the system is in its ground state, all the single particle
states below a certain value of the energy ep, called Fermi energy, are occupied. All the states with energy
larger than erp are empty. In our case each state is characterised by a wave number directly related to
its energy. The above statements can be repeated by considering a maximum momentum value, called
Fermi momentum py, and the relative wave number kg. The relation between Fermi energy and wave
number is )

_ e

e =5k - (2.50)

As consequence of the considerations the particle density is calculated as

p(r) = Z |¢ (r)‘Q - v D ' 43 k‘i e—i(k-r)i eilkr) _ D /kF Bk (2.51)
a<kp (27(-)(3 0 \/a W (27T)3 0

In this expression @ indicates the degeneracy factor related to the characteristics of the fermions forming
the system. In the case of an electron gas, the wave function of each particle is characterised by its
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momentum and by the orientation of the spin. In the case of nuclear matter there is an additional
quantum number related to the third component of the isospin distinguishing protons from neutrons.
Therefore, for electrons we have

> xixo=2, (2.52)

o=+1/2
and for the nucleons
o xbxe D Axe=14, (2.53)
o=+1/2 T=+%1/2
The integral of Eq. (2.51) is given by
D D ke D 4 D k3

= — Bk = - dek/dQ: —mki = — -E | 2.54
plx) (27r)d/0 (27r)5/0 T om)3 3T T o2 3 (2:54)

The density is independent of r, as expected, since we have considered that the system is homogeneous.
In other words, since we have chosen the plane waves (2.39) as single particle basis, the homogeneity of
the system is implicit. More interesting it is the dependence of the particle density on the third power of
the Fermi momentum.

Let’s calculate the mean kinetic energy of one particle

—h? 1, h2k2
o v2 a) = —=e i) [ g2) —_eilkaT) - "0 2.55
(|5, —V?a) / voki 5 75 5 (2.55)

This expression confirms the validity of the non-relativistic relation between energy and momentum
€a = p2/2m. The total kinetic energy of the system is

—h? (% h2k? O h*dr [hT
K = ol 5= V?|¢a) = D d*k =D— k? k* dk

k;k (¢ |2m V71¢a) (2m)3 /0 2m (2m)? 2m J,

SARF
© R%4m kR VU R*4Am k3 (27%3p 3 . hkZ 3

_ OF ZE =2y F_~A4 2.56
2r)3 2m 5 2r)3 2m 5 ( D ) 5 P om ~ 57T (2.56)
therefore, the kinetic energy per particle is
K 3

p 1022 em™3]  kp [10° cm™1]  ep [eV] B [dyne / cm®] Beyp [dyne/ cm?]

Li 4.70 1.11 4.75 23.84 11.5
Na 2.65 0.92 3.24 9.17 6.42
K 1.40 0.75 2.12 3.17 2.81
Rb 1.15 0.70 1.86 2.28 1.92
Cs 0.91 0.65 1.59 1.54 1.43
Cu 8.45 1.36 7.02 63.37 134.3
Ag 5.85 1.20 5.50 34.34 99.9
Al 18.06 1.75 11.65 224.74 76.0

Table 2.3: The electron densities are empirical data used to obtain the values of kr, Eq. (2.54), er, Eq. (2.50),
and B, Eq. (2.60). This latter quantity is compared with measured values Bexp. The empirical data are taken
from Refs. [Ash76, Kit86].
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Let’s calculate the system pressure by considering that the total energy of a Fermi gas is given by the
kinetic energy, the potential U is a constant renormalizing the total value,

3 3 K223 h? [(2r23 AN\Y? f
E=K="Aep=-A—L ="A— =) =sp8 2.
5°F T 5 o 52m<CDU> ’ (2:58)
where we have identified with & the part multiplying the volume ¢. The pressure can be expressed as
OF 2 2E 213 2
P=—(=) ==8 (-2 )0 2B =22 =2 _ZAep == 2.59
(av)A < 3> 30 305 T 5P (2:59)
The compressibility K is the inverse of the compression module B whose expression in the Fermi gas
is
1 oP 2 -5 10E 2
B —— (2 — _@Zgy B3| 2122 _ 2 2.60
K o 3 3 9 v 3% (2.60)

In Table 2.3 shows the values of kp, e and B calculated for the electron gases of different crystals.
These results have been obtained by inserting in the equations (2.54) (2.50) e (2.60) empirical values of
the electron densities. The comparison with measured values of the compression module clearly shows
the limits of the mean-field model.

The MF models, or even better the IPM, provide a description of the many-body systems where each
particle moves independently of the presence of the other particles. This fact is particularly evident in the
case of translationally invariant systems where the total hamiltonian is the sum of hamiltonians describing
the free particle motion Eq. (2.39). In this simple model is, however, inserted a physics ingredient which
limits the free particle motion: the Pauli exclusion principle. This is enough to explain some phenomena
appearing at macroscopic level. For example, the stability of a white dwarf star is understood in terms
of Fermi gas model. We discuss here below another example: the case of the specific heat in metals.

The classical, non quantum, description of a gas of A pointlike non-interacting particles predicts for
the specific heat the value %AkB, where kg is the Boltzman constant [Kit80]. The measured values of
the electronic contribution to the specific heat at room temperature are hundred times smaller. The
explanation of this observation is related to the Pauli exclusion principle. In the classical description
all the electrons of the system contribute to the specific heat, even at low temperature, i.e. when the
excitation energies of the system are very small with respect to the total ground state energy. In the
quantum case, at low temperatures, only those electrons close to the Fermi surface can change their state
moving from a state below the Fermi surface, called hole state, to occupy a state above it, called particle
state. For relatively small excitation energies, the electrons with energy much smaller than the Fermi
energy cannot change their states since they would occupy states already occupied by other electrons.

Let’s derive here below the expression of the specific heat of a gas of free electrons, i.e. for a Fermi
gas. By using the expression (2.54) of the particle density, we obtain

. 272
kr® = %3 s (2.61)
h? 272 2/3
v (2m \*?

therefore, the density of states can be expressed as

dA 0D (2m\*?
pe(er) = <d€> =12 <h2> e’ (2.64)
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The increase of internal energy E of an electron gas when the value of the temperature changes from
0 to T is given by

AE=E(T)- E(0)= /(;X> deepe(e)f(e,T) — /OOO deepc(e)f(e,0) . (2.65)

In the traditional thermodynamics books, for example [Kit80, Blu06], the energy of the system E is
indicated by the symbol U. In the above equation f(e,T') is the Fermi-Dirac distribution

1

e,T) = 2.66
Y e (2.66)
where p is the chemical potential
oF
H= A’ (2.67)

whose value is ep at 7' = 0. The Fermi-Dirac distribution in the limit 7" — 0 is ©(ep — €), where O(z) is
the step function equal to 1 for > 0 and to 0 for < 0. The equation (2.65) becomes

[e9) €F
AE = E(T) - E(0) = / deepc(e)f(e,T) — / deepc(e) . (2.68)
0 0
By using the Fermi-Dirac distribution the number of particles can be expressed as

/ de / de po(e)f(e,T) . (2.69)

By multiplying this expression by er we obtain

e = ( / Ty / °°) decopf(eT) = [ " decepele) (2.70)

where the last equality indicates that the number of particle does not change when the temperature
changes from 0 to T. By adding and subtracting ep A in the expression (2.68) of AE we obtain

AE deepe(e </ / ) deeppe(e) f(e,T)
0 0 €p

_ /Oepdeepe()+/() de erpe(e)

/°° de (e —ep) pe(€)f (e, T) + /SF de (ep — €)pe(e) [1 — f(e,T)] . (2.71)

(35 0

The term p¢(€) f (e, T)de represents the number of electrons passing from levels with energy € to levels of
energy € + de. In the second integral the term 1 — f(e,T) is the probability that an electron is removed
from a level with energy e.
The specific heat for an electron gas is given by
dE e df (e,T)

Cy = T = ; de (€ — ep)pc(€) T

(2.72)

where we have assumed that only term dependent on the temperature T is f. For temperatures much
smaller than the Fermi temperature, i.e. kT < €, it is plausible to consider the density of states almost

constant, therefore
o df (e, T
Cel :pe(ep)/ de (e — ep) fElT ) . (2.73)
0
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This approximation is well verified if we consider that the typical values of the Fermi temperatures are
of the order of ~ 5 x 10*K. The evaluation of the integral is presented in the box and it gives the result

Ca ~kiT ~
el — Bp Pe(GF) 3 (274)

In the following expressions we use the new variables defined as 7 = kpT e x = (¢ — pu)/(ksT).

1 df(e,T) df  eP(GF)agte 1 Lz
B [exp (ﬁ;;) + 1}
For the definition of = one has dx = de/7, therefore
Ca = kepe(e )/OO (dz7)(ra) — e
el - BPe|EF en/r [6‘” i 1]2 p
~ k P B i
~ BTpE(EF) . T T m = BTpg(EF) 3 . (276)

In the last equation the lower integration limit has been extended to —oo since the term e” is already
very small for x = —er/7 when we consider room temperatures. It only remains to calculate an
integral which is well known in the literature.

From the equation (2.64) I obtain

10D <2m>3/2 12 _ 1,100 (2m )3/2

1 34
2 2°3272 \ h2 F T 2

= 2.77
€R 2 €F ’ ( )

€ = —_-— € =
peler) = 55 F = 2%39:2
where I used the expression (2.63) for the electron number. By considering that eg = kgTF, the expression
of the specific heat becomes
2 2
™3 A s T
Co= - kiT = — Akp— .
T S o kpTE P 2 BT
This result indicates how, contrary to the prediction of the classical statistical mechanics, only a fraction
of electrons, proportional to T//T¥ is excited at the temperature T. These are the electrons close to the

Fermi surface.

(2.78)

Element Theory Experiment

Cu 5.3 5.8
Ag 1.2 1.6
Au 15 1.6
Fe 15 12.0
Mn 15 40.0
Bi 4.3 0.2

Table 2.4: Values of the linear coefficient v of the specific heats of some metals, Eq. (2.79). The values are
expressed in units of 107* cal mole™ K~2. The empirical data are taken from Ref. [Ash76].

The prediction of the linear relation between temperature and specific heat in the metals is one of
the most important consequences of the Fermi-Dirac statistics or, in other words, of the Pauli exclusion
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principle for the electrons. The above result is valid if only the conduction electrons contribute to the
specific heat. In the real situation, for temperatures above the room temperatures, the value of specific
heat is dominated by the contributions of the ions forming the metal. Below room temperatures this
contribution has a behaviour proportional to T3, and at even lower temperatures it becomes even smaller
than that of the electrons, which, as it is indicated by Eq. (2.78), is linearly dependent on T'.

It is common practice to separate the two contributions as

co =T + KT? . (2.79)

where v and K are two real constants. The experimental value of the + coefficient is obtained by
extrapolating the experimental values for 7" — 0.

Table 2.4 compares some values of the v coefficient calculated by using Eq. (2.78) with values taken
from measurements. The alkaline metals (Cu, Ag, Au) are relatively well described by the Fermi gas
model. This model makes completely wrong predictions for Fe and Mn giving values much smaller than
the measured ones. On the contrary, the prediction for the Bi is remarkably larger than the observed
value.



Chapter 3

Interactions

3.1 Introduction

In the MF models, the interactions between the particles composing the many-body system is not con-
sidered. In other words, in these models the interaction term of the hamiltonian in Eq. (2.1) is set to
zero. In the previous chapter, we have shown how, by using this approximation, the total hamiltonian
of the system becomes a sum of single particle hamiltonians. The many-body theories go beyond the
mean-field models and also consider the interaction between the particles.

We have chosen to describe the many-body systems within the framework the non-relativistic Quan-
tum Mechanics. The validity of this choice is restricted to situations where the values of the energies
of the phenomena under study are much smaller than those of the rest masses of the particles forming
the system. In the non relativistic framework the interaction between the particles is well described in
terms of potential. The concept of potential implies an instantaneous transmission of the interaction,
independently of the distance between the particles. This assumption is not valid in general because
there is a limiting velocity of the signal transmission, the speed of light in vacuum. Despite of that, in
the energetic conditions described above, the relativistic effects are negligible or, in case, they can be
treated as perturbations.

In this chapter three different types of many-body systems are considered. They are electron gas,
atomic nuclei and, quantum fluids, i.e. liquids and strongly interacting gases, whose basic particles
are molecules. These systems are well described by non-relativistic quantum mechanics. They are also
characterized by the fact that for for each particle, the interaction energy is comparable with the kinetic
energy.

3.2 Electron gas

A good description of the metals is given by a model where the valence electrons of the atoms of the
metal become conduction electrons and they move almost freely through the metal volume. The free
electron model is the Fermi gas described in Sec. 2.3.

A more realistic description of a metal requires to consider the mutual interaction between the electrons
and also that between the electrons and the ionized atoms composing the crystal lattice. The situation
is very complicated, but, for temperature rather close to the absolute zero, the model called Jellium,
or uniform electron gas, describes rather well the propertis of the many-body system. In this model,
the positive charges forms a homogeneous background uniformly distributed in the space. This model
emphasizes those effects that in the solids are generated by the quantum features of the electrons, the
Pauli exclusion principle and their interaction, independently of the crystal structure.

21
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In this model, the system hamiltonian is

kS

1 A e? 1 N
Vits Y ——+U (3.1)

im1 i i1 47‘(60 |I‘7; — I‘j|

where e is the elementary charge and ¢y the vacuum permittivity. We indicated with |r; —r;| the distance
between two interacting electrons and with U a constant potential which renormalizes the energy values.

3.3 Nuclei

The description of nuclear systems is based on the interaction between nucleons. Nucleons are not
elementary entities of the nature, such as the electrons, but they are composite systems formed by
quarks, antiquarks and gluons. At present, the most accredited theory describing the nuclear strong
interaction, whose gluon and quarks are sensitive, but not leptons, is the Quantum Chromodynamics
(QCD). This theory is non-perturbative in the energy range of interest for nuclear phenomena, from few
keV to about 150 MeV, the pion emission threshold. For this reason, the well settled techiques used to
solve Quantum Electrodynamics (QED), which is perturbative, cannot be used.

The QCD field equations are solved mainly numerically by discretizing the space and time in a set of
points with the aim to bring this lattice more dense in order to describe a space-time continuum. Despite
the great development of the computational devices, at present, we are still far from achieving this limit.
From practical purposes QCD cannot be used even to describe mesons, barions and their interaction.
Even more difficult is the description of atomic nuclei.

For the above mentioned reasons, the basic degrees of freedom used to describe nuclear systems are
mesons and barions, mainly protons and neutrons, generically called nucleons. Clearly, QCD remains in
the background as asymptotic limit, but it is never used to generate realistic interaction between nucleons.

3.3.1 Two-body forces

The nucleon-nucleon interaction is tailored to describe the experimental data related to the two-nucleon
systems. This means the deuteron, the only bound state, and few thousand of elastic scattering data.

The deuteron has the following characteristics.
1. It is the only bound state of two nucleons.
2. It is composed by one proton and one neutron.
3. It has a binding anergy of abut 2.22 MeV.
4. Tt does not have excited states.
5. It has total spin S = 1.
6. It has a dipole magnetic moment whose value in, nuclear magnetons, is
wp = 0.8574 = py, + py, — 0.0222
where p, and i, are the dipole magnetic moments of the proton and of the neutron, respectively.

7. It has an electric quadrupole moment of Q=2.82 mb.
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In the selection of the two-nucleon interaction, the main source of information comes from the scatter-
ing data. Since the internal structure of the nucleons is not considered, only elastic scattering processes
are considered, where there is not exchange of energy between the nucleons to modify their internal struc-
ture. Elastic processes are the only ones permitted below the pion production threshold, about 145 MeV.
This is roughly the maximum relative kinetic energy of the data used to determine the nucleon-nucleon
interaction.

Experimental data have been taken in different laboratories. A big effort has been done in order to
make homogeneous and coherent this set of data, and this work is in continuous evolution. At present
the data base used to select the two-nucleon interaction is composed by about 3000 data of proton-proton
scattering and about 4700 data of proton-neutron scattering.

The elastic cross sections are decomposed by using a partial wave expansion. Each partial wave
depends on the relative angular momentum of the interacting nucleon pair. From these expanded cross
sections it is possible the extraction of the phase shifts. The relation between the total cross section o
and the phase shifts is given by

o0
o= g (2L 4 1)sin?§p,
L=0
where L is the relative angular momentum of the two-interacting nucleons and §, is the related phase
shift. Nowadays nuclear potentials able to describe these data with a x? per datum of about 1 are called
realistic.

From the analysis of the two-nucleon data, it is possible to determine some general characteristics of
the nucleon-nucleon potential.

e Actraction.
Nuclei are bound systems of nucleons. This means that the nucleon-nucleon potential contains an
attractive part able to bind the system.

e Short-range.
There are quite a few observations indicating that the two-nucleon interaction is active up to
distances of the order of 2 fm. For larger distances the interaction is not active. This is an essential
difference with respect to the gravitational and electromagnetic interactions which have infinite
interacting ranges.

e Dependence on spin and isospin.
The only bound state of two nucleons is the deuteron formed by one proton and one neutron
with total spin 1. The latter observation indicates a dependence on the spin orientation of the
nuclear force. If the force would independent of the spin we would observe deuterons with spin
0 with abundancy of 1/3 with respect to those with spin 1. In analogy, if the interaction would
be independent of the isospin we would observe also bound systems composed by two protons and
two-neutrons.

e Non centrality.

The deuteron has a non zero electric quadrupole moment. This is possible only if the charge
distribution does not have spherical symmetry. For central potential the two-particle ground state
is that with relative angular momentum zero, i.e. spherical symmetry. A deformation is possible
only if the interaction contains a term which, even though the distance between two nucleons
remains the same, behaves differently if the spins of the two nucleons have different orientation
with respect to the direction of the line joining the two nucleons, for example if they parallel or
orthogonal. This term, called tensor term, has a dependence of the type (61 - r)(62 - r), where &
indicates the nucleon spin and r is the vector joining the two nucleons.
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e Repulsive core.

The analysis of the elastic scattering phase shifts indicates that there is a change of sign with the
increasing of the scattering energy. This means that, by increasing he resolution power of the probe,
it is possibile to observe that the potential at short relative distances, smaller than 0.5 fm, becomes
strongly repulsive.

The modelling of the nucleon-nucleon interaction must consider the following features related to
general symmetry properties.

1.

Hermiticity.
Globally the hamiltonian is hermitian since its eigenvalues are observables, the energies of the
system. Since the kinetic energy term is hermitian, also the potential term must be hermitian.

. Scalar expression

The hamiltonian is a scalar operator, therefore also the potential term must be a scalar operator.

. Invariance for coordinate exchange = V(1,2) = V(2,1).

The interaction is active between identical particles.

. Translational invariance = V(rl, ro) = V(rl —1ry) = V(rlg).

The interaction depends only on the distance between the two particles.

. Galilean invariance

The interaction depends only on the relative momentum between the two particles and it is inde-
pendent of the motion of the observer.

. Invariance under space inversions = V (r,p) = V(—r, —p).

The strong interaction conserve parity, contrary to the weak interaction.

Time reversal invariance = V(p,S) = V(—p, —S),
where S = 61 + &5 is the total spin of the nuclear pair.

. Invariance under space rotations

The total angular momentum of the system is conserved in presence of interaction between the
particles.

. Invariance under isospin rotations

This property indicates that the nucleon-nucleon interaction is the same for proton-proton, neutron-
neutron and proton-neutron scattering each time that the final states of this processes are compa-
rable. This last statement is due to the fact that the nucleons, since are fermions, are subject to the
Pauli exclusion principle, which is expressed by imposing that the global wave function describing
a system composed by fermions must be antisymmetric under the exchange of two of them. Since
proton and neutron are different particles, or in the isospin formalism they have different isospin
third components, in the collisions they have access to all the possible final states. This is not pos-
sible for nucleons of the same type, where only specific combinations of partial waves and couplings
of the spins are allowed. Modern experiments show small violations of this isospin symmetry, and
in the updated potential there are terms taking care of these effects.

The procedure to construct a nucleon-nucleon potential consists in assuming a functional dependence
of the potential containing various parameters. Clearly, this functional dependence must satisfy the
properties indicated above. The values of the parameters are chosen to reproduce at best the experimental
data. I indicate here below the three types of approaches used to generate nucleon-nucleon potentials
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Figure 3.1: The first 8 terms defined in (3.2) for the Urbana V14 (UV14), Argonne V8 (AV8), and Argonne V18
(AV18) potentials.

Phenomenological potentials.

The goal of constructing these potentials is their use in nuclear structure calculations, without
any ambition in understanding the physics providing their characteristics. It is a pure fit to the
experimental data.

The most direct of these approaches consists in adopting an expression of the potential which is a sum
of terms dependent on operators which respect the symmetries of the hamiltonian. If one neglects
terms depending on derivatives of the position, the most commonly used expression is

V(i j) = Z vp(n'j)ij (3.2)
p=1,18
where v,(7;;) are scalar functions whose dependence on the distance between the two interacting

nucleons is expressed in terms of analytic functions containing the free parameters whose values are
chosen to reproduce the experimental data.

In this representation, the so-called central terms are

Or="* =1, #;-%;, & 65, 6 6;7i-7; , (3.3)
and the tensor terms are
OP=>% = Si;, Si#i 15, (3.4)
where the tensor term is defined as
. G TiiGri - Pis o
Sij = 3# — 0 0j . (35)
r

ij
Obviously, the tensor part is represented by the first term of this expression, the second one is added
in order to set equal to zero the angular integral of S;;. In the potential also spin-orbit terms are
considered

OA”:7’8:IAA~S7IAJ-S+Z--+J-, (36)
where L is the relative angular momentum of the nucleon pair. Also quadratic terms of the angular
momentum are considered

Ap=9,14 r2 t2- A r2a ~ 2. PEIPN ~
o? :L,LTZ'-Tj,LU¢~0'j,,LO'i~O'jTi~Tj. (37)
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The terms violating the rotational isospin invariance are
Op:15’18 = |:j.7 o - &j SW] ® [’f'z,i + 7A'z,j] (3.8)

This is the typical structure of potential called of Urbana and Argonne type. The vy(r;;) are con-
structed in order to have three different interacting ranges, a short range, up to about 0.5 fm, a
medium range, up to about 1 fm, and a long range up to about 2 fm. Each of these parts has a
special functional expression, for example sum of Yukawa functions (see below), and contains the
parameters whose values are chosen for the fit to the experimental data.

In the figure 3.1 we show the first 8 terms for the Urbana Ul4, Argonne V8 e Argonne V18 potential
as a function of the two-nucleon distance. Two comments are in order. The first one is that, even
though the number of data to be reproduced is large, and all the potentials have similar performances
in the fit procedure, x? ~ 1 per datum, the functions are quite different. This indicate that the data
do not imply restrictions so severe to uniquely define the potential. The data are correlated and they
can be reproduced by suitable combinations of the various terms.

The second observation is that all the parametrizations, in the scalar channel Vi, show a strongly
repulsive core at small distances, an attractive pocket at intermediate distances and they go rapidly to
zero at about 2 fm. The presence of the repulsive core makes inapplicable the traditional perturbative
techniques.

Meson exchange potentials.

A more ambitious approach to the construction of the nucleon-nucleon potential starts from the
Yukawa idea and shapes the potential in terms of exchange of mesons. The basic point is that the
interaction range is determined by the mass of the meson exchanged by the two nucleons. The motion
of the meson exchanged is a Yukawa function and it has the expression

e~ he”
. ¢
V(T) = r ’

where m is the mass of the exchanged meson and r the distance between the two interacting nucleons.

Evidently, V() goes more rapidly to zero the heavier is the exchanged meson.

The first nucleon-nucleon potentials constituted by a sum of terms summing contributions of ex-
changed mesons have been built at the beginning of the 80s of the past century. Table 3.1 present
the characteristics of the mesons considered in the construction of these potentials. In addition to its
mass, each meson is characterized by its spin and intrinsic parity. These characteristics identify the
type of coupling with the nucleon. While the mass sets the interaction ranges, the type of meson-
nucleon coupling selects operator dependence which, in the phenomenological potentials, is described
by the O operators.

Type J™ coupling meson mass [MeV]
Pseudoscalar 0~ s T 139.578
n 548
n 958
Vector 1~ Yo p 765
w 783
10} 1019
Scalar 0" 1 o 500

Table 3.1: Mesons used to construct the nucleon-nucleon potential.

The goal of this research project is to identify the mesons responsible for the various parts of the
nucleon-nucleon interaction, both in terms of interaction range and also in terms of operator depen-
dence. For example, the pion, the m meson, is the lightest meson and it is responsible of the long-range
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part of the interaction, Furthermore, its pseudoscalar coupling is related, in a non-relativistic reduc-
tion, to the tensor-isospin channel O?j = Si; Ti - 75 of the interaction. In effect, in Fig. 3.1 the term
with the longest interaction range is the tensor-isospin one, Vs.

This ambitious project has to face the limits of our knowledge of meson physics. We know mass,
type of nucleon-meson coupling and the value of the coupling constant only for the m meson. This
knowledge comes from the large amount of pion-nucleon scattering data available. For the other
mesons the situation is not so well defined. The short life times of these other mesons do not allow
to perform scattering experiments. Therefore, while we have information on their masses, spin and
parity, and this means we know the type of coupling, we do not know the values of their coupling
constants. In the construction of the potential, these experimentally unknown coupling constants are
considered free parameters whose values are selected to fit the nucleon-nucleon data. The number
of free parameters is almost the same used in the phenomenological approach. With this number of
free parameters it is possibile to obtain fits to the experimental data of accuracy comparable to that
obtained in the phenomenological approach.

At this point it is worth to emphasize that, in order to reproduce the two-nucleon experimental data,
it is necessary to include a fake meson, never identified experimentally, the o meson, which has a
scalar coupling type and with a mass of, exactly, 500 MeV. This meson describe the attractive poket
around the distances of about 1 fm. The need of including this fake meson is clearly a failure of
this ambitious approach. In reality, the model has been constructed by considering the exchange of
a single meson between the two interacting nucleons. Calculations considering also the exchange of
two pions indicates that the fake meson o simulates, at least in part, the exchange of two mesons in
relative s wave.

This does not mean that the meson exchange potentials do not show differences, and advantages, with
respect to the phenomenological potentials. The formulation is fully relativistic, therefore invariant
for Lorentz transformations. This means that, by applying the charge conjugation operators, it is
possible to obtain the nucleon-antinucleon potential and also that between two antinucleons. The
comparison with the relatively few experimental data of these systems confirms the success of this
approach in building the process.

The use of these potentials in standard nuclear structure calculations is not straightforward. This
type of calculations require potentials which are non-relativistic and local, i.e. do not contain terms
related to the derivative of the particle position. The meson exchange potentials are relativistic and
they are usually expressed in momentum space with an explicit dependence on the momentum of
each particle, in other words they are non-local. Before using these potential in nuclear structure
calculations a non-relativistic reduction is required, and also the elimination of the non local terms.

Potentials from chiral effective field theories.

The most modern, and ambitious, method of modelling the two-nucleon potential is obtained from
the so-called chiral effective field theories. The idea is to construct an effective theory of the QCD
which is valid at energies of the order of the MeV. In the effective lagrangian the symmetry properties
of the QCD are respected, especially the chiral symmetry. The lagrangian is built by considering pion
exchanged at different orders. Each expansion order contains contact terms inserted to satisfy the
chiral symmetry. The modern potentials include terms up the third perturbative order to obtain a fit
of the two-nucleon data with x? ~ 1. Also this model requires about 20 free parameters to generate
this high-quality fit of the data. This is about the same number of free parameters used in the other
two approaches.

3.3.2 Three-body forces

The fundamental assumption on which is based the construction of the nucleon-nucleon potential is that
the nucleons are pointlike particles, in other words their internal structure is neglected. This is obviously
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an approximation which is supposed to be valid in the energy range of interest for the nuclear physics.
The data used to select the two-nucleon potential are only elastic scattering data, and those related to
the deuteron.

Potential 2N 2N+3N
CD Bonn 7.953  8.483
Nijm II 7.709 8477
Nijm I 7.731  8.480
Nijm 93 7.664  8.480
Reid 93 7.648  8.480
AV14 7.683  8.480
AV18 7.567  8.479

Table 3.2: Binding energies of 3H, in MeV, calculated with different two-nucleon potentials and then obtained
by inserting a proper three-body force. The experimental value of the *H binding energy is 8.481 MeV.

Since the two-nucleon systems are used to build the interaction, the simplest system where we can
test the prediction power of the potential is the triton. The *H is formed by one proton and two neutrons.
In this system the electromagnetic interaction is absent and, therefore, it is the ideal system to test the
quality of the nucleon-nucleon potentials.

The techniques to solve the Schrédinger equations for a tree-body system are standardised as those
of the two-body case. It is possible to solve the problem without approximations. Recently, >H binding
energies obtained with seven different techniques have been compared. Given the same nucleon-nucleon
potential all the results correspond, within the numerical accuracy of the calculations. This clearly
indicates that the solution of the three-body problem, without approximation is well controlled.

Table 3.2 shows the H binding energies obtained by using different nucleon-nucleon potentials, each
of them describing the two-nucleon data with the same accuracy. The differences of the results are due
only to the input of the potential, since the Schrodinger equation is solved without approximations. This
results confirm what has been previously stated: the fit the two-nucleons data is not sufficiently restrictive
on the construction of the potential. The main, and more general, results is that none of the two-body
potential is able to reproduce the experimental value of the triton binding energy.

Since all the computational techniques generate the same results
and by using two-body potential one obtains binding energies smaller
______ than the experimental one, it only remains to attribute to the hamil-

“ tonian the source of the discrepancy with the experiment, and more
precisely to the assumption that nucleons are pointlike particles.

A In Fig. 3.2 an example of a phenomenon not considered in the

T two-nucleon potential is shown. The diagram describes the system of

three-nucleons, indicated by the three thin vertical lines. The nucleon

in the middle interacts with the nucleon to its right, by exchanging

Figure 3.2: Fujita-Miyazawa a 7 meson, and it is transformed in a A resonance. While it is a A,
three-body interaction. the barion in the middle interacts with the nucleon to its left and it

is transformed back into a nucleon. The initial and final states of this
process involves only nucleons but there is a transformation of one nucleon in another barion. This is
possibile only because the nucleon has an internal structure which can be modified by the interaction.
Effects of nucleons changing their structure and in this state interact with another nucleon before turning
back to its original nucleonic state are present also in the two-body interaction. These phenomena are
automatically considered during the fit procedure. The process shown in Fig. 3.2 is not included in the
construction of the two-body potential, and it has to be considered separately.
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With the insertion of a three-body term, the hamiltonian becomes

9 A A

H=Y" Q—Zv? Y V@G + > WLk (3.9)
i=1 ¢ i<j i<j<k

where the first term represents the kinetic energy, the second one is the two-body potential, selected to fit

the two-body data, and the third one is the three-body potential. This latter contains the contribution

of the process described in Fig. 3.2, called Fujita-Miyazawa, and, in addition, a phenomenological term

whose parameters are selected to reproduce the experimental value of the triton binding energy. This

procedure implies that each two-body potential has its own three-body force.

Since the hamiltonian containing only two-body terms of the interaction is not able to reproduce
the simplest three-body system, and it requires the insertion of an ad hoc three-body interaction, it is
reasonable to ask whether this procedure has to continue. To describe more more complicated systems,
do we have to include four-, five-, ... A-body terms in the hamiltonian? Fortunately, the hamiltonian
(3.9) is able to describe well also nuclear system containing more than three nucleons, as we discuss in
Chapter 4.

The importance of the many-body forces increases with the probability of finding a certain number
of particles sufficiently closed to interact. We remember that the nuclear interaction is short-ranged,
therefore the particles must be within the interaction range in order to interact. For nuclear density
of ordinary nuclei four-body forces are negligible with respect to the strength of two-, and three-, body
forces.

3.4 Liquids and strongly interacting gases

The fundamental interaction forming liquids or strongly interacting gases is the electromagnetic interac-
tion which is well described by the QED. The QED are solved with high accuracy by using perturbation
techniques. In principle, it is possibile to use the QED equations to describe the interaction between
atoms or molecules by considering the electromagnetic interaction between the basic elements forming
these systems, i.e. electrons and nuclei.

This microscopic description of the interaction between atoms or between molecules is obtained by
using a hamiltonian which describes the motion of the electrons, that of the nuclei forming the molecules
and their mutual interactions of Coulomb type. The electrons do not have internal structure, and in this
approach we would neglect the internal structure of the nuclei. This latter approximation is well justified
by considering that the energies under study are of the order of eV, while those related to the nuclear
system are of the order of MeV.

Molecular structure calculations are normally carried out by keeping fixed the distance between the
nuclei of the atoms composing the molecule and by solving the Schrodinger equation which describe the
electron motion. This is the essentially the so-called Born-Oppenheimer approximation. The calculations
are repeated for different values of the distance between the nuclei to search for the minimum energy value.
From this calculations it is possible to obtain the interacting potential between atoms, or molecules.

The description of a many atoms, or molecules, system starting from the electromagnetic interaction
between its components is a program feasible, in principle. From the pragmatic point of view, it is very
difficult to carry out, and, probably, excessively ambitious with respect to the purpose of describing the
properties of many-atoms, many-molecules, systems.

A most pragmatical approach uses a strategy analogous to that used to define the nucleon-nucleon
interaction. The basic interaction used to describe liquids and strongly interacting gases is obtained by
neglecting the internal structure of what are considered the basic degrees of freedom, in this case, atoms
or molecules. The interest is focused on the two atoms, or two molecules, interaction, which is quite
different from the basic Coulomb interaction which generate them.
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250 In molecular physics, the forces acting among atoms
are classified as (a) valence binding, (b) ionic binging, (c)
metallic binding, (d) van der Waals binding. The forces
150 L i (a) and (b), active for example in the diamonds or in
NaCl, are so strong that at room temperature the sys-
tems form solid structures, therefore we do not consider
them. The metal link forms the electron gas discussed in
3.1. We focus our attention on the van der Waals forces

100 b

50 b

0 \/ which are responsible of these substances that at room
5 ‘ ‘ ‘ ‘ temperatures are in fluid state. These are the interac-
o0 20 40 6.0 80 10.0 tions active also in quantum liquids such as the superfluid

" helium, both in bosonic case, composed by atoms with

Figure 3.3: Lennard-Jones potential between two 4He nuclei, and in fermionic case, composed by atoms

. 3 .
atoms of Ne expressed in K. The distances are with “He nuclei.
expressed in A. The system we consider is formed by well struc-

tured molecules which do not share electrons with other
molecules. In the case the molecules are composed by atoms of different type, or by atoms with a strong
asymmetry of the electronic cloud, there is a polarization of the positive and negative charges in the space.
These molecules have permanent electric multipoles, for example dipoles, quadrupoles etc. . The van der
Waals interaction between molecule can be seen as interaction between different electric multipoles.

Also the case where the center of mass of positive and negative charges coincide, and this happens
normally for molecules composed by identical atoms, can be described in terms of interaction among
electric multipoles. This because the approaching of two molecules generates a distortion, a polarization,
of the electon clouds.

The interaction between the two atoms or two molecules is zero at distances much larger than the
atomic, or molecular dimensions. This because non-ionized atoms and molecules are neutral. At large
distances, the centres of their positive and negative charge distributions are seen as overlapping. This
feature puts these interactions in the class of the finite-range interactions, analogously to the nucleon-
nucleon interaction. At intermediate distances, the interaction is, in first approximation, that between
two electric dipoles, therefore essentially attractive. Finally, at short distances, the electron clouds start
to overlap, and therefore there is repulsion. Fig. 3.3 shows the interaction potential between two neon
atoms, calculated by using the Lennard-Jones potential discussed below. The behaviour is analogous to
that of the scalar part of the nucleon-nucleon potential: zero at large distances, attractive at intermediate
distances and with a strongly repulsive core at short distances.

The approach used to obtain this potential consists in using an analytic expression containing free
parameters whose values are chosen to reproduce empirical data describing systems of two atoms or two
molecules.

Probably the most used potential is the Lennard-Jones which is usually expressed as

V(r) = 4e { (g)m - (:)6} (3.10)

where r is the distance between the two interacting particles wihch are assumed to be point-like, and €
and o are the two free parameters.

The interaction between two molecules is much simpler than that between two nucleons: it is purely
scalar, therefore independent of the spin of the two molecules and of their relative angular momenta. The
expression (3.10) is extremely simple, but it contains all the relevant physics required to describe these
many-body systems.

While in the nuclear case the interaction selected as indicated in Sect. 3.3 is used to describe every
nucleus, in the case of fluids it is necessary to set the values of the interaction for every type of atom or
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Ne Ar Kr Xe Ny CH
o (A) 275 3405 360 4.10 3.70 3.82
e(K) 356 119.8 171 221 951 1482

Table 3.3: Parameters of the Lennard-Jones potential for some atoms and molecules, from [Pry66].

molecule which composes the system. As example, we show in Table 3.3 the values of the parameters
selected for some molecules.

We have considered so far that the hamiltonian contains only two-body interaction terms. This
description of the interaction is working until the assumption that the interacting particles do not have
internal structure remains valid. We have shown that in the nucleonic case this assumption is not so
reliable and it is necessary to include a three-body force in the nuclear hamiltonian. The assumption that
the hamiltonians in molecular physics require only two-body interaction terms is usually called pairwise
additivity. The validity of this assumption is widely analyzed in statistical and molecular physics (see
for example the discussion in the Sect. 4.3.b of [Goo85]).

To evaluate the relevance of the many-body forces it is necessary to consider two physical quantities.
The first one is the excitation energy of the basic particle which is considered point-like. The second
quantity is the relative density of the system. The first quantity has to be compared with energy of the
system. For example, the empirical value of binding energy of nuclear matter in the stability point is
about 16 MeV per nucleon. The first resonance of the nucleon is the A which has a mass about 300
MeV larger than that of the nucleon. This means that the nucleonic internal structure starts to be
important at energies about 18 times the energy of the system. The typical energies of superfluid helium
are about 2ueV, while the energy of the first excited state of He atom is about 20 eV. There are 7 orders
of magnitude of difference. By comparing these numbers, evidently the assumption of neglecting the
internal structure of the basic degrees of freedom of the system is much more valid in liquid helium than
un nuclear matter.

The second quantity to be considered is the probability that the particle get sufficiently close to
interact, which is strictly related to the density of the system. The particles must be in the interaction
range of the force which is short-ranged. An estimate of this probability can be obtained by considering
how many particle stay in the volume defined by the repulsive short-range core of the interaction. Here
below we calculate these numbers for both liquid helium and nuclear matter. The results indicate that, at
the equilibrium density, there are 0.084 nucleons in volume of interest, to be compared with 2.317 helium
atoms in the liquid helium case. From the relative densities point of view liquid helium is much denser
than nuclear matter. The probability to find three helium atoms interacting is certainly larger than that
to find three nucleons interacting. On the other hands, has discussed above, the energetics indicate that
exciting helium atoms in liquid helium is much less probable than exciting a nucleon in nuclear matter.
For this reason three-body forces are seldom used in the description of liquid helium.

Relative densities

In the framework of the many-body theories, the relative densities are important. These densities
are related to the number of particles, whose internal structure is not considered, which are in the
volume characterized by repulsive short-range core of the interaction.

1. Nuclear matter.
In this case the range of the repulsive core is o ~ 0.5 fm. The value of the reference volume is
then

V= gmf" = 0.524 fm?>
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The empirical value of the nuclear matter density at equilibrium is 0.16 nucleons per fm®. The
number of nucleons in the volume of interest is

nucleons
fm3

N = p¥ = (0.16) (0.524) fm® = 0.084 nucleons

. Liquid Helium.

The mass density of liquid helium is 1.47 - 10° g m~3. The molecular weight is 4 g mole™ !,

which is the weight of an Avogadro number of helium atoms. The number density of helium
atoms in liquid helium is

)= 1.47-10°g6.2-10*°  2.263 - 10**atoms

m3 4g m3

In liquid helium the range of the repulsive core of the interaction i s =29 A= 2.9 107° m.
The volume of the sphere of radius o is ¥ = 1.024 - 1072®*m?®. The number of atoms in this
volume is (Vp) = 2.317.
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Chapter 4

Monte Carlo Techniques

After having defined the theoretical framework, the degrees of freedom (the particles) and the hamiltonian
(the interaction), the remaining task is the solution of the Schrédinger equation. Since the two-body
systems, and eventually also the three-body systems, have been used to define the interaction, see Chapter
3, the first, and easiest, application of theory is done on four-body systems. This allows a pragmatical
definition of many-body system, which is composed by more than three particles.

There are techniques which consider the solution of the Schrodinger equation for 4, 5, and even 6
body systems without approximations. Usually, these techniques have been tailored to treat this specific
number of particles, and it is difficult to extend them to handle systems with larger numbers of particles.

In this chapter, we present a technique which solves the many-body Schrédinger equation without
approximation, and it is formulated independently of the number of particles to be considered. As we shall
discuss, the only limitations are of pragmatical type, related to the technological limits of computational
resources.

The development of the electronic technology has strongly increased the possibility of performing
numerical calculations. These technological advances allowed the use of Monte Carlo calculations. The
name Monte Carlo indicates a way of using the computer based on its capacity to generate sequences
of random numbers. This feature is used in different manners, for example to simulate the behaviour of
complex systems such as the time evolution of the population or the performances of particle detectors.

In these notes we discuss how Monte Carlo techniques are used in the framework of the many-body
physics. As I have already stated above, these techniques allows the solution of the Schrédinger equation
without approximation. The only assumptions, and approximations, are of numerical type, related to
the algorithm used in the calculations.

The application of the Monte Carlo techniques in this contest is related to the possibility to carry
out multidimensional integrals in reasonable execution times. We first present the basic idea behind the
numerical integration with the Monte Carlo techniques, and then the implementations related to the
many-body problems.

4.1 Numerical integrations

If we neglect the presence of spin and, eventually, isospin, the many-body wave function |¥) is charac-
terized by the 3A variables identifying the position of each particle. This means that the calculation of
the energy of the system
(|H|v)
EFE=—"" (4.1)
(W]w)

35
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involves 3A dimensional integrals. If we consider a uniform grid of cartesian coordinates, and indicate
with N the number of points of each dimension of the grid, the number of these 34 dimensional integrals
to be calculate is N34~ +1. The number of integration points, N in this example, commonly used in the
ordinary integration techniques, Simpson, etc. , is of the order of 100. Even assuming very short times
to execute each integral, let’s say 107° s, it is evident the difficulty of using these integration techniques
to describe a many-body system. The calculation of a system with A = 4 would require 10° s, about four
months, with A = 5 about 400 years.

The computation of integrals with Monte Carlo techniques is not convenient for one, two-dimensional
integrals since it requires much more time machine than that use by the usual integration methods to
obtain similar numerical accuracy. On the other hand, this is the only techniques which allows us to make
estimates of multidimensional integrals in reasonable times. We present here below the basic idea of the
Monte Carlo integration by using a one-dimensional example. The generalization to more dimension is
straightforward.

Any definite integral can be expressed as

/ab Fw)du = (b—a) /01 F@)de | (4.2)

where we used a new integration variable
uU—a
b—a
This indicates that the problem to be tackled is an integration in the dominion between 0 and 1, where
the computer generates random numbers.

From the numerical point of view the value of
the integral is obtained by summing the valuesof f 59 ; ; ; ;
calculated for N random values of the integration
variable x,

(4.3)

Tr =

1 1 N
I= /0 fla)do ~ ;f(xi) . (4.4)

The estimate of I improves by increasing the num-
ber N. The value of N good enough to obtain an
accurate estimate of the integral depends on the
behaviour of f in the integration domain. If f is
rather flat, few points would be sufficient. In the
limit when f is a constant, one point is enough.
A useful strategy to make flat the behaviour 0.0 0.2 0.4 0.6 0.8 1.0
of the function to integrate consists in multiplying
it, and also dividing it, by a weight function P, Figure 4.1: Functions to be integrated with the Monte
defined always positive in the integration interval, Carlo method. The red points and the black crosses indi-
and behaving as a probability density cate the points of the two functions selected by the same

1 random choice of the variable x.
/ P(z)dz =1, (4.5)
0

I:/Olf(x)da::/ol

We define a new variable

0.0 1 1 1 1

therefore

/(@) = 1 z)P(x) dx
P(x)P(x)dx—/O F(z)P(z)dz . (4.6)

o) = [ Pas s B — ) 5y =0 =1, (4.7
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and then

_ [ _ /[ /[ _ 1o faw)
If/o f(x)dxf/o F(:E)P(a:)dxf/o F(x(y))dyfﬁgm. (4.8)

The better choices of P are those able to make almost constant the ratio f/P. The problematic point of
the procedure is the inversion of the relation (4.7), which could not be trivial.

At this point, a theorem, called Theorem of the

2.0 . . . . central limit, describes the distribution of the ap-

proximated values of I. The theorem states that,

for a function F(x), the probability distribution

15 - oy 1 ®(In) of the values Iy, defined as
1 X
10 F i In = N ZF(%) ; (4.9)
i=1
has a gaussian form
05 *
. 1 (In — (F))?
1 P(Iy) = —— —_— ] .
N o (Iv) \/2mo%; P ( 20%
0.0 L L
0.0 0.2 0.4 0.6 0.8 1.0 ) (4_'10)
In the above expression, we used the quantities
defined as

Figure 4.2: Gaussian distribution around the central
value.

(F) = / F(z)P(z)dz

1
#) = [ PeP@a

% = - (F - (F?)

The theorem is based on the ansatz that the

values of x; are independent of each other and have

the same probability of being selected. The theorem indicates that the value of I has, for IV sufficiently

large, a gaussian distribution around the expected value. The width of the amplitude is oy, and scales
as N~1/2, Therefore,

_ [ _ [ _ [ L L Saw)
1_/0 f(x)dx—/o F(m)P(x)dx—/O Fla(y)) dy ~ N;P( Lty (4.11)

T\Yi

This technique can be extended to multidimensional integrals. The gaussian uncertainty is independent
of the number of dimension. The idea is to apply this technique to evaluate the energy (4.1), or, more in
general, to calculate the expectation value of a generic operator © between two many-body states.

4.2 Variational Monte Carlo

A first application of the Monte Carlo techniques, called Variational Monte Carlo (VMC), for the evalu-

ation of the energy of the ground state of a many-body system is based on the variational principle.
Searching for the minimum of the energy functional (4.1) is equivalent of solving the Schrédinger

equation (see Appendix A). In practical applications, the search for the energy minimum is done by
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considering only wave functions with precise functional form. This limitation restricts the search within
a Hilbert sub-space. For this reason, the solution of the Schrédinger equation is approximated, and the
obtained energy value is always larger than those obtained without approximations.

In the case of the VMC calculations, the trial wave function is built in analogy to what it is done in
the Correlated Basis Function theory, which will be presented in Chapter 13,

|Ur) = F|®) (4.12)

where |®) is a Slater determinant, and Fis called correlation function. This function is defined the
Jastrow’s ansatz, i.e. as a product of two-body correlation functions f

A
F=]]f0y) . (4.13)

i<j
We have pointed out in Chapter 3, that a typical feature of the interactions in many-body systems is
the presence of a strongly repulsive core at short distance between interacting particles. The goal of the
correlation f is to prohibit two particles to approach in the range of the repulsive core. For this reason,
f is essentially zero at short relative distances, and becomes 1 at distances larger than the interaction

range.

The complexity of the nucleon-nucleon interaction, requires, in nuclear physics, the use of correla-
tion expressions depending on various operator terms, in analogy with the expression of the interaction

presented in Chapter 3.3.1
A
F—SH(ZH%M@Q, (4.14)

i<j \ p
where & is an operator which makes symmetric F for the exchange of two fermions, i.e. the two indexes ¢, j.
This is necessary since the Slater determinant ® is already antisymmetrized for two-fermions exchange,
and, in general, the OP operators do not commute with each other. The explicit expressions of the

operators are those presented in Sect. 3.3.1.
The wave functions used in VMC calculations are expressed as:

|\I/(I'),S,T> = Z Z ges,t(R)xs(S)xt(T) ’ (415)

s=1,24 t=1,24

where R indicates the radial part of the wave function, R is the set of all the space coordinates describing
the fermions of the system, and Xy and X; are the parts of the wave function describing the spin S, and
eventually, isospin 7" terms. This part of the wave function describes all the possible spin and isospin
combinations in the system formed by A fermions. If we consider a nucleus with Z protons and A — Z
neutrons, the number of these combinations is given by

Al

Neont = 24
conf ZI(A=2)!

(4.16)
The values of N¢ont for some nuclei of interest are given in Table 4.1.

As we discussed in Chapter 3.3.1, in nuclear physics the interaction between two nucleons can be
expressed by using an expression of the type

V(i j) =Y vp(ri;)OF (4.17)

where vP are scalar functions of the relative distance between the two interacting particles. The matrix
elements of the interaction (4.17) can be directly evaluated for states in the representation (4.15), as it
is shown in the box for the case of 3 particles.
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Nucleo | Z N=A-Z Neons
SH 1 2 24
3He 2 1 24
1He 2 2 96
6He 2 4 960
611 3 3 1280
8He 2 6 7168
2c 6 6 3784704
160 8 8 8.4-108
40Ca, 20 20 1.5-10%3
18Ca 20 28 4.7-10%7

Table 4.1: Number of spin and isospin configurations for some nuclei.

Let’s consider, for example, the term depending on the spin p = 3 in (4.14). By using the traditional
Pauli matrices we obtain

= (0 0) ca= (0 8) m (] 0 19

We define rising and lowering operators as

R 1, i a 0 1 R
U+E*(z+7,0'y):(0 0) , 0-

N |

(60 — idy) = ( B ) (4.19)

[\V]

whose action on the spin eigenstates is
Gl =115 64N =0;6-[0=0;6-[N=|1; 6| N=|1; 6| h=-]]) . (420)

To simplify the writing we indicated with | 1) the spin wave function with 1/2 projection on the
quantization, z, axis, and with | |) that with —1/2 components.

We express the scalar product between two spin operators as sum of lowering and rising operators
5(1) - 5(2) = 2[5+ (1)5-(2) + 54 (2)5- (1)] + 52 (1)5-(2) . (4.21)

By considering, for example, the case of three fermions we obtain

(J1d243) (J1d2d3)
(t1dals) 2(41t2ds) — (T1d2ds)
(d1t2ds) 2(T1d2ds) — (Jat2ds)
sw-o@| (Ml 1=l Gk | (422
(T1d273) 2(41t2ts) — (T1d21s)
(d1t2Ts3) 2(T1dats) — (ditets)
(T1121s) (T1121s)

where we used the subindexes to identify the particle, and in the round parentheses we put the
product of three spin eigenstates.

The calculation of the energy does not present formal problems and consists in evaluating the expec-
tation value of the hamiltonian )
(Y| H|Pr)

B = () = g (4.23)
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The variational principle is applied by searching for the minimum of this energy functional. The parts of
the the many-body wave function which can variate are the single particle wave functions ¢; forming the
Slater determinant and the scalar functions f of the correlation.

In the calculation of the energy (4.23), or more in general of the expectation value of any operator
©, the module of the wave function |¥|? plays the role of the weight function P(z) introduced in the
previous section. The wave function ¥ of a fermionic system is antisymmetric for the exchange of two
particles. This means that the by exchanging two particles the wave function changes sign. Since ¥
is a continuous function of the space coordinates, there are values of R for which the wave function is
zero, and, obviously, also its square modulus is zero. Evidently, these points, where P(z) is zero, create
problems in the calculation of the integral (4.11). This problem, know in the literature as sign problem,
is tackled by using approximate techniques. This includes in the calculation of fermionic systems some
assumptions absent in the bosonic case.

4.3 Green Function Monte Carlo (GFMC)

The theoretical limitations of the VMC calculations are related to the need of choosing specific expression

of the trial wave function. In the case above discussed this is the expression (4.12) proposing a trial wave

function formed by a single Slater determinant multiplied by a correlation function which also has a

peculiar expression. The GFMC technique solves the Schrodinger equation without making any assump-

tion on the expression of the many-body wave function. This technique is independent of parameters or

assumptions on he form of the wave function, it depends only on the hamiltonian, i.e. on the interaction.
A trial wave function can be expressed as linear combination of eigenstates of the hamitonian H

|\IIT> = ZDn|\Ijn> 3 (424)

wehre the D,, coefficients are numbers. We construct an operator which applied to the trial wave function
isolates the |¥,) with the smallest energy eigenvalue. We use an evolution operator whose evolution
parameter 7 has the dimension of an imaginary time. We apply this operator to the trial wave function,
and we carry out the asymptotic limit of 7. We obtain

. _H-Bg I _H-Bg . _En—Bg _
lim e” "7 T|Up) = lim e * ;Dn|xyn>_Tlgr;O§:e o TD,|U,) = Do|Wo) ,  (4.25)

T—00 T—00

this because for n # 0 E,, > Ey, where Ej is the smallest eigenvalue. If the set of quantum numbers
characterising the |U,,) states is the same of those which describe the ground state of the system, then
Ej is the ground state energy.

The evolution of a state in coordinates representation |R) for small increments, dr, of the imaginary
time an be expressed as

U(R, T +dr) = (R|¥(r + dr)) = (Rle” TP W(r)) = /dR’ (Rle™(T=E)F |R'Y(R/|¥(r)) , (4.26)

propagator

where we used the completeness
/dR’|R’><R’| _1

We consider the hamiltonian H = 7'+ V', and we make the assumption that the potential V' is diagonal in
R, in other words that the potential is local. This means that the operator terms forming the potential
do not contain derivatives with respect to R. This is one of the essential requirements of the Monte Carlo
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calculations. In order to simplify the calculations it is convenient to use an approximated expression,

named Trotter-Suzuki formula, of the evolution operator.
e~ (T+V-E0) S _ o=3(V-Bo)F o~T 4 o—3(V-Eo) 5 | o(dr?) , (4.27)

which is valid when . A
dr?(TV —VT)| < 1. (4.28)

By using the Trotter-Suzuki formula, and neglecting the terms in d73, we obtain
(R, 7 +dr) ~ /<R\e—%<V—Eo)% IR)(R|e "% |R)(R/|e” V) ¥ |RYU(R, 7)dR’
= / e~ B VRIHVRY) =Bl 5 B~ | R W(R', 7) R’ . (4.29)

The calculation of the evolution propagator defined in Eq. (4.25) is presented in the box here below.

We define the propagators
Gv(R+ R) = e [BVRITVER)-Eo]gE (4.30)
Go(R+ R) = (Rle "7 |R). (4.31)

We obtain the expression of the free propagator Go by using a Schrédinger-like equation depending
on the imaginary time 7,
) P

Let’s formally solve this equation by using the Fourier transform of ® in n = 34 dimensions

O(K,7) = /dRe*iK'Rcb(R, ), (4.33)

which satisfies the equation

0 = K2 .
EEQ(IQ T) 4+ - O(K,7)=0, (4.34)
with
~ ~ KK? T ~ N
(K, 7)=d(K,0)exp | — o 1) = d(K,0)9(K,T), (4.35)
where we defined
g(K,T) =ex 771[(27_ (4.36)
g , T) = €Xp om . .

For the folding theorem of the Fourier transforms, Eq. (4.35) can be considered as the result of the
folding product between ® and g expressed in coordinates space, therefore, we can write

O(R, 7) = / ®(R,0)g(R — R,7)dR' (4.37)
This expression allows us to obtain g in coordinates space as anti-transform
1 KR Jr g2 eXp (—2mR?/4hr)
g(R,T) = @ / dKe™® Re = AR ; (4.38)
therefore )
_ / o m P2 /
ART) = G /dR exp [~ (R— B)’| (R,0) | (4.39)

The free propagator can be expressed as

Go(R+ R',7) = (%) o exp [—%(R - R’)Q} , (4.40)
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By using the expressions of the free and interacting propagators, the evolution of the wave function
given in Eq. (4.29) can be expressed as

(R, 7+ A7) = /dR' exp { {—; (V(R’) + V(R)) - EO} AhT}

x (mm) o exp [—lT(R— R’)Q} U(R,7) . (4.41)

To calculate the expectation value of an operator it is common use to adopt a mixed representation
where both the trial and the time evolved states are present. By naming R,, the set of space coordinates
at the time 7,, and

P,.=R,R, 1R, > Ry, (4.42)

we express the expectation values of the operator © in the mixed representation as

(Ur|O|¥(r))  [dP,PUL(R,)OG(R,,Ry_1)---G(Ri, Ro)Ur(Ry)
(Up|W(r)) fdPn\I/j‘I‘(Rn)G(RnuRnfl)"'G(RlaRO)\DT(RO)

(O mix = , (4.43)

where the propagator G is given by the product of Gy and Go. With good approximation the expectation
value of O is given by

(O) = (O)mix + | (O)mix — (O)r| - (4.44)

Method Trial wave function Energy (K)

VMC McMillan -5.72(2)
VMC PPA -5.93(1)
VMC Shadow -6.24(4)
VMC  McMillan + 3B -6.65(2)
VMC OPT + 3B -6.79(1)
GFMC  McMillan -7.12(3)
Exp. ; 7.14

Table 4.2: Energies, expressed in K, of liquid He* calculated with VMC and GFMC by using different
types of trial wave functions. Exp. inidicates the experimental value of the energy. Data taken from
Ref. [Sch92].

As examples of Monte Carlo calculations, we compare in Tables 4.2 and 4.3 the binding energies of
liquid helium systems obtained in VMC and GFMC calculations by using different types of trial wave
functions. The results show a great sensitivity of the VMC results to the choice of the trial wave function
WUy, The GFMC results are independent of this choice and they produce smaller energies than those
obtained by VMC calculations. This is a quantitive confirmation of the limitation of the use of the
variational principle. The bosonic liquid, He* is more bound than the fermionic one, He3. The agreement
between the GFMC results and the experimental value is spectacular.

Similar calculations have been done for light nuclei. We summarize the GFMC results for the ground
states of some light nuclei of Ref. [Carl5]. The blue points have been obtained by considering only a
two-body nucleon-nucleon interaction, the Argonne V18. The red points show the results obtained when
three-body terms of the interaction are included in the nuclear hamiltonian. The tree-body interaction
increases the binding of the system and produces an excellent agreement with the experimental values.
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Method Trial wave function Energy (K)

VMC McMillan -1.08(2)
VMC 2B + 3B -1.61(3)
VMC 2B + BF -1.55(4)
VMC 2B + 3B + BF -2.15(3)
GFMC 2B + 3B + BF -2.44(4)
Exp. - -2.47

Table 4.3: Energies, expressed in K, of liquid He? calculated with VMC and GFMC by using different
types of trial wave functions. Exp. inidicates the experimental value of the energy. Data taken from
Ref. [Sch92].

The results of the GFMC calculations provide a quantitative, and positive, answer to the question
about the validity of the assumptions done to tackle the many-body problem, those assumptions discussed
in Chapter 1. The Schrodinger equation can describe well many-body systems in a non-relativistic
regime. The essential point is that no approximation must be done. Even one simple approximation,
such as that related to variational principle, can destroy this good description of the many-body system.
Unfortunately, GFMC method has strong computational limitations, therefore it is necessary to develop
approximated methods of solution of the many-body Schrodinger equation. Knowing, and controlling,
these approximation is essential for the application of these theories.

4.4 Auxiliary Field Diffusion Monte Carlo (AFDMC)

The GFMC method is very powerful in describing nuclear systems up to '2C. The main limitation of this
method is the computational effort which increases exponentially with the particle numbers, because of
the number of spin and isospin configurations. In the expression (4.41) of the wave function calculated
at the time 7+ Ar, V(R) appears in the exponents. The potential contains terms which quadratically
depends on the spin and on the isospin of the interacting particles. The quadratic form is because two
particle are involved in the interaction, the terms of the tree-body force are even more complicated. These
terms are the responsible of of the rapid increase of number of spin, and isospin, configurations.

This problem is tackled by using an approximated expression, called Hubbard-Stratonovich trans-
formation. In this expression, the propagators containing quadratic operator terms can be written,
approximatively, as propagators containing only linear terms of the operator

1
= —— [ dxe”
V2T /

where the variables x are called auxiliary fields, and Oisa generic operator.

In order to use the expression (4.45) it is useful to rewrite the, local, interaction (4.17) separating the
scalar part (SI), independent of the spin and of the isospin, from the spin and isospin dependent part
(SD)

02
ot

N (4.45)

V(i,j) = Va(i, j) + Vep (i, 5) (4.46)

where the Vsp term contains the full operator dependence with OAffl.
By using various transformation it is possible to rewrite the part of the interaction which depends on
the operators, Vsp (4, j), such as the operator dependence can be expressed as

~ A2
Vap(i,§) ~ Y A0, (4.47)
n
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Figure 4.3: GFMC results for some nuclei [Carl5]. The blu points show the energies obtained by considering

only a two-body interaction (Argonne V18). The red points include the three-body interaction (IL-17). The black
points show the experimental values.

where the \,, coefficient are numbers.

Let’s consider the operator dependent part of the two-body interaction

S . 1 o 4o Y A N mg ag
Vsn(i,j) = 5 > 6ali) AL 465(0) + 5 Zaa ()AL 65 ()7 (i) - 7(5)
iajB zaJB
1 P
+oo 2 AT () (4.48)

iJ

where the labels ¢ and j indicate the interacting fermions and « e 8 the cartesian coordinates. The
A and A7) matrices have 34 x 34 components while the A has A x A components. The
elements of these matrices can be expressed in terms of the scalar functions of the definition (4.17)
of the interaction:

A = us(ri)0ap + vs(rif) (37575, — Sap) (4.49)
AL = 0a(ri)0ap + ve(rif) (37575, — Sap) (4.50)

AT = wa(ry) (4.51)
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The A matrices are zero along the diagonal, for ¢ = j, in order to avoid self-interaction. They are
real and symmetric, and have real eigenvalues and eigenvectors which can be expressed as

STAD W, = Al (4.52)
iB
STAGDT = Ayl (4.53)
iB
STAD T, = Ay, (4.54)
iB

It is possible to define new operators of the type

O = S sl (4.55)
iB

O = D #(D)abs() ¥T) (4.56)
iB

OR = Y #iavl) (4.57)

J

The potential VSD can be rewritten as

3A
AT | 5()2 3 (o)

n=1
1 3 3A R

52 D (ORD)AT
a=1n=1
1 3 3A N

52 D (O (4.58)
a=1n=1

In this way it is possible to use the Hubbard-Stratonovich expression (4.45) and to rewrite Eq. (4.41)
as

Y(R,7+AT) =~ /dR' (ZAT) o exp [—l(R - R’)Q}

2hAT
1/~ N AT
exp { |:2 (VSI(R/) + VSI(R)) — E0:| h}
15 2 X
X U E/dxne*%e*w@ VoA (R T) (4.59)

where the dependence on R’ in the last term is inserted in the \,,.

The key difference between the expressions (4.41) and (4.59) is the presence, in the latter expression,
of an additional integral on the z,, variable, called auxiliary field. The effort in calculating this additional
integral is compensated by the linear presence of the © reducing enormously the number of spin and
isospin configurations to be calculated.

The AFDMC allows calculations of nuclear systems with a number of particles larger than 12. There
are difficulties in treating systems composed by particles of different type, in the nuclear case this is
related to the presence of the isospin terms. For this reason systems containing only neutrons are favorite.
Results obtained with a finite number of neutrons (66) have been compared with those obtained by other
microscopic theories treating infinite neutron matter [Carl5]. The comparison indicates a convergence of
the results obtained with different theories for this specific system.
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Chapter 5

Occupation number representation

5.1 Slater determinants

The use of creation and destruction operators has been introduced in Quantum Field Theories where
the number of particles is not constant, since it is possible to create particle-antiparticle pairs. Non
relativistic Quantum Mechanics treats phenomena whose energetics are much smaller than the particles
rest masses, therefore the creation of particle-antiparticle pairs is not possible. On the other hand, in the
treatment of many-body systems, the formalism developed by using creation and destruction operators
is very useful. As we discuss below, the physical meaning of the action of these operators is very different
from that defined in field theory.

We consider only the case of fermions. The treatment of bosonic systems is not difficult, even though
it is not a straightforward modification of the fermionic case. A system of A identical fermions can be
described by the time-independent Schrédinger equation

H-\I/($17$2.‘.1'A):E\I/(xl,xz...$A) , (5.1)

where z indicates all the quantum numbers characterizing each particle: position (r), spin (o), isospin
(1) and eventually other quantum numbers such as flavour, color. Since we deal with fermions, the global
wave function ¥ must be antisymmetric for the exchange of two particles:

\IJ(I“7LI,‘J):—\I/(Z‘],,$Z) . (52)

Each eigenfunction of H can be written as linear combination of a complete system of orthonormal
functions forming a basis. For example

U= Z c;®; , (5.3)

where ®; is a Slater determinant and the C; coefficient is a number. The Slater determinant is built by
products of single particle wave functions. As it has been discussed in Chapter 2, these single-particle
wave functions, which form a basis, are obtained by solving a single-particle Schrédinger equation:

iLugbu(x) = 6u¢u(w) ) (54)

where v is the set of quantum numbers characterising the single-particle state. These are the three
components of the momentum p, in the case of plane waves. For the wave functions in a potential with
spherical symmetry they are the principal quantum number n, and those quantum numbers related to
the orbital angular momentum [, total angular momentum, j, and its projection m on the quantisation
axis quantum numbers

49
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Once the single-particle wave functions ¢, are known the Slater determinant for A particles is built
as

B(ar,...xa) = \/% S ()P Py (1)1, (33) - - b (34) (5.5)
R

where P indicates the permutations between the indexes of the coordinates. The v/ A! factor gives the

normalisation
(o|P)=1. (5.6)

Eq. (5.5) can be written as
Gui (T1) oo bua(T)

L TA) = = : :
va i (Ta) oo Pua(Ta)

The Slater determinant is eigenstate of a many-body hamiltonian which is sum of single-particle
hamiltonians:

(5.7)

> h®=Hy® =6 . (5.8)

5.2 Creation and destruction operators

The Slater determinant contains redundant information. From the physics point of view, it is important
to know whether the state ¢, is occupied or not. The knowledge of what is the fermion occupying
this state is not relevant since all the fermions composing the system are identical. The information
contained in the Slater determinant can be summarised in a set of ordered numbers indicating which
are the occupied single-particle states. It is possible to map this set of ordered numbers to the Slater
determinant:

[®) — |va,va—1...v1) . (5.9)

In a commonly used convention, the order of the indexes is that of decreasing values of energies. The v4
state is that with with highest energy, and so on. This representation of a Slater determinant is usually
called Occupation Number Representation (ONR).

It is useful to relate states with different particle numbers. For example, the single-particle state

)

can be imagined as obtained by adding a particle to the vacuum state |0). In symbols

V), (5.10)

v) =4} 10), (5.11)

where a represents the operator which puts a particle on the single-particle state characterized by the
v quantum numbers.
In general one can write:
aflva...v) =vva...vn). (5.12)

This state with A+ 1 particles is not necessarily ordered. The newly added particle, v, must be correctly
positioned. This is done by considering that any change of position produces a multiplicative negative
phase, this is because we are dealing with a determinant describing a set of fermions. The possible
ambiguities on the global sign of the state can be defined by choosing that the sign of the determinant
does not change if the new particle remains in the first position, as we have assumed in writing Eq. (5.12).

For example:
dj1|1/31/2> = |V1V31/2> = —|I/3V1V2> = |V31/21/1> . (513)
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It follows from Eq. (5.11) and (5.12) that:

lva...v) =af al .a;]0) . (5.14)

vaZva—1 -

For the properties of the Slater determinant we have that:
aflva...v...rn) =0 . (5.15)

This operation inserts in a determinant a row, or a column, equal to a row, or a column already present.
From the physics point of view Eq. (5.15) expresses the Pauli exclusion principle.
From what we have presented so far, it possible to deduce that the creation operators have the
following anti-commutation properties
atal =—atal (5.16)

vy V2 ve©ry C

Let’s demonstrate the validity of Eq. (5.16). We assume v > v/

afatet(A... ...1) = olafeAtl (A .. 1) = 0LeAT2 (AL v 1)
(5.17)
alaf®A(A... .. 1) = olMateAti(A..v...1) = 0lelleAY2(AL v V1) .

We indicated with #Z = (—)? = (—1)P the phase acquired by carrying out the necessary permutations to
put in the proper position the v particle, and in analogy 911,, = (—)p/. The phases obtained in the second
case have been indicated as §11 and 6Zf. Since v > v/, 8L = 91! because the number of permutation to
put in order v is the same in both cases. On the other hand, 8/, = —@I! since in the second case, an
additional permutation has to be done to arrange /. Therefore, we obtain

aral,®=—alalfe , (5.18)

v !

from where the relation (5.16) between operators is derived. Obviously Eq. (5.16) implies

(af)’ =0 . (5.19)

174

which is another way to express Eq. (5.15), i.e. the Pauli exclusion principle.

It is possible to define the adjoint operator of 4T whose action can be understood by taking the adjoint
of Eq. (5.11).

@) = a, (5.20)
lvy=azl0) (v =(0la, , (5.21)
(nve...vnl = {0]ay, ... Guy_ 0y (5.22)

since (v|v) = 1 we obtain
(0ava;j0) =1, (5.23)

————
|0)
and therefore,

0) = 4,4, |0) = ay|v) = [0) . (5.24)

The effect of applying a, on the ket state is that of taking out a particle which occupied the |v) state.
From this the name of destruction operator. Let’s analyze the behaviour of a,,..

Gy VA« Vg AVpVp—1 . V1) = VA . Vpp1Vpeq .. 1/1>(—)T_1 . (5.25)
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Since, by definition, in the vacuum all the single-particle states are empty, we can write
a,0) =0 . (5.26)
If the vector |vy ...v1) does not contain the v state, then
aylva...v1) =0 . (5.27)
Also in the case of the destruction operators it is possible to show that
Gy Gy = —Qyp iy and therefore (a,)> =0 . (5.28)
Analogously, it is possible to demonstrate that, for v # s, the following relation holds:
a0 = —ag ay, (5.29)

By using the properties previously discussed we obtain:

ity = {8y NS ST e
itaylva...n) = { |O”A ) e ;g (5.31)

Egs. (5.30) and (5.31) leads to the relation
(ava) +atay) va...v) =lva...vn) . (5.32)

This relation is valid for any vector |v4 ...1vq) since one of the two terms gives a zero result, while the
other one reproduces the starting vector.

Eq. (5.31) defines the occupation number operator

San (5.33)

Ny =a

whose eigenvalues are 1 or 0 whether the state to which is applied contains, or not, the single-particle
state v.

The relation between creation and destruction operators given by Egs. (5.30) and (5.31) is:
a,af +afa, =1 . (5.34)

The relations (5.16), (5.28), (5.29), defining the properties of the creation and destruction operators,
can be summarised as:

{av, 0} =6, {av,an}y=0  {af,at} =0, (5.35)

where the symbol {, } indicates the anti-commutator operator.

When the many-body system has rotational symmetry is it convenient to work with operators which
have the properties of the irreducible spherical tensors. For this reason, it is convenient the use of creation
and destruction operators defined in a slightly different manner, as indicated in the Appendix B.
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5.3 One- and two-body operators

We used the ONR to describe state vectors, Slater determinants to be precise, but the approach can
continue to describe the operators.

We indicated with |S) and |S’) two vectors described in ONR, and with |®g) and |Pg/) the two
corresponding Slater determinants. Let’s consider, in the configuration space, a generic many-body
operator Os(xl ...x4). Since the physical quantities which can be measured are related to the expectation
value of operators between states, the two representations must provide the same value

(25/]Os|®s) = (5'[0]S) (5.36)

In the study of many-body systems, the most common operators are the one- and two-body operators.
In the coordinate space, a one-body operator is given by the sum of operators acting on a single coordinate
at the time:
A
O(zr...wa) =Y 6" (x) . (5.37)
i=1
The kinetic energy is a typical one-body operator. For simplicity let’s use a basis of single-particle wave
functions where O7 is diagonal

61<x)¢u(x) = w, ¢, (). (5.38)

By using the Slater determinant built on the ¢, states we obtain:

Oé(xl...xA)és(xl...xA) =

A
Y (Y @) P (1) bua(wa) =
- ,
A
D (Y P (2i)du, (21) . bua(wa)
7 ,
A
D (Y (Wi Py, (21) - by (wa)
- ,

A
= Zwyiq)s = Z UJUCDS = Zwuny‘bs ) (539)
i=1 v

v occupied

where we have indicated with P the operator which makes all the possible P permutations. In the
previous equations n, = 1 for all the occupied levels and n, = 0 for the empty ones. The evaluation of
the matrix element is:

<¢S"Oé|q)5'> <CI)S’| Zwunu‘q)s> = (540)

Y wu (S| S) = (5107]$) (5.41)

where we used the occupation number operator defined in Eq. (5.33). By substituting we obtain

(S'10718) = (8" > wyian|S) (5.42)

and then: R
O' =Y wnata, | (5.43)
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where
Wy = / e (r)o (r)u () - (5.44)
The expression of the one-body operator for a generic single-particle basis is:
o' = > 0!, difa, (5.45)
0Ly = [ dsy(a)d! ()onr(a) = o' ) (5.46)

where z is a generalized coordinate, containing space, spin and, eventually, also isospin. This expression
shows that the one-body operator takes out a particle in v’ and puts a particle in the v state. Obviously,
v/ must be occupied and v empty. This action is called creation of a particle-hole pair. In the case where
|S) =S’} the only contributions different from zero are those where v/ = v.

Analogous procedure can be used to obtain the ONR expression for the two-body operators, defined
as sum of operators acting on two-coordinates at the time:

O (w1 ...wa) =D 0" (ws,2;) = %Za”(xi,xj) (5.47)

i< i#]

A typical example of two-body operator is the interaction potential V = %Z#j V(zi,z;). In ONR,
operators of this type are respresented as:

A 1
oM = 5 > Ol atataa, (5.48)
vv'pp!
where O{,fw/#,, which is a number, is defined as:
O,{,Iw,u, = (wp|OM W'y = /dxdac’¢,f(a:)¢/t(a:’)én(x,a?’)qb,,/ ()P (2') . (5.49)

It is worth to remark that the order of the two sub-indexes are inverted in the sequence of the creation
and destruction operators with respect to that of the matrix element.

In this case the two-body operator takes out two particles from occupied states and puts them in two
empty states.

5.4 Field operators

The creation and destruction operators a;} and a, presented here follows the same algebra, defined by the
anti-commutation relations (5.35), of the anaolgous operators introduced in the field theory. The physical
interpretation of the action of these operators is different in the two theories. In field theory the operators
describe the creation and the destruction of particles, as example in the formation of particle-antiparticle
pairs. In many-body theory the idea is that the mean-field problem has already been solved, and its
solution has provided a basis of single-particle states. The creation operator a;” puts a particle on the
state characterised by the v quantum numbers, and a, takes out a particle occupying this state.

In field theory the field operator ¢+ (r) creates a particle in the point r and the operator 1[)(1‘) destroys
a particle positioned in r. It is possible to define this kind of operators also in many-body theory. These
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field operator are related to the creation and destruction operators through the single-particle wave
functions ¢, (r) generated by the solution of the mean-field problem:

=3 aeu(r) | (5.50)

o)=Y abe) . (5.51)

Because of the orthonormality of the ¢, these two equations can be inverted to express the creation and
destruction operators in terms of field operator:

z/d3r¢,f(r)z/3(r) and at :/d3r¢y(r)1[}+(r) . (5.52)

By using the anticommutation relations (5.35) in the above definitions, it is possible to obtain analogous
relations for the field operators:

{ot@tan} =0 {dmden) =0 {Pte e} =se-r) . (553)
The one- and two-body operators can be expressed in terms of field operators as:
of = [dritwe i) . (5.54)

O = 5 [ @i )it ) e )0 (5.55)

The hamiltonian operator can be written in terms of creation and destruction operators or in terms
of field operators:

N 1 ~
H = => |11V} a Z VIV afaa, (5.56)

vy’ Vl/’p,p/

— / BT (r) (—v2> P(r )+% / Brd> Pt @)t @)V (e, ) )h) . (5.57)
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Chapter 6

Perturbation theory of many-body
systems

6.1 Pictures

The values of the observable quantities, in Quantum Mechanics, are obtained by calculating expectation
values of operators between states. These quantities are invariant if the same unitary transformation
is applied to the states and to the operators. These unitary transformations can contain the time and,
for example, they can transform states which depend on time in time-independent states. In this latter
case, the dependence on the time is inserted in the operator expressions. These time-dependent unitary
transformations are called pictures of the Quantum Mechanics.

Schrédinger picture

The most used picture is that of Schrodinger where the states describing the system depend on the time,
while the operators are time-independent. In this picture, the time evolution of the system is described
by the equation:

g Ws(0) = AWs(0) | (0.1

which is the well known time-dependent Schrodinger equation.

For those system where the energy is conserved, the hamilton operator H does not depend on the
time. In this case, the formal solution of Eq. (6.1) is:

. H(t—tq)
Ws(t) =e™ 7 " [¥s(to)) - (6.2)

In this equation the exponential function of an operator is present. The action of this function on the
state |Wg(tp)) can be expressed in terms of a power expansion of the exponential. In addition, since H
is an hermitian operator, e#* is a unitary operator.

The Eq. (6.2) allows us to know the solution of the Schrédinger equation at any time ¢ once the state
of the system is known at a specific time value tg.

Heisenberg picture

In this picture, the states are time-independent, while the operators have an explicit time dependence.
The states in the Heisenberg picture are related to those of the Schrédinger picture by the relation

W5 () = ¢ F | ws(0)) (6.3)

o7
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The time evolution of these states in the Heisenberg picture is:

() = e () + R in S [ws(1) = for (6.)

= —HeH [ Wg(t)) + HelF W) =0 . (6.4)

This clearly shows that |¥ ) does not depend on time.
The relation between the expressions of the operators in the two pictures is obtained by considering
that the expectation values of the operators must be the same:

(Ws(0)|0sWs(t)) = (Wale' ¥ Ose™ #|wn) (6.5)
obviously ) )
On ="'+ Oge™ . (6.6)
The time evolution of the operator provides the equation of motion:
m%o},(t) — e Oge B 4 Ol =
= —HOy+OnH =[Oy, H (6.7)

where we exploited the fact that H and '+ commute. In general, Op and H do not commute. In case
of commutation, Eq. (6.7) expresses the fact that Oy describes a constant of motion.

Interaction picture

This picture, intermediate between that of Heisenberg and that of Schrodinger, is that of main interest
in the description of many-body systems.

Let’s consider a time-independent hamiltonan in the Schrodinger picture, and let’s separate it in two
terms

H=Hy,+H, . (6.8)

The state vector in the interaction picture is defined as:

. Hgt
Wr(t) = ¢ |Ts(t)) (6.9)
The time evolution of the state |¥;(¢)) is given by:
0 e i Hot jHot 0
iho [Ur(t) = —Hoe' | Us(t)) + ' # iho [Us (1))

- Hgt . Hgt

. N . A
= T [ Ho+ o+ B e T s (1)
7@ ~ _iﬂ -~
= e *h Hle 2 |\Ifj(t)> =H17](t)|\111(t)> s (610)
where in the second step we used Eq. (6.1). In general, H; and Hy do not commute.
Also in this case, the expression of the operators in the interaction picture, in terms of the operator

in Schrédinger picture, is obtained by considering that the expectation values must be the same in both
pictures:

~ . Hot A . Hot
(Ws(1)|0g|Ts(t)) = (Urlet™ 7 Oge™ 7 |W)) (6.11)

from where we obtain the definition:

(6.12)
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From the above equations, it appears clear that, in the interaction picture, both states and operators
depend on time. The equation of motion in the interaction picture is:

IS0) = —Hpe K Osem 4 & B O g
= eiyése_iyﬁo - ﬁoei%()se”’%
= O;Hy - H,0; = [o”,(t),ﬁo] . (6.13)

Since in the ONR all the operators can be expressed in terms of creation and destruction operators, it
is convenient to obtain the expressions of these operators in the interaction picture. In order to simplify
the calculation we consider a special situation where Hy is a one-body operator diagonal in the chosen
single-particle basis:

k
The equation of motion for an operator in the interaction picture is
L d. jHot T ~ ] _;Hot jHat | At a _; Aot
Zﬁ*CL]’k(t) = e'"h |agy, Hole "™ =€ |agk, E hwk/as wask | e
dt v
= ¢e'n [as,k,agk,a&k/} e 'h hwk/ s

k!

where I and S indicate the interaction and Schrodinger pictures respectively. The term in parentheses
becomes:

las kg s — a5 g (—askasw)] = laskdg pasy — (—Okwasy +aspis asp)] = aspk -

We have then:

L d .
zﬁ%ah[(t) = hwkakvj(t) y (615)

and, by assuming a;(t = 0) = ag, 4
ar(t) = agpe "kt . (6.16)

For the adjoint operator, we obtain: _
af () = ag ert . (6.17)

Since the time dependence is present only in the complex phase, the (anti-)commutation properties of
the creation and destruction operators in the interaction picture are the same as those in the Schrodinger
picture.

In order to obtain the expression of the whatever operator in the interaction picture, it is enogh to
substitute the aj with ay () and analogously with the creation operators. Also the field operators can be
expressed in terms of ag ; and &fg «» therefore their expressions in the interaction picture can be obtained
by using the same procedure. 7

6.2 Time-evolution operator

We define an operator U(t,to), the time evolution operator, which determines the state vector at the
time ¢ once the state vector is known at the ¢y time

U1 (1)) = U(t,t0) | U1 (to)) - (6.18)
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From the definition of state in the interaction picture, and from Eq. (6.2) we can write:
W) = e Ts(t) = e e RO W (t))

Hoto

[ Wr(to))

L Hogt CH .
— eLTe_Lf(t_to)e_z

and therefore
Hgt . H(t—tg) . Hgtg

Ult,tg) =€t h e i 7 e h | (6.19)

The properties of U (t,to) can be deduced by the above equation. For example:

Ulto,te) =1 , (6.20)
and R R R R
Ut (t,to)U(t, to) = U(t, to)UT (t,t0) =1 , (6.21)
which implies A A
Ut(t,to) =U " t,tg) , (6.22)
and X R R
Ul(ty,t2)U(ta,t3) = Ulty,ts) (6.23)
and R R R R
U(t,to)U(to,t) =1  whichimplies Ul(tg,t) = Ut (t,t0) , (6.24)

Eq. (6.19) is not very useful for the calculation of observables. From the computational point of view,
the solution of Eq. (6.18) by using the expression (6.19) is equivalente to solve the Schrodinger equation.
The usefulness of U (t,tp) is related to the possibility of calculating it by doing a perturbation expansion.
In order to acheive this goal it is convenient to use an integral expression of U (t,to).

Let’s rewrite Eq.(6.10) as

L0 -
Zhgm’l(t» = H1(1)|¥1(1)) (6.25)

where H; (t) is the term of the hamiltonian in the interaction picture. To simplify the writing we did not
write the sub-index I in hamiltonian term which will be understood henceforth. By using Eq. (6.18) we
obtain:

z’h%U(tto)WI(to» = Hi(t)0(t,10)| ¥ 1 (to))- (6.26)

Since |¥(tg)) is different from zero, we can divide by it the above equation and obtain a relation between
operators:

ih%ﬁ(t, to) = Hyi()U(t,to) . (6.27)

By integrating from ¢ty to t we obtain
t 8 R t R R
/ ih—U(t' to)dt' = / Hi (Ut to)dt'
to at/ to
t
—in[Otto) - Oltosto)] = [ (@), o)
to

By considering Eq. (6.20) we have:

.t
Ut to) =1— %/ dt' Hy (Ut o) (6.28)
to
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We obtain a formal solution Eq. (6.28) by by inserting its expression of U (t',tp) in the right hand
side:
i v,
1-— f/ dt"Hy(t")1—..]
b Ji,

1-— f/ dt' Hy (t () /t dt’ /tt, dt" Hy (¢ Hy (t") + . .. (6.29)

t>t’

.t
Ult,tg) = 1—%/dt’]:]1(’)

U(t, to)

Let’s consider the third term in the right hand side of the above equation:

/ dt' / dt"Hy () H (") = / dt’ / dt" Hy (¢ YH, (") / dt” / dt Hy(t"H, (t') . (6.30)
to t() to to to t()

t'>t” t” >t

In this expression the dummy indexes of the integration variables have been interchanged. In general,

one has
/abdy/ybdxf(x)f(y) =/abdx/ar dyf(x)f(y) . (6.31)

therefore Eq. (6.30) can be written as:

t t
/dt’/ dt" Hy (" Hy(t") =
to to
/dt/ dt" Hy (") Hy (") /dt/dt”H t"VH, (t') =
to to to t!
5/ dt’/ dt” ﬁl(t’)ﬁl(t”)e(t’—t”)+F11(t”)1f11(t’)9(t”—t’)] -
t 1
Lt
- / dt’ / " [Hl(t’)Hl(t”)} : (6.32)
2 to to

where I introduced a time-ordering operator T whose action consists in ordering a product of operators
in decreasing time from the left to the right.
Generalising the result (6.32) for each term, we obtain, for Eq. (6.29), the expression

Ut to) = > 0( ) /dt1 /dt T H1 (t)... Hi(t )]. (6.33)

Demonstration of Eq. (6.31). Let’s define

dF(z)
dx

= f(x) .
We consider the first term of Eq. (6.31).

[ / def (@) / ayf(y F) = FO F0) - F) - [ dufw)FG)
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The second term of Eq. (6.31) is
b x b
/ da / dyf(2)f(y) = / daf(z) [F(z) - F(a)] = / da f(2)F(x) — F(a) [F(b) — F(a)

b
[Fz(b) —F? (a)] = F(a)F(b) + F?(a)

b
_ / dos S [F@)] ~ F(a)F(b) + F*(a) =
1, 1, 1 ,
— 1P+ 1P - FOP@ = L IP() - Fla)]

6.3 Wick’s theorem

Before considering the use of the time-evolution operator in the perturbation expansion we shall present
a theorem which is very useful in the calculations of the expectation values of operators expressed in

ONR.

Time-ordering operator T

I have already introduced in Eq. (6.32) the time-ordering operator
TIABC .., (6.34)

which orders a sequence of time-dependent operators, such as those expressed in the interaction picture,
with the latest times to the left. Since these operators can be expressed in terms of creation and destruc-
tion operators, it is necessary to take care of the anticommutation relations in doing this ordering. This
means one has to add a -1 sign for each interchange of fermion operators.

For example, assuming t,1 < t,, we have that:

T [a(ts)at (t)at (k)] = 't (t)a" (t2)alts). (6.35)

Another example: R
T [a(tz)a™ (t)a" (t3)] = —at(t)a(tz)a™ (t3) . (6.36)

Normal order product

By definition, the expectation value of a normally ordered set of creation and destruction operators with
respect to the ground state of the system is zero. This enforces the construction of an operator N which
arranges the sequence of creation and destruction operators to obtain a zero value. The action of N
depends on the definition of the system ground state.

In field theory, the ground state of the system is the physical vacuum, i.e. a state without particles,
|0). In this case, the action of N consists in putting on the right hand side the destruction operators, and
to the left hand side the creation operators. This because a|0) = 0, and (0|a* = 0. For example:

N[aad asaf] = —adajaias , field theory. (6.37)

In the case of many-body systems, it is much more convenient to consider a ground state given by the
solution of the mean-field problem |®(), where all the levels below the Fermi surface are occupied (hole
states) and those above the Fermi surface are empty (particle states). The action of N on the creation and
destruction operators is more involved than in the previous case. Following the traditional nomenclature
we indicate with the latin letters (ijkl) the hole states, and with (mnpq) the particle states. We shall
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use the greek letters to indicate a generic state which can be hole or particle. The action of the creation
and destruction operators on the mean-field ground state is:

aj|®o) 0 5 am|Po) =0 ;
af[®o) =0 5 ah|®o) #0 . (6.38)

In this case, the action of N consists in moving to the right hand side the a,, and the d;’ operators, and
to the left hand side the operators a; and a,. Also in this case, every change in the position of the
operators inserts a minus sign. The following example contains two minus signs:

N[&m&j&jdfn] = (fdj&f;l)(f&mdj) = &jdfndmd;r . (6.39)

Contraction

The contraction is defined as the difference between two time-ordered and normal-ordered operators.
L o
AB =T[AB] —N[AB] . (6.40)

We identify the two operators to contract by a line joining them.
If the operators are time-independent, or if they are defined at the same time:

T[AB] = AB . (6.41)
For example, the contraction of a particle creation operator with a hole destruction operator is:
,_l A A
ata; =Tla}a;] — N[ata;] =ata; —ata; =0 . (6.42)

The result of the contraction is not an operator, or an operator sequence, but it is a number. This is
a consequence of the anti-commutation rules of the creation and destruction operators. The contraction
is related to the anti-commutator of these operators.

The contraction is the expectation value of the two operators on the ground state:

(0| AB|®o) = (Do| AB|®o) + (®o[N[AB]|®g) = AB(D|®y) |, (6.43)

where we used the fact that (®o|N[AB]|®o) = 0. by definition.

In a set of various operators, eventually with more than one contraction, the pair of operators which
has to be contracted must be arranged such as the operators to be contracted are close to each other.
This procedure includes a -1 for each operator exchange. The global sign must take care of For example:

AAAAAAAAAAAA

ABCDEF = —ACBFDE . (6.44)

Formulation of the Wick’s theorem

The Wick’s theorem states that a time-ordered product of operators can be written as sum of normal-
ordered products where all the possible contractions are executed:

TABC...2)=N[ABC...2] + N[AB...Z]+N[ABC...2]
N R .
+ N[ABCD...Z]+N[ABCD...Z
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Since the result of a contraction is a number, all the contracted operators are not involved by the action
of N. For example, the Wick’s theorem applied to the product of four operators gives:

ABCD =N[ABCD] + N[ABCD)+N[ABCD) + N[ABCD)
N ~ A a1
+ N[ABCD] +N[ABCD) +N[ABCD)]
~ 1 1 ~ L A ~ T
+ N[ABCD] +N[ABCD] + N[ABCD]
1 L
A A A A A [ NN [N SN [ NN
=N[ABCD) ABN[CD] — AC N[BD] + AD N[BC]
[N PN | PPN | PN
BC N[AD] — BD N[AC] + CD N[AB]
[ A [ NN [ N
ABCD — ABCD + ABCD . (6.45)
Ll L L

From this expression it appears clear that the calculation of the expectation value of these operators with
respect to the ground state is reduced to the evaluation of the contractions since all the terms containing
N are zero, by definition.

6.4 Adiabatic switching on of the interaction

We use here the adiabatic switching on of the interaction as a mathematical expedient to write the
eigenstates of a system of interacting particles in terms of states of non-interacting particles, i.e. MF
states. This is very useful since the MF problem is easily solved.

Let’s consider a hamiltonian of the form

H=Hy+e MH, | (6.46)

where € is a real, and positive, number. Obviously:

lim H=H, , (6.47)

t—too
and at the time ¢ = 0 the hamiltonian (6.46) is the full hamiltonian:
lim H = Hy + H; . (6.48)
0

The e parameter can be chosen in order to switch on and off, slowly at pleasure, the perturbation. The
final results must be independent of the value of e.
The eigenstates of the hamiltonian (6.46) in interaction picture can be expressed as:

W5 (t)) = Ue(t,0)| W1 (t0)) - (6.49)

The sub-index € has been added to the time evolution operator U since in its definition, Eq. (6.19),
instead of H;(t) we use eI F(t).
Eq. (6.33), expressing the time-evolution operator in perturbative terms, becomes:

R o0 77} n 1 t t
Uc(t,tg) = Z<h) E/ dtl.../ dt,
- Jig to

n=0

e~ clal bl DT A (41) .. Hy(8,)] (6.50)
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where the exponential terms have been exctracted from T since they commute with H,. The equation of
motion (6.10) for a system described by the hamiltonian (6.46) can be expressed as:

m%m(m = e MH (1)W1 (t)) =400 0 (6.51)

therefore, in the limit ¢ — 400 one has that |[W;(+00)) is time independent. For ¢ — 400 the hamiltonian
reduces to Hy, therefore we have

Wy (t)) = Ue(t, —00)|®o) , (6.52)

where |®) is eigenstate of Hy.

If the interaction term H; would not be present, |¥;) would be always equal to |®o). When the time
increases the interaction is switched on up to ¢ = 0 when it is fully active. After that the interaction it
is slowly switch off up to become zero for t = +oc.

The definitions of the state in the Heisenberg, Schrédinger and interaction pictures determine the
states at t = 0:

Wi (1)) = lim e [Ws()) = |Ws(0)) (6.53)
i), = lim e H [ Us(0)) = |Ws(0)) (6.54)
94 (0)) = 91(0)) = |¥s(0)) (6.55)
and then:
Us(0) = [Ur(0) = [¥1(0)) = Ue(0, —00)[ Do) (6.56)

Eq. (6.56) expresses the eigenstate of an interacting hamiltonian H in terms of an eigenstates of
a non-interacting, mean-field, hamiltonian Hy. The result obtained is physically meaningful if all the
quantities calculated in the lim e — 0 are finite.

The Gell-Mann and Low theorem answer to this question. Let’s consider a perturbation expansion of
the following mathematical entity

(0, ~o0)0) |} .
0.0, o0)) ~ walv) Z'g() (057

(o

where ¢g" is a generic expansion parameter. If, for each n the lim._, |£§")> exists, i.e. it is finite, then,
the full quantity defined in Eq. (6.57) is eigenstate of the hamiltonian H:

~ Vo) _ 5 [Wo)

(®o|Wo) — (0| Wg) (6.58)

Multiplying on the left both terms of the above equation by (®g| we obtain:

(@olH|Wo) _ o _ (@o| Ho|Wo)  (Po| H1|Wo)
(®o|Wo) ‘ (®o|Wo) (®o|Wo)
_ (®o| Hy|Wo)
= Gt (Po|Wo)

teherefore:
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o {Do|Hn W) (o Hy U(0, —00)|Po)
Po =80 = a0y (@g0(0,—n0)bg) (6.59)

Detailed proofs of the Gell-Mann and Low theorem can be found in various textbooks, for example
[Fet71, Gro91]. We would like here to emphasize the essential point of the theorem, by pointing out that
in the lim,_,o numerator and denominator of Eq. (6.57) do not separately exists, but the limit of they
ratio is finite. The numerator has divergencies of ¢! order which are canceled by analogous divergencies
present in the denominator.

The result (6.59) is important since it expresses the difference between the energy of a system of
interacting particles with that of non-interacting particles described by a mean-field model. All the
ingredients necessary to calculate this quantity are known. The basic assumption of our approach is that
the mean-field problem is solved, which implies that |®¢) is known. The time-evolution operator U is
calculated by using the perturbation expansion glven by the expression (6. 33) where the Wick’s theorem
allows the evaluation of the time-ordering operator T applied to the various H, acting at different times.



Chapter 7

Goldstone theorem

7.1 Goldstone diagrams

The analysis of the various terms of the perturbative expansion is simplified by the use of graphic
techniques. These techniques consist in associating a graphic symbol to every element of the equation
which is perturbatively expanded. Every expansion term is identified by a diagram.

In relativistic field theory, these diagrams are called Feynman diagrams. There is a set of rule which
allows the exact reconstruction of the mathematical expression of the perturbative term graphically
described.

It is not our interest here to use the graphic techniques in this manner. We use these diagrams to
identify the terms of the perturbative expansion having similar characteristics.

Since the Feynman diagrams are used in relativistic field theory, we call Goldstone diagrams those
used in non-relativistic Quantum Mechanics.

A \ a m adm a; a g

Figure 7.1:

In Fig. 7.1 the various elements composing the diagram are presented. In this representation let’s
imagine an ideal time arrow oriented from the lower to the upper sides of the diagram. This line has
been drawn in Fig. 7.1 but it will be understood in all the other figures.

An oriented line coming out from a point and moving in the direction of positive times (A in the
figure) represents the creation of a particle. This diagram is related to the creation operator a},. We
remember the convention adopted to indicate with the m,n,p, q,r, the states above the Fermi surface,
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and with the 14, 7, k,l letters the states below it. In case of coordinate representation, this symbol is
related to the field operator z/?*(r), which indicates the creation of a particle in the point r. An oriented
line moving in the positive time direction and disappearing in a point (B in the Figure) represents the
destruction of a particle, and the operators associated to it are a,, or 1[)(1‘)

In relativistic field theory, the lines oriented in opposite direction with respect to the time arrow
(negative times) represent antiparticles. In our case, Goldstone diagrams, they, instead, represent hole
states, i.e. single particle states below the Fermi surface. A disappearing line (case D of the Figure)
indicates the creation of a hole state, and the associated operators are d;‘ or 1/;(1') Obviously, the
oriented line moving back in the time and disappearing in a point (case C of the Figure) indicates the
destruction of a hole state. In this case, the related operators are a; o 1/3*(1‘).

The last graphic element required to compose the diagrams is that related to the interaction V(rl, ry).
We have chosen a dashed line joining two points, which describe the action of a two-body interactions.
Since the framework is non relativistic, the action of the interaction is instantaneous, therefore in the
Goldstone diagrams the dashed lines are always horizontal. This is not the case in the Feynmann where
the interaction propagates at finite velocity.

Figure 7.2:

As example, we present in Fig. 7.2 two diagrams of which we calculate the explicit expressions. The
diagrams represent the expectation values of the type:

(@a|V|®s) (7.1)

where |®,) indicates the initial state and |®p) the final one.
Let’s consider the A diagram of Fig. 7.2. The initial state is formed by a particle state n and by a
hole state i:
(®al = (Pola; an , |®a) = a5 i o) (7.2)

In this diagram also the final state is composed by hole and particle states which are different with respect
to those of the initial state:
|®y) = dyy,5]Po). (7.3)

The expression of the A diagram of the Fig. 7.2 is:

(Doa; anVara;| o). (7.4)
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At this point one has to insert the expression of V in ONR:

p-1! Z Vi G ) Gy, (7.5)

2y

and then to use the Wick’s theorem to evaluate the expectation value.

The evaluation of the B diagram of Fig. 7.2 proceeds in analogous manner. The difference with the
previous case that the hole states of the initial and final states are the same. The expression of the
diagram is:

(ola;a;V i, | Do) (7.6)

7.2 Goldstone theorem

The Goldstone theorem states that the difference between the energy of system of interacting particles
and that of a system of non-interacting particles can be expressed as:

Ey— & = <I>0|H12<8 7 Fh) |®o)e (7.7)
0 — 410

where ﬁo and ﬁl are time-independent operators in the Schrodinger picture, and |®g) is the eigenstate
of Hy, the MF hamiltonian. The meaning of the important sub-index ¢ will be clarified below.
Let’s write explicitly the first terms of Eq. (7.7):

Eo—& = (®o|Hi|®o)
R 1 .
+ (Po|H; —————H1|Pg),
(Dol - 1/®o)
b (@ — H— 1y |®y)
0 180719_0 lgoiﬂ_o 1 0/c
+ ... (7.8)

Some of the diagrams related to the expansion terms are shown in Fig. 7.3. The diagram A is contained
in the first term of Eq. (7.8). A single dashed line indicates the presence of only one interaction H,.
There are not open lines of particle or holes since the expectation value is evaluated on the mean-field
ground state. The other diagram present in the first expansion term is that called exchange term. In this
diagram the particle and hole lines are interchanged between the various points. This is the diagram B
of Fig. 7.4).

The diagram B of Fig. 7.3 is one of the diagrams of the second term of Eq. (7.8) since it contains
to interaction lines Hy. Also in this case it is necessary to add the exchange term. This diagram show
that H creates an intermediate state characterised by 2 particle states and 2 hole states (2p — 2h). This
happens since H; is a two-body operator. This intermediate state propagates (the term (&p — ﬁo)’l is
the Fourier transform of the time propagation operator) and it is de-excited by the action of another H,
term.

The traditional expression of the perturbative expansion can be obtained by inserting a completeness
of Hy eigenstates I = > om0 |Pn){(Pnl, (where I is the identity operator):

(Dg| Hy|®,) (D, H1 | Do) N

By — 80 = (@o|Hy|®o) + Y & — &

n#0

(7.9)

The absence of the n = 0 terms is a subtle point which we clarify here below where we show how to
obtain Eq. (7.7) starting from the expression of the Gell-Mann and Low theorem.
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Figure 7.3:
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Eq. (6.59) can be rewritten as:

By — g — (olHi[%0) _ (@ H1U(0, ~o0)|®0) (7.10)
(©o|Wo) (@0|U(0, —00)|®0)
By using the expression (6.33) of the time evolution operator, we obtain, for the numerator:
o ~i\Y 1 [0 0
(®o|H, U (0, —0)| Do) = ; <h> ﬁ[m dtl...lmdty
(@o| T[Hy, Hi(th) ..., Hi(t,)]|®o) (7.11)

where we used the lime — 0 of Eq. (6.50). The H; operator which in (7.10) is out of the action of T
here it has been included in the first position between the operators which have to be ordered by T. This
operation does not modify the results since this H is defined at t = 0 which is the latest time involved.

The various terms of the perturbative expansion can be calculated by using the Wick theorem. The
investigation of the diagrams which are here generated indicates the possibility of classify them in two
categories: linked and unlinked. The linked diagrams are those where there are contractions between the
creation and destruction operators defining H; (0) and other operators defined at earlier times.

Let’s consider, for example, the term with v = 1:

(®o| H1(0)Hi (t1)|®o) ~

<¢)0|VMVM'V'&:(O)&I_/‘—(O)&V’ (0)&;/ (O)Vnin’é’d;(tl)dz(tl)&ﬁ’ (tl)&n’(t1)|¢)0> ) (7.12)
where we have explicitly written H; in terms of creation and destruction operators in interaction picture.
For simplicity in writing we understand the sum on the repeated greek indexes.

In absence of contraction between operators defined at the time ¢; and those defined at ¢ = 0, the two
terms can be separated by inserting an identity operator |®¢)(®o| = I:

(@ﬂVWullﬂa:ajaV’aM/\<I>0>t:0<<1>0|Vn5n/€/a;a?a51an/|<I>0>t:t1 . (7.13)

The contractions different from zero in these two terms are:

ay (t)ay (H)aw (taw (t) (7.14)
and
a (t)ay) (), (t)ay (t) . (7.15)

The first of these terms is presented in the diagram A of Fig. 7.4 and the second term by the diagram B
of the same figure. By using this result we observe that the term of Eq. (7.13) produces four diagrams,
each of them obtained by coupling two of the diagrams of Fig. 7.4: one at the time ¢t = 0 and the other
one at the time ¢ = ¢;. Clearly these diagrams are unlinked.

On the other hand, if we apply the Wick theorem by using contractions relating operators defined at
t = 0 with those defined at ¢t = ¢1, we obtain linked diagrams. For example:

| r 1 |
(@o|Viywrwr (007 (0)aw (0)ayw (0) Ve gy ()0 (#)ag: (£)an (£)|Po) - (7.16)

v
L

The diagram representing this term is shown in Fig. 7.5.
The term with ¥ = 1 in Eq. (7.12) produces both unlinked diagrams, as the diagram A of Fig. 7.6,
and linked diagrams, as the diagram B of the same figure.
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Figure 7.4:

t=0

t=t1

Figure 7.5:

After this discussion on the structure of the various terms of the expansion we present a derivation
of Eq. (7.7). Let’s consider a term of Eq. (7.11) and assume it is composed by two unlinked parts, as,
for example, the diagram shown in Fig. 7.7. The contribution of a diagram of this type is:

(ol H1 U (0, )|<I>0> -
1 0 S R
( )V dty ... /_ At (®0|T[H1(0) ... Hy(t,)]|Po)e
0
/_ dtni1 ... /_ Aty (PO T[H 1 (b1 - - Hy (b)) [P0 (7.17)

We factorized the two linked parts, the first one containing n interaction terms H; and the second one
with m interactions.

In general, the total contribution of a diagrams of v order which can divided in two parts, of n and
m (v = m + n) order. Diagrams of this type can be obtained by exchanging the position of the H,
under the action of T. By exchanging two H, operators defined at different times there is an exchange
of 4 creation and destruction operators, therefore the total phase generated by this exchange is always
positive. The number of possibile permutations is v!. On the other hand, two H, operators belonging to
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Figure 7.6:

the same partition do not produce a new diagram, since the time ordering operator re-order the various
terms. The number of permutations which do not produce any new diagram is n! m!.
The total contribution to Eq. (7.11) of diagrams such as that of Fig. 7.7 is:

ZZ(;)anﬁﬂj!/;dtl /0 dt (®o|T[Hy, Hy (1) ... Ho(£,)]|®0)e

n m -

0 0
dtpi1 ... At (0| T[HL (1) « - - 1 (tnm)]|@0)e (7.18)

—0o0 —00
The second term of this expression is present in the denominator of Eq. (7.10). In this second term,

under the action of the time-ordering operator T is not present H, (0) which is the only extraneous term
with respect to those present in the denominator of Eq. (7.10). Eq. (7.10) can be rewritten as:

[ oo

Fo— & = ;) (;f)yyll/_Ooodtl.../_Ooodty@orﬁ‘[fll(o),ﬁl(tl)...,Hl(tu)}|®0> C
i () & [t [ attwuftiin e oo | 00l00, o)
[/ i\Y 0 0 o R
= _1/2_;0 <FL> %‘/_Oodtl~~~1wdty<¢0|T[H1,H1(t1)...,Hl(tl,)H(I)O> c ,

where we used the fact that v, u and the times ¢ are dummy indexes since they are summed or integrated.
All the diagrams not linked to H,(0) are eliminated by the denominator.

After having clarified why in the expression of the Goldstone theorem only linked diagrams appear,
we calculate the time integrals. Let’s consider the order n of the expansion and use the explicit expression
of the H, operator in interaction picture:

~  Hot A Hyt

Hi(t)=e"n Hie . (7.19)

The term of order n can be written as:

_\" 0 t1 tn—1
[EO - go]n = (;) / dty / dts . . / dtnee(t1+...tn)
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Figure 7.7:

Hgty H0t2

<®0|H1€ Hle iT

,-E ifoy ~ i Ho
Hl s tn,162 i3 thle s tn‘q)0>c

where T has been eliminated since we have explicitly written the integration limits and we inserted the
factor eft. We make a change of the integration variables:

r1=1%t1 , x2=t2—t1 , x3=tz—ta , ... , Tp=1p—1ln

hh=x1 , ta=mr2+m , tBz=r3t+T2+21 , .00 | tn=zwn

and, by using Hy|®o) = &|®o) we obtain:

—\" 0 0 0
[Eo - 80]n = () <‘P0| / d&Cl / d{Eg .. / dl‘n
h —0o0 —0o0 —00

e(xl+(m2+x1)+(T3+Tz+r1)+...(mn+mn 1...4x2421)

Hyxzg iﬁg Tn — gtn

ff O Hle h Hl...e f ﬁle @0>
Let’s consider the term on the right hand side of the above equation,
ot o tn |(I)0> l‘%otn (I)O> _ efi‘(‘T?(x1+...zn)|(I)0> (7.20)

and insert it in the integral:

—i\" ~ 0 i 0= o) o
[Eof(go]n = (h) <(I)0|H1/ de 6”61161 H1

— 00

0 X 0 3
_ ; (Ho—&0) ~ ; (Ho—80) ~
/ dag e e i 0w / dey e®re’ 7 T Hy|®g),

— 00 — 00

The nth term is expressed as product of integrals of the type:

0 Lo , h 1
/ dzienHo—Go—ineh)z1 — - (7:21)
. —1 [y — Hy + ineh]
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n
Since there are n equal terms, there is a factor (%) which can be factorized, therefore:

1 - 1 - 1

e 41 — o H——————H D). (7.22)
&y — Hy + tenh &y —H0+Z€(TL— 1)h &y — Hy + teh

[E — &n = (®o|H,
By executing the lim e — 0 we obtain the expression of the Goldstone theorem.
Since Eq. (7.7) is valid only for linked diagram, as the sub-index ¢ indicates, it is prohibited to insert

|®0) (Dg| terms, therefore there are not divergencies since the contribution of the denominator & — Hy
is always different from zero.
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Chapter 8

Brueckner theory

8.1 Introduzione

The evaluation of the ground state energy of a system of interacting particles is based on the Goldstone
equation which we rewrite

R [e’e] 1 R n
By — & = (Qo|Hy > (HH1> |®o)e (8.1)
°0 0

n=0

where FEj is the energy of the system of interacting particles, &y is the smallest eigenvalue of Hy, i.e.
the ground state energy of the MF solution of the many-body problem, and the sub-index ¢ indicates
that only the linked diagrams must be considered in the expansion formula. This last point avoids the
divergencies produced by zeros of the denominator.

The computational scheme is, in principle, well defined. After obtaining V, included in H;, from
the study of the two-fermions systems as indicated in Chapter 3 one has to insert it in the Goldstone
expansion (8.1) to obtain the value of the ground state energy. The problem is in the behaviour of the
two-fermion potential at short distances. The microscopic interaction becomes extremely large, it can
even diverge, for small values of the relative distance between the two fermions. This empirical evidence
has been found for most different two-fermions systems, from nucleons to molecules. The same problem is
present also in the electron gas where the Coulomb interaction has a divergence for zero relative distances.

This problem, related to the divergence, or a strong repulsion, for small distances is sketched in Fig.
8.1 where we indicated with 1 the wave function describing the relative motion of the two fermions
which interact by means of the potential V(r) Since 1 is eigenstate of the full hamiltonian, the product
V(r) ¥(r) is always finite for every value of r. At short distances where the potential becomes very large,
the v (r) wave function is very small. In the limit of a potential going to infinity, the wave function goes
to zero more rapidly than the divergence of the potential such as the product V(r) ¥ (r) remains always
finite. This is not the case if one multiplies the potential for the relative wave functions ¢ of two free,
therefore non-interacting, particles. The ¢ is eigenstate of the Hy hamiltonian.

In the Goldstone equation (8.1) one has to calculate matrix elements of the interaction between
eigenstates |®g) of Hy. The problem arising in this procedure appears clear if one assumes that the
potential V(T) goes to infinity at short distances. Each expansion term goes to infinity and the solution
of the Goldstone equation would consists in obtaining a finite value by summing and subtracting infinities.
Even by assuming finite, but large, values of the potential at short distances, the problem remains. The
value of each expansion term would be much larger than the expected energy value. This is exactly the
opposite of the basic assumption of the perturbation expansions. Evidently, the microscopic potentials
are not pertubative, and, therefore, they should not be directly used in Goldstone expansions.

7
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i V(r)

o(r)
W(r)

Figure 8.1: Microscopic potential between two fermions and relative wave functions. With ¢ we indicate the wave
function describing the relative motion of the two interacting particles, while with ¢ that of two non-interacting
particles. The figure is sketching the behaviour of potential and wave functions, therefore the units are indicative.

The idea of the Brueckner theory is that of using in the Goldstone expansion (8.1) an effective
interaction which behaves well at short distances in order to be perturbative. This implies the definition

of a new interaction ¢ such as

G|®o) = V|¥y) (8.2)
where
Hy|®g) = &|®o) (8.3)
and R R R R R
H[WVo) = (Ho + H1)[Vo) = (Ho + V)[¥o) = Eo|¥o) . (8.4)

8.2 The Bethe-Goldstone equation

The equation which satisfies the definition (8.2) of effective interaction ¢ is called Bethe-Goldstone
equation. We derived it by starting from the definition (8.2) and by using the relations

Ho|®,) = 8&,|®,) (8.5)
qu/n> = (ﬁ0+ﬁl)|\l’n>:En|\Pn> (8'6)

Since the eigenstates of Eq. (8.5) form a complete basis, it is possible to expand |¥g) on this basis.
Neglecting the role of a global constant used for the proper normalization of the state, we obtain

[Wo) = Do) + Y an|y) - (8.7)
n#0
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where a,, are complex numbers. We use Eq. (8.6) to express the ground state

(Ho+ Hy) [ [@0) + Y anl®n) | = Eo | Qo)+ > an|®) | , (8.8)
n#0 n#0

(Ho — Eo) | |®0) + Y _an|®y) | + Hi|Wo) =0 . (8.9)
n#0

Multiplying on the left hand side by (@], and considering the orthogonality of the |®,,) states, we obtain:

(@ol(Ho — Eo) (120) + Y anl®a)) + (@0l 1| Wo) =0 ,
n#0
80 — Eo + (®o|H,|Tg) =0 . (8.10)

Repeating an analogous operation on the (8.9), but by using (®,,| with n > 0, we have
(@l (Ho — Eo) (180} + > aw|®u)) + (@ B[ W) =0 , (8.11)
n’#0

and, since (®,|P®p/) = Onps

By using the expression of a, taken from the above equation, and inserting it in (8.7) we obtain

1 X
[Wo) =~ |@0>+Zm|@n>@n|ffﬂq’o>

n#0
~ 1 .
= |Pg) + Q————H|Vy) , 8.13
20) + Qg Hlw) (8.13)
where we defined the operator Q as
n#0

Multiplying on the left hand side by H, we get the expression

Hi|Wo) = Hy|®o) + 1?11LAH1|\110> : (8.15)
Eo — Hy
and considering the definition (8.2) of the operator g%‘ , and the fact that in the present derivation H 1= V,
we obtain the Bethe-Goldstone equation

Q oo @
z HQI<I>0>—<H1+H1E ﬁg)%). (8.16)

0 — 410 0 — 410

G|®o) = Hy|®o) + H;

8.3 The sum of the ladder diagrams

In this section, we show how the Bethe-Goldstone equation can be obtained by considering the diagrams
techniques presented in Chapter 7. This different derivation of the Bethe-Goldstone equation provides
insight which allows a better understanding of the physical content of this equation.
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We consider a hamiltonian containing only two-body interaction,

H Zt +ZUU Zt +Uz +szg Zﬁz )

i<j 1<J

where the mean-field potential 4; has been summed and subtracted. We define

Hy|®o) = (T +U)|®o) = > _(F; + ;)| ®o) Zh\cbo ;

7

where ® is the Slater determinant
1
Po(r1, T2, +,Ta) = ﬁdet |P1(r1)@2(r2) -+ Pa(ra)l
and the single-particle wave functions are defined as:

hildi) = eildi)

80:Zei .
%

and

In ONR the two terms of the hamiltonian under consideration can be expressed as:

Hy =Y ((Wlilv) + (wlilv))afa

v

and

N 1 . A N o
H, = 3 Z (vplol' patatag a, — Z(V|u|y>a;"ay .
v’ pp! v

By definition we have that

8 = (Po|Ho|Po) = (Po|T|P0) + (Po|U| Do) -

Figure 8.2: Diagrams corresponding to the (8.25) term.

The first term of the expansion (8.1) is that with n =0

(Eo — &0)(neo)y = (Po|H1|Po) = (Do|V — U| Do)

= 3 D (el W) (@olaf aaa,|00) = Y (vlaly') (@olaf a1 0)

vv!pp! v

= 2 Cglol) — {aglolgan) — bl

%

(8.17)

(8.18)

(8.19)

(8.20)

(8.21)

(8.22)

(8.23)

(8.24)

(8.25)
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The diagrams corresponding to the three terms of the above equation are shown in Fig. 8.2. We use
the usual convention of indicating with the i, 7, k,[ letters single-particle states of hole type and the
m,n,p,q,r the particle states.

Let’s consider now the term n = 1.

(Bo — 80)n=1y = (®olHi(8 — Ho) ' Hi|®o).
= (D|V (8 — Hy) 'V |y — (Bo|U(& — Ho) ™' V|®0)e
— (®|V (& — Ho) U |®o)e + (Po|U (& — Hy) " U |Po)e - (8.26)

The first term of the above expression can be written as
(®o|V (80 — Ho) "1V [P0,

1 N NI AL . At a
= 1<<I>0| Z (vplo|v'i')af a5t ayan (o — Ho) ™' Z (aBlola’ B")akafap da|Po)e - (8.27)
vv'pp! aBa’ B!

We insert in the left and right hand side of the denominator (Eog—Hg)~" a projection operator |®,,)(®,,| =
I taking care that n # 0 otherwise unliked diagrams would be produced against the requirement imposed
by the sub-index ¢. These Slater determinants |®,) represents excited states of the system of non
interacting particles formed by 2-particles 2-hole (2p — 2h) excitations, whose energy is given by

|®,) = afata;al®o) ; o+ em+en—ei—¢j (8.28)

where the € indicate the energy of the single-particle state.

Figure 8.3: Diagram corresponding the the (8.29) term.

Since |®,,) is eigenstate of Hy, the denominator of (8.29) is diagonal with respect to these states,
therefore the non zero contributions are those with the same state on the left and right hand side of the
denominator. For this reason the particle and hole lines created by the interaction on the left hand side
are linked to those destroyed by the interaction on the right hand side. The direct diagram corrresponding
to this term is presented in Fig. 8.3. The contribution to this diagram is:

(Ro|V (& — Ho) "' V|®o). = i Z ((i§|0]mn) (8o — (80 + €m + € — € — €;)) " (mn|d]iz))
= 32 ((ig|olmn)(e; + €j — €m — €)™ (mn|dlij)) . (8.29)

The other terms of Eq. (8.29) can be calculated in analogous manner. For example:

(®o|V (60 — Ho) ™' U|®o)e = %Z ((iglolmj) (e — em)~ (mlali)) (8.30)

ijm
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Figure 8.4: Insertion of interactions on a particle lines.

We consider now a generic diagram and we focus our attention to an interaction acting between the
particle lines. The choice of operating only on particle lines is related to the fact that the interaction
changes the state |¢,), and working on particle lines avoid problems related to the blocking due to the
Pauli exclusion principle.

Let’s consider the diagram of Fig. 8.4 and insert the interaction lines in the part of the p e n line.
The diagram with a single interaction between p and n is given by

(®o|V (& — Ho) "'V (& — Ho) V| ®o).

1
= 3 > iglolmp) (e + € — em — €)Y _(pk|Blnk)(e; + € — €m — €,) " {mnloliz) . (8.31)
ijmp kn

The diagram with two interaction lines between p and n is given by

(®0|V (& — Ho) ™1V (& — Ho) "'V (& — Ho) 'V |®p),

1 o _
= E <7’.7|U|mp>(€i + € —€m— €p) !
ymp
Z Z<Pk|@\p1(ﬁ>(€i et er —em — €y —q,) {praa|0|nk)
kn Lpiq
(€i + € — €m — €,) " (mn|D]ij) . (8.32)

In the above equation it is possible to identify terms present also in Eq. (8.31) and not modified. These
are the first and the last terms of the equation. The part which is modified is in square brackets. Also
in this latter term there is a part, in the denominator, identical to that in Eq. (8.31) representing the
energy differences between the parts of the diagram which did not changed after the inclusion of a new
interaction line. I define

W=¢c+e+ex—em . (8.33)

The terms of the diagram which are modified by inserting the interaction lines are:

1 R
1line §<pk|ﬁ\nk> = (pk|V|nk) (8.34)
. 1 . _ .
2lines 1 > (pklolp1g) (W — &, — €q,) "~ (pra1[8|nk)
= (PKIVIpia)(W — ¢, — eqy) " {praa|VInk) (8.35)
. 1 . _ . _ .
3lines 3 > WEIBlp1a) (W — ep, — €3,) " (P11 [6]p2g2) (W — €, — €4,) " (p2020|nk)

P191pP292
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= > DEVIpa)(W — &, — €0,) " (0101 |V [p2g2) (W = €, — €,) ™" (p2g2| V|nk)(8.36)
pP191P292
n lines

e

Figure 8.5: Insertion of interactions in a particle line.

We can build an operator ¢ whose action is the insertion of interaction lines between the states (pk|
and |nk). For this purpose we define an operator @ such as:

QlaB) = |aB) ,if €, €5 > € (8.37)

Qlaf) = 0,(if €x, €5 < €r) . (8.38)

This operator selects only particle lines in the diagram. It is useful to consider also the operator ) whose

action is X
Wipg) = (W — €, — €g)lpq) , (8.39)

where W is defined in Eq. (8.33). In the example we are discussing, the expectation value of Q is

(pk|GInk) = (pk|V|nk)
+ Z<pk|‘7|p1q1>(w_ep1 _qu)_1<p1<h|‘7|"k>

Pi1q1
+ D DkVIpa@) (W = 6, — €4,) " (p202|VIp1an) (W = €, — €0,) (P11 V|nk)

P191P2492
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I
=
=

<
+

<

= (pk|V + V2Gnk) . (8.40)

From the operators point of view, we obtain the Bethe-Goldstone equation (8.16)

=[O

This equation, gives a prescription how to construct an effective interaction whose behaviour at short
distances does not produces the divergences. The idea is to use Q instead of V in the Goldstone expansion
(8.1). Since the effective interaction Q has been obtained by considering an infinite set of ladder diagrams,
it is necessary to care about the possibility that, in this procedure, some of the diagrams of the Goldstone
expansion are already included in the definition of (j . In order to avoid this problem of double counting,
the selection of the Goldstone diagrams to calculate has to be accurate. For example, in the diagram of
Fig. 8.6 the two upper lines represents a double counting.

Figure 8.6: Diagram showing a double counting.
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8.4 Comparison with the Lippmann-Schwinger equation

The Bethe-Goldstone equation (8.41) has strong analogies with an integral equation, the Lippmann-
Schwinger equation, used to make a formal description of the scattering of two particles. In this section
we recall the main physics assumptions leading to the Lippmann-Schwinger equation useful to clarify the
differences between these two very similar equations. More detailed discussions and derivations of the
Lippmann-Schwinger equation can be found in the basic Quantum Mechanics textbooks, such as [Mes61].

Let’s consider the scattering of two particles in vacuum which interacts with a central potential. The
asymptotic behaviour of the wave function describing the relative motion of the two particles can be

expressed as:
eikar

lim 4y, (r) = €™ + fi, () (8.42)
r—00
The cross section is related to the transition amplitude by the relation
do 2
— = Q)" . 4
=1/ ()] (5.43)
For a hamiltonian H = T + V the scattering amplitude is defined by the relation [Mes61]
~ 2mh?
(@6 VIta) = === fa(Q) , (8.44)

where the writing has been simplified by indicating a = k, and analogously for b. Strictly speaking, Eq.
(8.44) does not describe a matrix element since the two state of the expectation value are not eigenstates
of the same hamiltonian. We indicated with ¢ the eigenfunction of Hy = T, and with ¢ that of he full
hamiltonian H.

We define here the Green’s function as a resolvent of the free and interacting hamiltonian. For the

free Green’s function we have the expression

2
% (V2+ k] GO(r,v) =6(r—1') , (8.45)
implying
iklr—r’|
COrr)=—-—2 " 8.46
(r,x’) 2h? v —1/| (8.46)
where the energy of the free particle is
h2k?
E= . 4
T (8.47)
The validity of the expression (8.46) can be verified by substitution and remembering that
1
2
Fy— = —4nf(r —1') .
The solution of the Schrédinger equation for the two-interacting particles is
P(r) =T 4 / d*r' GO(r, )V (r)y(r') | (8.48)
in fact, by inserting the above expression in the equation
h? N
(92 k2 ) = V() (8.49)

2m
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we obtain
% (V2 + K] e + / d*r' % (V2 + k] GOr, ")V (r')b(r')
K2 ) .
= 5= [—k% + k2] e + /d?’r’ S(r — ")V (' )y(r')
= 04 V(r)p(r) .

Let’s define an operator J such as

(@01 T [¢a) = (@] V[tha) - (8.50)

which is the analogous of the definition (8.2) of G but for two particles in vacuum.
We can consider Eq. (8.45) as an equality between operators

. - I
E—-H)G'=1; G" = ——— 8.51
(B~ i) T (851
and Eq. (8.48) can be written as
N 1 A
a) = |9a) + GVIYa) = |6a) + ——=——V¢ba) , 8.52
%a) = |¢a) ¥a) = |¢a) B ot |%a) (8.52)

where the 7 term has been inserted to avoid divergences. Multiplying on the left hand side for V and
considering the definition (8.50) of  we obtain

I

. — VAT 8.53
B fo |a) (8.53)

‘7|wa> = v|¢a> + V

or equivalently

. N i .
T ¢a) = <V+ VE]EIW?7> |a) (8.54)

which is the Lippmann-Schwinger equation.

The analogy with the Bethe-Goldstone equation (8.16) is evident. Rhe Bethe-Goldstone equation
describes the interaction between two particles which scatter in the medium. The most remarkable
difference is related to the presence of the operator Q which takes into account the Pauli exclusion
principle. In the medium, only the reactions populating states above the Fermi surface are allowed. In
the vacuum there are not limitations to the final states.

Another difference is related to the energy denominator. In the Lippmann-Schwinger equation, the
denominator contains only the kinetic energies of the colliding particles, and the presence of the imaginary
term is necessary since there is the possibility that the denominator can be zero. In the Bethe-Goldstone
equation, the denominator is never equal to zero since there are not unlinked diagrams. Furthermore, the
single particle energies are not the kinetic energies of the particles, but they contain also the mean-field
energy term. Finally, there is also the W term, defined by Eq. (8.33) inserting in the denominator the
dependence on the single particle energies of the diagrams terms which are not directly involved by the
interaction of the two particles.
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8.5 Application to nuclear matter

The most remarkable application of the Brueckner theory to physical system has been done on nuclear
matter. This is a fictitious system of a infinite number nucleons which has translational symmetry. These
properties simplify the mean-field problems since the potential is constant and the single-particle wave
functions are plane waves. The Coulomb interaction is switched off, and, here, we shall consider the case
of equal number of protons and neutrons. The single-particle wave functions are characterized by the
wave number k = p/fic, where p is the momentum of the particle (see section 2.3).

The empirical evidences coming from the elastic electron scattering off nuclei indicate that the charge
distributions at the nuclear center have similar values for the different nuclei on the nuclide chart [Kra88].
By simplifying the situation let’s consider the nucleus as a rigid sphere of constant density with a radius
R. We then obtain the density value by dividing the number of nucleons by the volume of the sphere:

A A 3
= = = =0.17+0.02 fm , 8.55
P %WR?’ %ﬂré’A A7 ( )

where the empirical relation R = roA3 with ro=1.12 fm has been used.
In order to estimate the binding energy of this system, we consider the following expression of the
semi-empirical mass formula [Kra88]

2 Z? N —2)?
B(A,Z) = ayA+asA3 +a.— +ai¥
A3 A

+0(A) , (8.56)
and we study its behaviour under the assumptions mentioned above. Since we assume that the number
of protons and neutrons is the same, the asymmetry term, the fourth term in the right hand side, is
zero. This approximation is done here to simplify the treatment, but it not necessary for the system
stablilty. There are studies on asymmetric nuclear matter, and especially on neutron matter. Neutron
stars, associated to the pulsars, are, at the moment, the physical systems most similar to nuclear matter.
Much more relevant the other assumption: the Coulomb interaction is switched off. This assumption
is necessary for the stability of the infinite system. Because the Coulomb interaction has infinite range,
all the protons interact among them. In the limit for an infinite number of protons there will be an
infinite repulsion.
With these assumptions the expression of the binding energy per nucleon of nuclear matter is:
5(A)

= A 4 2 .
Ay, + as 3 + A (857)

B(A, Z)
A

and neglecting the last term, the pairing term, in the limit for A going to infinity only the volume term
survives: a, = 16.0 MeV.

A proper description of nuclear matter should predict an equation of state relating the binding energy
per nucleon with the density of the system. The minimum of this function should appear in the empirical
region where for p = 0.17 £0.02 , fm 2 one has B(A, Z)/A = 16.0 + 1.0 MeV.

The mean-field treatment of a system with translational invariance has been presented in Section 2.3.
Eq. (2.54) expresses the density of the system as a function of the Fermi momentum

2
= 2 ka3 .
plr) = 5k (8.58)

By using the empirical value of the density we find that the numerical value of the Fermi momentum is
kp = 1.36 fm~! = 250 MeV/c. Eq. (2.57) gives he kinetic energy per particle of the system

T 3
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where the Fermi energy is given by
= —kp” . 8.60
er = 5 —kp (8.60)

We present here below how the Brueckner theory is applied to this system. We define the relative
coordinates of the two interacting particles p and ¢
1
R = §(rp+rq) ; r=r,—r, (8.61)
K=k, +k, ; kyu=k,—k;. (8.62)

The unperturbed wave function describing the motion of the two particles is
L ke, ik L KR ik I iK,, R
(IJPq(rqu) = ael pTpplKqgTg — ael pa R otkpgr _ ael Pa ¢pq(r) , (8.63)

where we indicated with ¢ the volume, which will go to infinity at the end of the calculation, and we
neglected the spin and isospin terms. A

The operators @ and W previously defined act on this wave function. The action of @ on the wave
function

Q|¢)pq> = Ppq) (8.64)
is different from zero only when both |k,| and |k,| are larger than kg, and the action of ’ is
@‘q’pﬁ = [W —e(kp) — e(kg)] |Ppg) = e(kp, kq)[Ppq) - (8.65)

The wave function of the two interacting particles can be written by factorizing the free motion of
the center of mass with respect to the relative motion

1 k.
Wpq(rp, rq) = e Kot Rapg (1) (8.66)
Because of he definition (8.2) we can write

(Dl G|y} = / 01y A1y By (s £ )V (1) U (1, 1)

1 o R

= W‘S(qu - Ksr)/d?’relkm V() rs(r) = (dpg|Cldrs) - (8.67)

The part related to the center of mass coordinate can be factorized, therefore, by considering Eq.
(8.66), we obtain

pal1) = Bpa(e) [ & Hy W a0 (5.69
with )
AN 1 Q(K 7k) ik-(r—r’)
Fo(0.) = / T . (8.69)

In the solution of the Goldstone equation (8.1) it is necessary to select the type of diagram to calculate.
In this diagram there is certainly a matrix element of the (8.67) type. The procedure adopted to solve
the set of equations giving the value of this matrix element is composed by the following steps.

1. Choice of U to select the single particle energies of the denominator.
2. Numerical solution of Eq. (8.69).

3. Insertion of the kernel (8.69) in Eq. (8.68).

4. Insertion of Eq. (8.68) in the matrix element (8.67).
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8.6 Final considerations

1. In the scattering in vacuum, the denominator of the Lippmann-Schwinger equation (8.54) has an
imaginary part. This implies that asymptotically there is a phase shift between scattering and free
wave functions. In the Bethe-Goldstone equation (8.16) the imaginary term is not present, therefore
there is no phase shift between the relative wave functions of the interacting particles 1, and those
of the non interacting particles ¢,,. The difference between these two wave functions is present
only at short distances where the, finite range, potential plays an important role, essentially in the
region of the strongly repulsive core.

2. The key parameter of the Goldstone expansion is not the number of interacting lines but the number
of hole lines. Diagrams differing by one interaction line generate contribution of the same order of
magnitude. On the other hand diagrams with an additional hole lines produce contributions one
order of magnitude smaller with respect to the diagrams with a hole line less [Day67]. The hole
line expansion is an expansion in density powers. In many-body physics one has to consider the
relative density, i.e. the number of pointlike particles present in the volume defined by the strongly
repulsive core of the interaction (see Section 3.4).

3. In principle, the interaction Q should be independent of the choice of the mean-field potential U. In
reality this does not happens since the Goldstone expansion (8.1) is truncated. The convergence of
the expansion by using (_%, calculated with Hy = V is very slow. The insertion in the perturbative
term of the hamiltonian of a one-body term, Hy, =V — U contributes to speed up the convergence.
The self-consistent choice of U is

U= {¢alGW)[ea) (8.70)

The so-called normal choice consists in considering in the above sum only the states below the
Fermi surface. In this choice there is a discontinuity in the single particle energies. Those below
the Fermi energy contain also the potential term, while those above the Fermi energy are only
kinetic energies. This, relatively simple, choice does not guarantee stability of the results which are
strongly dependent on the choice of U. When it has been possible, thanks to the improvement of
the computational capacities, the continous choice, consisting in considering the full space in the
sum of Eq. (8.70), showed a remarkable independence of the results on the choice of U.
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Chapter 9

Mean-field applications of the
variational principle

9.1 Introduction

The variational principle is one of the most used methods to solve the Schrédinger equation in approx-
imated manner. The basic idea is that the wave function which minimizes the energy, considered a
functional of the many-body wave function, is the correct eigenfunction of the hamiltonian. This is cor-
rect if 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 mini-
mum is done in the subspace spanned by all the wave functions which have the chosen expression. In this
manner the energy value obtained is an upper bound of the correct energy eigenvalue of the hamiltonian.
The formal properties of the variational principle are discussed in the Quantum Mechanics textbooks, for
example [Mes61]. A summary of the properties of our interest is given in the Appendix A.

We have already shown an application of the variational principle in Sect. 4.2. In that case the
multi-dimensional integrals required by the calculation of the energy were carried out with Monte Carlo
techniques. In that calculation the expression of the trial wave functions was given by Eq. (4.12) which
represented the product of a Slater determinant by a correlation function. Another application of the
variational principle with this type of trial wave function will be presented in Chapter 13.

In this chapter, we shall concentrate our attention on the application of the variational principle to
much simpler trial wave functions whose expression is that of a singular Slater determinant. This choice
of the trial wave function leads to theories which, in the language of the many-body physics, are classified
as MF theories: Hartree-Fock (HF) and Density Functional Theory (DFT).

The microscopic theories describing many-body systems consider the MF problem has been solved
and make use of the single-particle basis generated by this solution. We have presented in Chapter
2 how the MF model is solved for different kinds of many-body systems. Those approaches were of
phenomenological type. The average potentials contained parameters whose choice was guided by the
requirement of reproducing some, selected, experimental data. In this chapter, we present an approach
which provides a solid theoretical ground of the phenomenological models of Chapter 2.

91
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9.2 Hartree-Fock
9.2.1 The Hartee-Fock hamiltonian

In this section we obtain an expression of the hamiltonian very convenient for its use in HF calculations.
No new physics is presented, it is only a rewriting of the expression of the hamiltonian. In this new
expression it will become evident the approximation made by the HF theory.

Let’s consider the expression of the hamiltonian in ONR Eq. (5.56):

~ . 1 e
H = E T,,l,/a a, E V,,W/H/aja:[aural,/
2% vupv' !
At 1 7 fbabs
= g Tl,l,/aua,,f—i—i E Vo Gy @ Q. (9.1)
2% v’ pp!

where only two-body interactions have been considered. The antisymmetrized matrix element is defined
as:

Vopwrw = wplVI[V'e') = (vu V') (9-2)
From the definition of contraction (see Sect. 6.3), for v and v/ < er we have that
m i i '_l
af ay = 0p i 5 apal, =0 ;5 a,a, =0 ; afal,=0. (9.3)

By considering the definition of normal ordered product N we obtain

. —
S 4y =Naf ay] +af a (9.4)
and, for the Wick’s theorem,
afal apa, = Nafal au )
A I . —
-+ [d:&#']&j a, + N[dj&ul]fl: fLH/
. — . —
- [d,‘f&,/]dj Qyr — N[&jdu/]d; Gy
o [ I
+ A A a) ay — A apal a, (9.5)
Let’s insert the above expression in Eq. (9.1)
H = ZT,,V/U, Qyr + — Z wa w { j :CAL#/ &,,/}
uu vy
+ N[ G160 00 + N{af w100 60 — Nlat aur )00, 80 — N[ag a0, 0
5VV’5Vi5uu’5uj - 51/#"51/1'5#1/5%} (9.6)

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. We used the common convention of
indicating with 4, j, k, [ the hole states and with m,n,p, ¢, the particle states.

By considering the restrictions imposed by the indexes of the Kronecker 4, we obtain

. 1 A
Z Tyu’aiay’ + 1 Z Vup,l/’p/N[ y+ ; (97 al//]
! Iz

w'vv!
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1 — - 1 — N
At JRNEPN
+ Z Z Vuiu’iN[a/u a;/] + 1 Z Viz/il/’N[a,/ a/l//]

't vv'i

1 — R 1 — N
— Z Z ViHV/iN[a:al,/] — 1 Z Vm-w/N[ajaM/]

pnr's vp'i
1 — 1 —

The definition (9.2) of the antisymmetric matrix element implies the following relations:

Vuul/’u/ = _VWJV’/M VMVM/V/ = _VI/MM/V/ ) (98)
therefore
N . 1 — o
H = ZTW Q) ay 1 Vo w NS af a0 a,]
1274 pp'vv!
A A 1 _
+ Z ViiviN Cl ay, ] + = 5 %: Vijij . (99)

Let’s consider the normal ordered product of two operators and write it following the definition of con-
traction

. —
Nla} a,] = a} a, — af a, . (9.10)
The last but one term of Eq. (9.9) becomes
Zvuiu’iN[&i_ du’] = Zvuiz/’idi_ du’ - Vijij 5 (911)
vv'i vv'i iJ

therefore, the hamiltonian can be expressed as

%

1 — St . 1 —
+ Z Z V,,W/#/N[aia:[aﬂ/ au/]—izvim . (912)

This expression makes evident the presence in the hamiltonian of a one-body operator, the term multi-
plying a}a, . It is interesting to notice that part of the interaction V contributes to the one-body term.
So far, 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. For this
reason we can choose the single-particle basis which diagonalizes the one-body term of Eq. (9.12), that
is

by =Ty + Zvuiu’i ) (913)

therefore
(v|hlv) =€, . (9.14)
The expression of the hamiltonian in this basis is

. ol 1 .
H= g 5yajay - 5 E Vijij + Z E Vuuu H’N[ ,J/r ;a“/ ayl] =Hy+ Vies - (915)
v ij

pp'vv!
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In the above expression Hy has been defined as the one-body term plus the constant term and \A/res, called
residual interaction, is the last operator term containing the normal ordered product of four creation and
destruction operators.

The expectation value of the hamiltonian (9.15) on the Slater determinant built with the eigenstates

of h and describing the ground state of the system is
(Bo| H|®o) = (Do|Ho|Po) + (Po|Vies|Do)

At I+
D e (@l an @) — 3 > Vijij(®o|®o)

ij

1 — Sradad A A
+ 1 Z VUW,N,<<I>0|N[aja:aM/ ]| Po)

pp'vv!

Z € — %Zvijij =& . (9.16)
: i

Let’s summarize here below the remarkable results of this section.

e The expression (9.15) of the hamiltonian is only a different way of writing Eq. (9.1), but in the
former expression the normal ordered product is highlighted. There is not difference in the physics
contents of the two expressions.

e The expectation value of the hamiltonian calculated for the ground state Slater determinant neglects
one term of the hamiltonian. In the description of a many-body system in terms of a single Slater
determinant, or in other words in terms of MF model, the contribution of the term related to the
normal ordered product is zero, by definition. This is the great approximation implicit in any MF
description of a many-body system. The term of the hamiltonian which is not considered in this
description is called residual interaction. The one-body part, FIO, of the hamiltonian is responsible
of the IPM, or MF model. Phenomena beyond this description are due the presence of the residual
interaction Vies, ad they are generically called long-range correlations to distinguish them from other
effects related to the strongly repulsive core of the interaction which are, instead, called short-range
correlations.

e The total energy of the many-body system in the framework of a mean-field model can be calculated
by knowing only the two-body interaction V. The expression (9.16) indicates that the total energy
is not simply the sum of the single-particle energies but it explicitly contains an interaction term.

It is evident from the discussion done in Chapter 8 that the interaction used in the HF calculations
is not one of the microscopic interactions presented in Chapter 3. The strongly repulsive core of these
interactions is not properly handled in these calculations which require the use of the effective interactions
such as that presented in Chapter 8.

9.2.2 Hartree-Fock equations

The variational calculation of the energy of the system is carried out by using Eq. (9.16). In the
HF theory the search is for that Slater determinant which minimizes this value. It is therefore matter
of searching for the minimum of Ej, considered a functional of the many-body wave function, in the
subspace of the Hilbert space spanned by all the possible Slater determinants which can be built. The
variational principle is applied by selecting the set of single particle states forming the Slater determinant.
Clearly, these single-particle wave functions must be orthonormalized to form a basis. This is an external
condition which has to be imposed. Therefore, the problem to be solved is in the search of a constrained
minimum which is tackled by using the Lagrange multipliers technique.
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The variational principle with the orthonormalization conditions can be expressed as
= Mgl | =0, (9.17)
ij

and, by using the hamiltonian operator H

5(D|H|®D) — waa ilj) =0, (9.18)

where |®) is the Slater determinant formed by the functions |¢), and A;; is the Lagrange multiplier.
By using the expression (9.12) of the hamiltonian operator we obtain

3G+ 5 3 (60617 16) - (17130 = 3 vl =0 (919)

Since ¢ and j are dummy indexes indicating hole states, we have that
25 il =Y [((60)j] + (i(65)] = 2y _((60)j] (9.20)
ij ij
and therefore,

Z 8| T']3) —i—Z[ ((60)4|V |if) — ((8i j‘V‘jZ} Z)\” (64)|7) =0 . (9.21)

Since the variations (di| are independent of each other, each term of the above sum on 7 must be zero.
This implies that for a generic term with ¢ = k we have

(SK[TIR) + 3 [(GkIGIT 1K) — GRIGIVIR))] = ERLE (9.22)

Since |§k) is different from zero, I can simplify the above expression by writing
T|k) +Z[ V1) k) = GIV k) | = Dol (9.23)

The Lagrange multiplier A;; is a real number, therefore it can be considered as the expectation value of

a single-particle hamiltonian h .
Aej = (K[hlj) - (9.24)

By using a unitary transformation, it is possible to find a single-particle basis where h is diagonal:
(k|h|j) = exdn; - (9.25)

The operator U which makes the unitary transformation from a single-particle basis to another one is
given by

=Y W |K)  with > UL Uy =T . (9.26)
k' kk’

The Slater determinant in the new basis is

|@) = det(1)|®) (9.27)
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The U is unitary operator which means that it satisfies the relation |det(()| = 1. This implies that the
value of the determinant in the two bases is the same, apart from a phase factor, therefore the value of the
functional E(®) is invariant under a unitary transformation of the basis, and, clearly, also its variation
is invariant.

In the new basis (and here we substituted & to k to simplify the writing), we obtain the expression

hlk) = 71k + 37 [GIVIDIR) = GIVIR)] = exlk) - (9.28)
We define the average potential as
0 = 3GV = 3 [ s @)V s o) (9:29)

which is also called Hartree term. The sum is carried on all the states below the Fermi surface. This
term describes the interaction of the k particle with all the other ones.
The second term containing the interaction is non-local, and is called Fock - Dirac term

W(r,r') = Z &)V (r,r');(r) . (9.30)

In configuration space, the expression of Eq. (9.29) is

h2v?2
 2m

b (x) = or(r) + D (1) (r) — / T (2, )i (x') = exd(r) - (9.31)
——

Hartree

Fock—Dirac

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

It is worth to remark that the sums on the equations (9.29) and (9.30) do not have any limitations.
If separately considered in the Eq. (9.28) they contain self-interaction terms when j = k. In the HF
case, the two terms are identical but with opposite sign, therefore in the expression (9.28) there are not
self-interactions.

The differential equations (9.31) are numerically solved by using an iterative procedure. One starts
with a set of trial wave functions |k)) built with mean-field methods, using for example harmonic
oscillator or Woods-Saxon potentials. With these trial wave functions the Hartree (9.29) and Fock-Dirac
(9.30) terms are calculated and included in Eq. (9.31). The solution of the Equations (9.31), solved with
standard numerical methods, generates a new set of wave functions |k) 2y which can be used to calculate
new U and W potentials. The process continues up to convergence. Normally, the converge criterium is
chosen by considering the differences between the total energies of the system (9.16) calculated in the i
and ¢ + 1 iteration.

Koopmans’ theorem

The physical meaning of the Lagrange multiplier € is clarified by what is called Koopmans’ theorem
indicating that this quantity corresponds to the energy required to add a particle to the system of A
particles.
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HARTREE-FOCK

We call |[®4) the HF state describing the A nucleon system, and with 4 the energy of this system
calculated with the HF theory. In the framework of the HF theory, we define the state of the system
with an additional particle as

[®at1) = a; |[Pa) - (9-32)
The difference between the energies of the two systems is given by:

A& (Pas1|Ho + Vies|®ag1) — (| Ho| P a)

(PalarHoaf |Pa) + (DalanVies [P a) — (Da|Hol®a)
(®alarHod) |Da) + (PalarViesay |Pa) — 847 = 45, — E4T | (9.33)

where we used the fact that the property
(®A|N[--][®a) =0 , (9.34)
is defined for the ground state of the A fermion system, but, in general, one has that
(®ap1[N[--J[@at1) #£0 . (9.35)

Let’s calculate the first term of Eq. (9.33)
At1 At1

" B oA 1 —
(®alarHoay |®a) = Z @5 Z Viijij
v=1 i,j=1
- 1S - A1 1— 1—
= ;Gu tew— g igl Vijij — ; <§Vikik + Evkiki) - gvkkkk (9.36)
A —
= &1 ten— Z Vikik (9.37)
=1
since for the definition of V' we have that
Vikik = Viiri and Viger =0 (9.38)

Here ¢, is the Lagrange multiplier associated to the k single-particle state. The term of Eq. (9.33)
related to he residual interaction is
U 1 = L Ritad At A A 1a
(® alagViesay |Pa) = 1 > Vi (@alaxN[a) af a, au]ay |0a) (9.39)
pp'vv!
The expectation value of the term containing the creation and destruction operators is

(®4]axN[a) a)} a0 a,)a) | ®a) =

™ ™ — [ —
(D alara, )y aurald | @a) + (Palard,) afa,ma, ;) |®a)
1 [ 1 1
+ <(I>A‘dkﬁjfb:du/&,,/d:|¢,4> + <¢A|&kdj&:&uldy/ﬁz_‘¢,4>
= 5ku5ku’5yu’6u,i - 5ku5k,u/5,uu’5,u.,i - 6ku5ku’6uu/5u/,z‘ + 5ku5ku’5uu’5u,i . (940)

by exploiting the properties of V' we can write
<¢A|ak‘7rcsa;r|‘1)A> = kaiki (9.41)
Therefore
A A
ABEF = 8§F + e — szmk + kam - 831? = €k , (9.42)
i=1 i=1

which is Koopmans’ theorem. The Lagrange multipliers € of the constrained minimisation problem
correspond to the energy differences between the MF energies of the A + 1 and A fermions.
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9.2.3 Hartree-Fock in Fermi gas

A simple application of the HF theory is the description of an infinite and homogeneous system of
fermions. This is the system that in Sect. 2.3 we called Fermi gas.
We rewrite the HF equations in the coordinate space

2
f;—mv%k(r) + 0> /d‘i lpwr ()2 V (x, 1)

k'<kp

— Z /d37“’¢k, (r, v )y (v )y (v) = €xpr(r) (9.43)

k' <kp

where the sums on the occupied states are indicated as sums on the wave number k whose values are
smaller than the Fermi value, kp. The translational invariance implies that V(r,r’) = V(r —r’). The
single-particle wave functions are eigenstates of the momentum p = Ak, that is the plane waves defined
in Eq. (2.40), and satisfy the Schrodinger equation

L Vi) = V) (9.44)

The term V(r —1’) represents the interaction between two of the fermions of the system. In Fermi
gas case, there is not interaction among the particles composing the system. Each particle moves inde-
pendently of the presence of the other particles in a uniform, and constant, potential which can also be
eliminated by defining the zero of the energy in appropriated way.

The HF theory proposes a different approximated solution of the many-body problem. The total wave
function is again a Slater determinant, but the interaction between fermions is switched on.

We define the Fourier transform of the interaction between two fermions as

V(k) = / BV (x) e . (9.45)

Let’s consider the third term of Eq. (9.43), the Fock—Dirac term, by including the normalization factor
(2.48)

v dSk d3 1€ 72k/ / 2k r,—ikr] Y, / eker eizk/
(27)3 O(k ()1/2 ¢ ] V(r-r) V1/2 ()1/2
1 3 ik 3 ik»r
= BE /dk@kp— / (r'—r) )’ r)V(r—r)vl/2
1 B zk ‘r
= @ /d?’k’@(kp —k)V(k - k’)w/Q ) (9.46)

Since the density of the system is defined as (2.51),

= 3 o) (9.47)

k<kp

by using (9.44) we can write the HF equation (9.43) as

e 1+ pV(0) - /d3k’®(kF —k)V(k— k’)] o(r) = endi(r) . (9.48)

1
(2m)3
where

V(0) = / 3z V(x) (9.49)
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is called volume integral of the interaction.
The presence of the interaction modifies the energy of the particle

er = + Unp(k) = h;:j + Ugp (k) , (9.50)
where )
Unr(k) = pV(0) — P /d3k’®(kF— Wik-K) . (9.51)

9.3 Density Functional Theory

The HF model is widely used in nuclear and atomic physics. There are two problems related to its use. A
first one is related to the formal development of the theory and it shows up mainly in the nuclear physics
framework. Since HF is a MF theory it is necessary to use effective interactions, i.e. interactions without
the strongly repulsive core at short distances between the two interacting particles. The commonly
used interactions adopted in nuclear physics have a phenomenological input and they contain also terms
explicitly dependent on the density of the system. Without these terms the HF calculations are unable
to reproduce binding energies and densities of nuclei. The addition of these terms allows the construction
of interactions able to produce high quality results in all the nuclide table. What are the parts of the
bare nucleon-nucleon interaction, or the many-body effects which renormalize it, simulated by the density
dependence of the effective interaction are still matter of study. The formal fact is that the variational
principle above defined is not valid if the interaction 1% depends explicitly on the density.

The second problem consists in the difficulty of evaluating the Fock-Dirac term in Eq. (9.31). Nuclei
and atoms, even those showing a deformation, are systems which develop around a central point which
can be conveniently used as a center of the coordinate system. The evaluation of the Fock-Dirac term is
not easy but feasible in these system. The situation becomes prohibitive in the case of complex molecules
which do not have a precise reference central point or translational invariance.

The Density Functional Theroy (DFT), solves both problems. The theory is based on a theorem
formulated in the second half of the 60’s of the last century. On this theoretical basis a set of equations
has been obtained. These equations are very similar to the HF equations but they contain an effective
local term which takes into account the Pauli principle, and also correlations beyond mean-field approach,
and substitute the Fock-Dirac term.

9.3.1 Theorem of Hoenberg-Kohn

The starting point of the DFT is the theorem of Hohenberg-Kohn stating that the ground state of a
many-particle system can be completely characterized bt the density of the particles and by correlated
quantities. Let’s consider the hamiltonian of a system of A fermions of mass m, and spin 1/2. we write
it as

H=T+ U +V, (9.52)

where

. 2 .
T;fﬁ;; Upps = Zum , v;zj:m‘j (9.53)

where all the sums run on all the A fermions. The kinetic energy term, T, and the external potential
Uegt, are one-body operators, while the interaction term Vis a two-body potential. Other many-body
interactions are not considered. The kinetic energy term plus V are characteristic of the many-fermion
system, while Ueat depends on external situations, and therefore, in principle, can be modified. For
example, in an atomic system Uege is given by the interaction of the electrons with the nucleus and it
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can be modified if the neutron number changes, modifying in this manner the charge distribution of the
nucleus, even though the global electric charge of the nucleus remains the same. This is the origin of the
so-called isotope shift effects on the atomic spectra. In an electon gas of a crystal the external field can
be modified by changing the position of the ions in the crystal, or by considering the system of positive
charges as uniform, and homogeneous, distribution with a defined charge density. In the case of the
nucleus, the external field can be the mean-field where the nucleons are immersed and it can be described
by potentials of harmonic oscillator or Woods-Saxon type.

Let’s consider the set of all the hamiltonians of type (9.53) having non degenerate ground states,
i.e. the set of external potentials Ueut generating a specific ground state |¥g). This set of hamiltonians
contain not only the physically reasonable potentials, but also an infinite number of potentials which
have only a mathematical relevance. In addition, for each llnt there is an infinite number of copies
obtained by adding a constant. These copies generate the same ground state, therefore, from the physics
point of view they are equivalent. The presence of degenerate states can be removed by inserting a small
perturbation which removes the symmetry of the system.

"
3+

Figure 9.1:

The theorem states that there is a bijective correspondence between the external potential (A]ewt, the
ground state |¥o) and the number density

N
po(r) = (Wo| Y " d(r — 1) W) | (9.54)
=1

of the system. This means that it is not possible that the same potential generates more than one ground
state, and that a ground state is generated by more than one external potential. In addition, every ground
state produces only one density pg, and each density is not generated by more than one ¥ state. This
is sketched in Fig. 9.1 where we indicated that \1182) is generated only by wve, and pgf) is generated only

by \I/(()Q). The important feature of the theorem is that the two maps are injective, and therefore unique.
The proof of the theorem requires two steps:

(i) for each Uert only one ¥, exists,

(i) there is not Wy which is simultaneously the ground state of two potentials U,y and U/, which can

differ by more than a constant value.

(i) Since we consider a non degenerate system, by definition for each hamiltonian there is only one
Y.

(ii) The proof of the second point is done by absurd. Let’s assume that the same state |¥o) is
eigenstate of two hamiltonians differing by more than a constant term.

H“I’O) = [T + ‘7 + Uezt}|\110> = EOl‘PO)
H'|Wo) = [T+ V+UlL|To) = Eg|To) .
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By subtracting the two terms of these equations we obtain
[Uewr = Ulai]|Wo) = (Eo — Eg)|Wo)

and dividing by |¥o)
Z[Uezt(ri) - Ué;vt(ri)} = EO - E(l) .
The previous equation implies that 0611(1‘7;) - Ue'u(rz) is constant for each value of r; and for each %.
This means that the two potentials differ by a constant value. If we exclude this situation, the above
equation leads to a contradiction. The left hand side changes if r; changes, while the right hand side
remains constant. Therefore every Uest, apart from a constant value, defines a hamiltonian with only
one eigenstate describing the ground state of the system.
Also the second part of the statement, each density po is generated by a single state |¥q), is demon-
strated by absurd. Let’s assume that the same density is produced both by the |¥¢) and the |¥()
eigenstates of the hamiltonians H and H’ above defined. For the variational principle we obtain the
inequality R
Bo = (Wo|H|Wo) < (Wl W) | (9.55)

where H is the hamiltonian of which |Wo) is eigenstate, and the inequality comes from the fact that
the system is not degenerate. I can rewrite the right hand side by adding and subtracting U,

Eo < (U|[(T+V + Ueat) + Ulnr — Ulat)|W0) = (Vo[ [(T + V + Utar) + Uewr — Uta] | W5)

= E(l) + <\116|Ue:ct - Uézt|\116> )

The contribution of the one-body external potential can be written as:
(W Y Oert w00} = [ @ Dear(6) (W51 3 300 = w0 Wo) = [ @ Do) o)

where we assumed that
(Wo| Y " d(r — 1:)|[Wo) = po(r) = (Wol D d(r — r:)|Wo)
which is what we want to prove wrong. We can write the inequality as
Bo < B+ [ &' [Ueas(x) = Ulua(r)] (o)

All the discussion has been done by assuming Eq. (9.55) and it could be repeated by inverting the
role of the two hamiltonians. Therefore we would obtain

By < B+ [ d'r[0L(6) = Oear(6)] pole)
from where, by summing the two equations member to member

E0+E6<E0+E(l) s

which is absurd. Therefore there is unique mapping between |¥o) and po.

The Hoenberg-Kohn theorem has the following implications.

(a) There is a bijective mapping between external potential Ueyr and the, not degenerate, ground state

|¥o) obtained by the solution of the Schrodinger equation, and the ground state density pg

Uert < V) <= po - (9.56)

Since the three quantities are related by bijective mappings, I can consider the states as functionals
of the density |¥g[p]).
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(b) Because of (a), |¥g[p]) is a functional of p, every observable is also a functional od p: O[p]. Specif-
ically, this is true for the energy of the system

Elp] = (¥[o]| H|¥[p]) = F]p] +/d3r Ueat(r) po(x) (9.57)
where the universal part, the part independent of the external potential, is defined as

Flpl = ([pllT + V[¥[p]) . (9.58)

(¢) There is a principle related to the minimum of E. If py is the ground state density corresponding
to a specific value of U, then, for each p # py the following relation holds:

Eo = Elpo] < El (9.59)

This is a consequence of the unicity of the relation between density, eigenstate and external potential,
and of the variational principle.

9.3.2 Khon and Sham equations

The application of the Hoenberg-Khon theorem is based on the idea of building the ground state density
po of a system of interacting fermions by using a fictitious system of non-interacting fermions by changing
the hamiltonian. The idea is graphically described in Fig. 9.2. The green line represents the density, and

Figure 9.2:

it is the same in the system described in the left part of the figure, a system of interacting fermions, and
in that represented in the right part. In the system of the left part the external potential Uno is very
different from that Ukg of the right part. The first potential is included in a hamiltonian containing V,
while the second one is included in a hamiltonian which does not contain V.

The idea of describing a system of interacting fermions by using an effective system of non interacting
fermions is analogous to that used by Landau to describe the Fermi liquids (see Chapter 17). In this
latter case the properties of the fermions are modified, they acquire effective masses and charges. In
the Khon e Sham approach is the hamiltonian to be modified by changing the potentials external to the
system.

The starting point consists in writing the density (9.54) as a sum of orthonormalized single-particle
wave functions

po(r) = pi>(x) = > 615, (9.60)

1<€eR
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where KS indicates Kohn-Sham. The density (9.60) is generated by a one-body hamiltonian whose
eigenstate is a Slater determinant |®XS).
The energy functional built in this system is usually expressed as:

Elpo] = T*[po] + Eii°[po] + Eei [po] + Elpo] (9.61)
where there is a kinetic energy term,
T[] = (@017185) = [ atr o0 (5 ) o (9.62)
; 2m
a Hartree term,
Bl = [ d*ri [ dripn(e)Virs,)o(rs) (9.63)

and an external mean-field term
B o] = [ droo(r) U3(w) (9.61)

The additional term is called of exchange and correlation EXS.
The application of the variational principle follows the path outlined in the case of HF. The final
result is again a set of equations which allows the evaluation of the KS single-particle wave functions

[t [0 m(e) + 0206 + D00} 6500 = c0l0). (9.65)

This integro-differential equation is numerically solved by using iterative techniques analogous to those
used in the HF case.

e In Eq. (9.65) only local terms appear, contrary to the HF equation containing the non-local Fock-
Dirac term. This makes the numerical solution of the KS equations much simpler than that of the
HF equations.

e The expression of the operators of kinetic energy and in the Hartree term of the KS functional are
the same as in the interacting system. This does not mean that from the quantitative point of view
the values of the kinetic energy and of the Hartree term are equal in the two systems. In effect,
the expectation values are evaluated between the Slater determinant for the KS functional, and
between |¥g) for the interacting systems.

e In the KS energy functional (9.61) the part which sums the contributions of kinetic energy, Hartree
term and external potential are much larger than the contribution of the exchange and correlation
term.

e The KS equations (9.61) are equivalent to the minimization of the ground state energy, in the same
spirit of the HF equations. This because the bijection between density and energy functional.

e The Slater determinant |®X5) is not the exact eigenvalue |¥) of the many-body hamiltonian. The
DFT is based on the equality between densities (9.60), called one-body densities. The one-body
densities contain poorer information than the states. I shall discuss this point in more detail in the
next section.

e The single-particle wave functions ¢X5(r) do not have a precise physical meaning, but they must be
considered a mathematical instrument to obtain the density, which in the DFT is the only physically
meaningful tool to obtain values of observables. Also the eigenvalues €; have to be considered only
as Lagrange multipliers and not single-particle energies as indicated by the Koopmans’ theorem in
the HF case.
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e There are not theoretical prescriptions or bounds to regulate the choice of the exchange and corre-
lation term. The selection of this term is done on pragmatical basis. Great part of the theoretical
work in the DFT framework is related to the construction of this term.

e The DFT is an independent particle model.

9.4 Density and single-particle wave functions

In this section we discuss about the definitions of the particle densities in view of their relevance in the
framework of HF and DFT. We use a formalism considering a definition of the density in most general
aspect, i.e. independent of the modelization of the many-body wave function. We define the density
matrix of a many-body system as

A
/ 3 3 3 * !
p(r1,ry) = 7<\I!|\I/> d’rod’rs - d’raW*(ry, 1o, -, ra)V(r], o, 0 TA) (9.66)

where v is the wave function describing the system.
10 10
g o5 S os

0.0 L = o= 0.0 4_-_. =

W @ W e R R PSR N G R\ N\

Figure 9.3: Comparison between the occupation numbers of an IPM, dashed lines and those of natural orbits
indicated by the histograms. These latter numbers are calculated by using two different correlation functions.
The system under investigation is the *®Ca nucleus. The figure on the left hand side indicates the results for the
protons, the figure on the right hand side that for the neutrons.

For sake of precision, this is the definition of one-body density
matrix, since in the equation (9.66) all the coordinates but one

0.3 are integrated. The density matrix (9.66) is normalized to the
g\ 02 i particle number A, as it can be obtained by integrating on the ry
& ‘ . e r coordinates and by inserting a §(r; —r/ ) factor. The density
s o1y O\ noo used in the DFT is the diagonal part of the one-body density
RO A fs matrix. It is evident that by integrating on A — 1 coordinates

1 1 L . . . . . . . . .

0'00.0 20 40 60 80 100 a lot of thehlnformatlon contained in ¥ is l.ost. This limitation

03 becomes evident when the observables studied are of two body-
_ ‘ type or they are sensitive to the off-diagonal part of the density
Sns 02+ f 1d;p A matrix.
b In the IPM, the state |¥) is a Slater determinant |®) com-
%e 0.1 r | posed by a set of orthonormal single-particle states |¢;). By

00 L inserting in Eq. (9.66) the Slater determinant we obtain a den-

0.0 2.0 40 60 80 100 sity matrix given by
03
PM ¥

& pM(r1 ) = ) 65 (r1)d(rh) (9.67)
o 0.2 A 1f70 1 !
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The mean-field single particles are those generated in a
independent particle model and produce densities of the type
(9.67).

The natural orbits are defined as those single particle wave
functions which diagonalize the density matrix (9.66) which can
be described as

p(ry,rh) = cadiNO(r1)gh O (r)) (9.68)

[e3

The difference between the expressions (9.67) and (9.68)
consists in the fact that, in the second expression, the sum is
extended up to infinity and the, real, coefficients ¢, are the di-
agonal terms of the density matrix, and indicate the occupation
of the natural orbit. The two densities are normalized such as

A = /d?’rlpIPM(rl,r’l)é(rl—r’l)
— /d%lp (r1,7,)8(r an : (9.69)

This allows the interpretation of the expression (9.67) in analogy to (9.68) where the occupation numbers
are 1 for the states below the Fermi surface, and 0 for those above it.

In Fig. 9.3 we compare the occupation numbers of an IPM with those obtained by a microscopic
calculations (FHNC see Chapter 13) carried out with two different correlation functions. The many-body
system under investigation is the “*Ca. The left panel shows the result for protons, the right panel that
for neutrons.

The IPM predicts full occupation for the states below the
Fermi surface, while above it the occupation is zero. The calcu-

0.015 lations which include correlations show that the natural orbits
205 7 are only partially occupied below the Fermi surface, even though
- Pb-"""TI . )
0.010 i the occupation numbers are very close to 1. Above the Fermi
§ 5?% i surface, the occupation numbers are very small but not zero.
§ 0,005 LRC | In Fig. 9.4 we compare some wave functions of the IPM
<’ — SRC with the neutron natural orbits in “8Ca. There is a great simi-
- er 1 larity between single-particle wave functions and natural orbits.
0.000 AT The effects of correlations are mainly related to the changes of
60 80 100 the occupation numbers rather than on the shape of the wave

rlfim] functions.

) ) Another type of wave function referred to the individual
Figure 9.5: Difference between the formion is that of the quasi-particle wave functions defined

et it 206 205
charge distributions of “"Pb and T 45 the superposition of the wave functions describing systems
IPM indicates the results with mean- <ith 4 and A — 1 particles

field wave functions. The other lines

have been obtained by considering dif- VA(U(A - 1)[0(r —ra)|¥(A))

ferent types of correlations, at short- ta(r) = (W(A—1D|(A—1))172(T(A)|[T(A))1/2

and long-range, SRC and LRC respec-

tively. In Fig. 9.5 we show the difference between the charge dis-
tributions of the 296Pb and 2°°T1 nuclei. The shell structure
of these nuclei indicates that the difference between these two

charge distributions is due to the absence of a proton in the 3s; /, state.

(9.70)



106 CHAPTER 9. MEAN-FIELD APPLICATIONS OF THE VARIATIONAL PRINCIPLE

The line indicated as IPM shows the square modulus of this
single-particle wave function in the IPM. The form of the wave
function is similar to that indicated by the experiment. On the
other hand, the IPM results is much above the experimental
curve. In order to have a proper description of this charge
distribution is necessary the inclusion of various effects which
take care that in 2°Pb the neutrons do not completely fill all
the levels, IPM*, of the collective surface vibrations of the nuclei
LRC, and, finally, of the fact that the interaction between two
nucleons has strongly repulsive core, SRC. All these phenomena
are not considered in the IPM and they are included in the
generic category of correlations.

If one adopts for the many-body system an IPM, than single-

! ! !
0 00 10 20 30 40

particle wave function, natural orbits and quasi-particle wave wm
functions coincide. In calculations beyond IPM the subtle dif- — IPM
ferences between these three types of wave functions become 2 ,¢ (900, Vimn. 30 oo fi
evident only in very special cases. This is what makes very use-  0°¢ N 1 777 fs

6 E 1 1

ful mean-field calculations such as HF and DFT. In the frame- 50 10 20 30 40
work of the latter theory, formulated in terms of the functional ki)
of the density, the correlation effects are visible only on observ-
ables which are sensitive to the off-diagonal part of the one-body
density matrix (9.66).

One observable of this type is the momentum distribution,
traditionally indicated as n(k), and defined as:

Figure 9.6: Momentum distributions for
five spherical and doubly-magic nuclei ob-
tained in IPM and with a theory which
consider the correlations between the par-

1 1 ticles.

n(k) = @ W) / B —r") e pe ) L (9.71)
The momentum distribution is, in momentum space, analogous to the number density. It answer to the
question of what is the probability of finding in the many-body system a particle with momentum, wave
number, with value between k and k + dk.

In Fig. 9.6 we show the momentum distributions for five spherical and doubly magic nuclei. The full
lines have been obtained by considering an IPM, or, in other words, a diagonal density matrix. The other
lines have been obtained by solving the many-body problem in the framework of the Correlated Basis
Function theory (see Chapter 13). The difference between the IPM results and the correlated ones is
remarkable at large values of k, which indicate that the off-diagonal parts of the density matrix generates
high-momentum components.



Chapter 10

Excited states

In the previous chapters we focused our attention to the description of the ground state of systems
composed by many-fermions. In this Chapter we present the Random Phase Approximation (RPA) a
theory aiming to describe the excitation spectrum of these system. The RPA is an approach which goes
beyond the IPM since it considers also effects generated by the residual interaction, defined in Eq. (9.16).

The RPA theory has been proposed in the middle of the 50’s of the last century to describe plasma
excitations [Boh53]. The name has an historical motivation since the authors of Ref. [Boh53] made the
assumption of neglecting the coupling of plasma oscillations with different momenta. This assumption
concerned the system under investigation and not the theory which does not contain any random phase.

The RPA theory will be proposed again in Sect. 12.5, by using the two-body Green’s functions. The
formulation used in this chapter, the so-called Equation of Motion Method, is less general, but it has the
advantage of a simpler interpretation. The is a third method to get the RPA equations, a method based
on time-dependent HF theory. Obviously all the formulations lead to the same set of equations to be
numerically solved, and each of them emphasizes aspects that are hidden in other formulations. Usually,
in the treatment of infinite systems with translational invariance the Green’s function formulation is
preferred, while for systems with rotational invariance, the Equation of Motion method is usually chosen.

10.1 The equations of motion method

This method is inspired to the Heisenberg picture of the Quantum Mechanics. Also in this case, the
commutation properties of a hamiltonian with an operator are exploited.
Let’s consider the Schrédinger equation

f{|\pu> =FE, |\Iju> ) (101)

where |U,) describe an excited state of the system. We define the Qj operator whose action on the
system ground state defines the excited states:

Qj |‘I’0> = I‘lll/> 5 QV |\IJO> =0 . (10'2)

The choice of Qj defines completely the problem to be solved, and also the ground state of the system.
Let’s calculate the commutator of the Q" operator with the hamiltonian

B.Qr]1wo) = (HQE - Q) W) = H|W,) - QF Eo|¥o)
= B W) - QEy Vo) = (B, — Eo) Q) [Vo) (10.3)
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and for the operator QV we obtain
171,Q,] 190) = (AQ, = QuIT ) |W0) = HQ, 1Wo) — BeQy |Wo) =0 . (10.4)
We multiply Eq. (10.3) by a generic operator © and by (¥y]|, and we subctract the complex conjugate

(Wol [, 1, Q1| 1W0) = (WolO[, Q1 11Wo) — (Wo|[H, Q;1O|W)
- <\110|( [H,01] - [ﬁ,@j}@) W) for Eqs. (10.3) and (10.4)

= (B, — Eo) (¥o|OQ; |Wo) — (Wo| HQ; O|Wo) + (Wo|Q; HO|W,)
= (B, — Eo) (¥o|OQ; |Wo) — Eo (Wo|Q;f O|Wg) + (¥o|Q; HO|Wy)

Since (¥o| Q@ = 0, we can write
(Wol [O, 1, Q1] 1%0) = (B, — Eo) (Wo|OQ; 1Wo) = (B, — Eo) (o] [0,QF | |¥0) . (10.5)

This result is independent on the expression of the operator ©. In the construction of the various the-
ories describing the system excited states, the © operator is substituted by the @), operator representing
an infinitesimal variation of the excitation operator defined by the Egs. (10.2).

10.2 Tamm-Dankoff approximation (TDA)

A first choice of the Qj consists in considering the excited state as linear combination of particle-hole
excitations. Clearly, this implies that the mean-field problem has already been solved, and a set of
orthonormal single-particle wave functions, with the relative single-particle energies, is available. The
ground state is characterized by fully occupied hole states, those below the Fermi energy, and totally
empty particle states, those above the Fermi energy. The set of single-particle wave functions can be
obtained by using the MF techniques presented in Chapter 2 or by solving the HF or the KS equations
as indicated in Chapter 9.
The definition of Qj in terms of creation and destruction operators is

QF = Xpafan (10.6)
ph
and then
0Qu = af a0 X7y (10.7)
ph

In the above equation X} is a number and the usual convention of indicating the hole states with
the letters h, 1,7, k,l and the particle states with m,n,p, g, has been adopted. The ground state |¥)
satisfying the Eqgs. (10.3) and (10.4) is the MF ground state |®g), in effect

Qu |®o) = Z vt ap |®o) =0, (10.8)

since it is not possible to remove particles above the Fermi surface or to put particles below it (see
Chapter 5).
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By substituting Eq. (10.7) in Eq. (10.5) we obtain
(Dol {Z a5, apd X7 [H, Z Xg/h’&;&h’ﬂ |®o)
pl h/

— (B, - Ey) <<I>0|[Zdzr&de;Z’l,ZXwana]M(I)O) . (10.9)

mi

Every variation 5X;}l: is independent on 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 X7, satisfy the relation. Let’s consider a single term of the sum, and, since 6 X}’ # 0 , we can divide
it by this factor and obtain a system of connected equations which can be expressed as

<q>0\[a o, [ ZXmAnaj]]@O) (E, — Ey) ZX (@] [af am, af ar] o) (10.10)
nj
Let’s calculate the right hand side of Eq. (10.10):
(Do [d;r&m,d a } | Do) = <<I>0|d:rdm&;dk|<1>0> <<I>0|a+&k,d Gm | Do)

We apply the Wick theorem to the first term

[
(ol dmat ar|Po) = Omgdir, -

The second term is zero since
Gm |Po) =0 .

By using this result in Eq. 10.10) we obtain

(Dol [ o, [ ZX,Z/: 1]1®0) = (B, — Fo) X2, - (10.11)

For the calculation of the left hand side of Eq. (10.11) we use the expression of the hamiltonian given
in Eq. (9.15)

- da 1 — 1 .
H= Z hapatas — 3 Z Vijij + 1 Vo wNa) af aran] (10.12)

where the greek indexes can assume values above or below the Fermi surface, while for the latin indexes
we used the common convention. The calculation of the double commutator is carried out here below.

We calculate the double commutators of Eq. (10.11) by considering a term at the time. For the first
commutator of the first term of Eq. (10.12) we obtain, by considering the anti-commutation rules of
the creation and destruction operators,

Aba o ada ot ot
o Gp, Gy 5] = Onpla G — Sjadnas |
therefore, the commutator of the hamiltonian can be written as

[H ana]} = Zhaﬁ Baaa] — 0 aanaﬁ)

1 - o TN
+ 1 Z Vaparpr {N[a aﬁ g dar),a) a;
aa’ BB’
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We did not considered the second term of the hamiltonian (10.12) since it is a number, therefore
commuting with every operator. We consider the expectation value of the double commutator

(@ol[aFam, [, 80510
The contribution of the first term of the hamiltonian can be rewritten as

hag <‘I’0\[ a; Gm, (Onpad a; — Gjads) ap) } |Po)

= has (Po| (& @mdnpala; — a; amdjaaslas) |Po)

= hap (Po]a] Gmala;|Po) Ong — hap (Po|a; Gmar ds|Po) d;
= haﬁ(sz](sma(snﬁ - th5zﬁ6mn5]a
= (em — €)0ij0mn , (10.13)

where in the last step we considered the diagonal expression of hq, 3. For the calculation of the second
term of the hamiltonian we consider that

[N[aiag g o], a;aj] =Nata) ag aolata; — afa;Nadah g aar] |

therefore
(@ {ajam,N[aga; g aorlata; — a a;Nalad ag ae]||®o)
= (®o|a] amN[ala) ag aolarlaj|®o) (10.14)
—  (®o|N[afa} apr dor)ast a;a; am|®o) (10.15)
— (®o|af amata;N[ata) agr aar]|®o) (10.16)
+  (®ola)a;Natah apr aar)as am|®o) (10.17)

The terms (10.15) and (10.17) are zero since am, |®o) = 0. The situation for the term (10.16) 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 a, is contracted with @,/ or apr, and these contractions
are zero. Only the term (10.14) is different from zero, and, by applying the Wick’s theorem we have

to consider all the possible contractions and we obtain

<<I>g|a:ramN[aIa§ ag’ a/a/}aiaj ‘(p0> = 5ia’67rLa6,8’n5Bj - 6ia’6mﬁ6ﬁ’n6aj
— 6iﬁ/6ma6a/n63]~ =+ 5iﬁ’6m56a’n6aj (10.18)

By inserting the above result in Eq. (10.11) and by considering the symmetry properties of V. 5. o/ s/
we obtain the TDA equations

> X0 [(en = €)8mndij + Vinjin] = (B — E)) Xy (10.19)

where -
Vimjin = (mj|Vl]in) — (mj|V|ni) . (10.20)
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The expression (10.19) represents a homogenous system of linear equations whose unknown are the
X/.;- The number of unknowns, and therefore of the solutions, is given by the number of the particle-hole
pairs which truncates the sum.

The normalization condition of the excited state induces a relation between the X7 . amplitudes:

L= (W,|0,) = (9]Q,Q) |®o) = qI>olzah% Xk > X ans| Do)
p/h/
i
= YO Xpr X (Rolaf dpatan |Po) =YX, 17, (10.21)
ph p'h! ph

which defines without ambiguity the values of the Xy, and proposes a probabilistic interpretation. Here
below we present an example of TDA equations applied to the case of only two particle-hole pairs.

Let’s consider the case where there are only two possible particle-hole excitation pairs. The TDA
equations are

€py — €hy — W+ Vipihihipy Vpahahip Xpih
=0, (10.22)
Vplhlthz €py — €hy — W+ szhzhzm Xp2h2
with w = F — Ej.
The system has solutions different from the trivial one only if the determinant of the known terms
matrix is zero, therefore

(€py — €ny —w+ Vplfn hipr ) (€py — €hy — W+ szh’zthz) - szhzhlplvpzhzhfzpz =0. (10.23)

The equation is quadratic in w, therefore it is satisfied by two values.

In case V = 0 the two values are w = €, — €, and w = €, — €p,, which are the energy of the possible
excitations in a pure MF model. The presence of the residual interaction mixes the components of
the two particle-hole pairs in each excited state, and also the energy eigenvalues are modified with
respect to the MF solution. The stronger is the effect of V the larger is the mixing of the particle-hole
pairs. These type of states with large mixing of particle-hole pairs are called collective states.

The TDA theory describes not only the energy spectrum of the system, but, 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’s assume that the action of the external field which excites the system is described by a one-body
operator

F=Y " (ulfln)afa, = Z Fup @ g (10.24)
!
The transition probability from the ground state to an exc1ted state is
(@,|F|Bo) = (®0]QuIF[Po)

= (Do ZX;:ZAjAm qu#’aua# o)

= Zx*usz (I’0|a iy 4y | Do)

pop!
= D Xoi > fuw i = Xt (mlfli) (10.25)
mi ! mi

The many-body transition probabilities are described in terms of single-particle transition probabilities.
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10.3 Random Phase Approximation (RPA)

10.3.1 Limits of the TDA

The comparison between the TDA results and the experimental data is not satisfying, especially for the
nuclear physics case, therefore from the second half of the 60’s of the last century the assumptions related
to the TDA theory have been carefully analyazed. These assumptions are those of the choice of the
expression (10.7) of the QV operator. From these studies it appeared clear that this choice is inconsistent
with the the equations of motion (10.5). The inconsistency can be pointed out in the following manner.
The equation of motions (10.5) have been obtained without making any assumption on the operator O.
For an operator of the type @} a;, the equation of motion are:

(Wol [, [, QF1] 1W0) = (B, = Eo) (Wola @ 1Wo) = (B = Eu) (ol [afas, Q] 1) - (10.26)

By inserting the expression of the TDA operator (10.7) for the right hand side of the above equation we
obtain

ZX (@ol [ahas, afas] |®o) = Z {(@olatasa; aj|®o) — (Rola)asata @)} =0 . (10.27)

This result requires that also the left hand side of the equation (10.26) must be zero. In effects, the
one-body term of the hamiltonian has a double commutator equal to zero

> has (Dol i, (600 — i dpdja)| @) =0
ap

but the double commutator of the interaction term, in general is not equal to zero,

3N Vepas <<I>0|{a;ai, [N[afatagan], afa; H\%)#O
a,B,a B

In the evaluation of this double commutator there are terms of the type

> Vapans (Polahaialafasaeata;|®o)
B0l B

evidently different from zero.

10.3.2 The RPA equations
Instead than the choice (10.7) the RPA excitation operator is defined as

S=Y Xpatan— Y Yyata, (10.28)
ph ph

where both Xon and Yy, are numbers, called RPA amplitudes.

The RPA ground state is defined by the equation Ql, |vo) = 0. Evidently |vp) is not a MF ground
state. In this last case we would have

Qu®o) = > Xpta) | o) ZY afag |®o)
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The first term is certainly zero, while the second one is not zero. The RPA ground state |vp) is more
complex than the mean-field ground state and it contains effects beyond it. These effects, correlations,
here are described in terms of hole-particle excitations as we shall discuss in Sect. 10.3.6.

By using the definition (10.28) of the RPA amplitudes the equations of motion (10.5) becomes

(vl [0Qu. [A. Q5] |In0) = (B, — Eo) {vol 600, @] )

therefore

(wol | (Za amd X5 — Zammi) .G [Ivo)
= (B, — Eo) V0|{<Za Za aﬁKZi)aQﬂW@ )

mi

and making explicit the the variations on the RPA amplitudes we obtain

38Xz vl [af . (17,037 I0) -2 o¥ s, [, Q1] [ Ivo)

= (E, — Ep) {ZéX V0|[a am,Q }|uo>—26Yéi (u0|[&;&i,6}j]|uo>}

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

<u0|[ajam, [EQjHIVo) — (B, — Eo) <uo|[djam,c§j]|uo> (10.29)
wol [t (0,07 [Iw) = (B, — Eo) (wol a0, Q5 | o) - (10.30)
Let’s consider the left hand side of Eq. (10.29)
(vol | . [H, Q5] | o)
S XY ol [ajam, (7,4} } o) Z (o] [aj&m, [ﬁ,ajan]} o)
nj

nj nj

These equations define the elements of the A and B matrices. The sign of the element of B has to be
pointed out.

To calculate the left hand side of Eq. (10.29) we use an approximation know in the literature as
Quasi-Boson-Approximation (QBA) consisting in considering that the expectation value of commutator
between RPA states has the same value of the commutator between MF states |®g). In the specific case
under study we have that

(vol {d?&m, Qﬂ |vo) == (Do [d?dm, Qﬂ @) (10.32)

It is worth to remark that the QBA can be applied only if the matrix element is expressed in terms of
commutators. The idea is that the pairs of creation and destruction operators behave as

Ak a1
[ @m, Gy G5] = Smndij
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this means that the operators @Zm = [zj'dm and @j‘n = a,faj would be boson operators.
By using the QBA we can write

(wol [ am, QF | 1v0)
ZX (ol [a;f am, ;5 ;] Po) — > V7Y, (Po|[a; nm, 4 ]| Do)

1R

nj
= Zan {(®0]a; am, a;; a;|®o) — (®olataja; am|Po)}
nj
- Z {(@olaf amaf an|®o) — (Pola} ana; am|Po)}
= ZX (Dg|a @, ataj| Do) = XV 6mndij (10.33)

where we have taken into account that the terms multiplying Y,); do not conserve the particle number
and, furthermore, that a,, |®o) = 0. Eq. (10.29) becomes

> X Aming +Z Bring = (Ev — Eo) X - (10.34)
For the calculation of the left hand side of equation (10.30) we consider that:
[H,aa;)" = (Hafa; — afa;H)" = ata, H — Hafa, = —[H,afan)] | (10.35)
since H = H*, and then
|, [, aF ]r = —|ahas, ~ 1,05 a5)] = [agas 7,6} a5]] - (10.36)
The double commutator becomes
(wol [, [H, Q1 |Ivo)
ZX,”U. (1/0|[a:§lai, [H,a }|1/0 Z V0|{a;ai, [H, a;ran]huo)
= ZX,’;J- (ol {a*am, [H, an ] o) Z (v [a:ram, [H, a;taj]j o)
= > XY(~Bhin) Z Anini) (10.37)
nj

where we considered the definitions of the matrix elements A ¢ B in Eq. (10.31).
For the calculation of the right hand side of Eq. (10.30) by using the QBA we have

<V0|[d,f1di,Qﬂ|1/0> (QBA) — Z (D [a s, @ an}|<1>0> VY 8ii0mn (10.38)

therefore Eq. (10.30) becomes

ZX;LIj(_ min] Z mzng (EV _EO)Ynl;i . (1039)
nj

The equations (10.34) and (10.39) represent a homogenous system of linear equations whose unknown
are the RPA amplitudes X, and Y. Usually, this system is presented as

A B XV I 0 XV XV
= (Eu - EO) = (Eu - EO) ) (1040)
B*  A* Yv 0 -1 ) -Y”
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where A and B are square matrices whose dimensions are those of the number of the particle-hole pairs
describing the excitation, and X e 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

Aminj  — (QBA) — <<I>o|[df&m, [ﬁ,didj}]léd:(em—q)émn@ﬁvmm, (10.41)

Bpin; — (QBA) — —<<b0|[ajam, [H,ajan]}\%):ﬁmj : (10.42)

The element Anin; is the same as that of the TDA, Eq. (10.19).

For the term Bin; we consider, again, the expression (10.12) of the hamiltonian. Also in this case,
as in the case of the TDA, the scalar term V,-jij does not contribute to the double commutator. Also
the contribution of the one-body term is zero. By considering the anti-commutation properties of the
creation and destruction operators we obtain

+ 4 N PRI
[aaaﬁva Gn] = 0gjag G — dnallj ap

therefore

<<1>0\[a i, [a;aﬁ, ] H\qm

—0

\a amaaan@o)
Bglat ana; Gm|Po) — 0
) =
) =

ol am G tag|®o

\a+A3d+am|<I>o

(@

(

< (5‘7'5(57;“1 —0
+ (@ 0.

For the two-body term we have to evaluate
(Do [a Gm, [N[a;ragaﬁlaa/ a; anH | Do)
Three terms of the double commutators are zero since the contain a.,, |®o) = 0. Only the term
—(@0|a; ama] analafag aa|Po)
is different from zero, therefore

1 = ada ada adada A
Bing = 1 Z Vaga'p <<I>o|a?'amaj'anaza;a5/aa/\<I>o>
aBa’B!

By considering the symmetry properties of V and all the possible contractions one obtains Eq. (10.42).

10.3.3 Properties of the RPA equations
We consider the RPA equations in the form

A B XV XV
B*  A* YV YV

where w = E,, — Ej is the excitation energy.
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e If B =0 we obtain the TDA equations.

e The two RPA equations can be written as the system

AX"+BY" = w, X"
—B* X" - A"YY = w,Y".

We take the complex conjugate of the above equations

A* X*l/ + B* Y*V — wu X*V
BX*" +AYY = —-w,Y" ,
which can be written as
A B Y*D Y*V
= —U_}V
B* A* X*V 7X*V

Therefore the RPA equations allow positive and negative eigenvalues with the same absolute value.
The RPA matrix is not hermitian. A is hermitian but B is symmetric but not hermitian By,in; =
B jmi- It possible to show that the eigenvalues are real numbers.

Normally real interactions are used, therefore the matrix element of the A and B matrices are real.
Also the X and Y amplitudes are real.

Eigenvectors corresponding to different eigenvalues are orthogonal.

A B XV XV A B XH XH
=w, ; = wy
B* A* YV -Yv B* A* Yy# —Y#
Let’s calculate the hermitian conjugate of the second equation

A B
(XM, Y = (XYY,
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 XV
(Xrt yrt) = w,(XrT yr)
B* A* YV -YV
A B XV XV
(X,qu’Yp,+> _ wN(X“+7—Y“)
B* A* YV Yv

By subtracting the two equations we have

0= (w, —wy)(XHTX" —YrtYyY) |
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Since we have assumed w,, # w, we obtain
(XHEXY —yrTYy") =0

e The normalization between two excited states requires
S = (VIV) = (0]QuQ5 o) = (0|[Qu, QL] Ive) = (QBA) — (20][Qu, Q}]|®o)
= > (xnaxn vy

mi

where we used the fact that Q, [vp) = 0.

10.3.4 Transition probabilities in RPA

In analogy to 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 Eq. (10.24). The transition probability between the
RPA ground state and excited state is described by

(VI Flvo) = (0| QuFlvo) = (v0][Qu, Fllvo) (10.43)

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

(V| Flvo) — (QBA) = (®o|[Qy, F]|Po)
wa{ZX (@0][aF G, @ )| B) — Z (o[, at ]|<1>0>} . (10.44)

!
The two matrix elements are
(<I>0|[a CLm7aICLH/H‘P0> = <(I)0|&j&m&:flullq)o> <¢0‘6L+dulfb+am|‘bo> = 6mH6w -0 5
(Dol[af,ai,afan]|®o) = (Dolafaia)au|®o) — (Polay;awarail®o) =0 — Gy iy
Therefore
(VI Flvo) = ZfW (ZX iOmpudip + Z mu’52u> = Z (Xoi (m| fli) + Yy, (il flm)) . (10.45)
mi mi me

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

10.3.5 Sum rules
In general, by indicating with |¥,) the eigenstates of the hamiltonian H
f{|\pu> =E, |\IJV> )

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

23 (5, — Bo) (@, 1w = (ol [£, [, ] jwo) (10.46)
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We derive here the above expression

(W {F (AP — m)} IWo) (o {FHF _FPH - HPE+ FHF)] '

2 (Uo|EHE|Wo) — (Uo|FE W) Ey — E <\1/0|FF|\1:0>]

2(Wo|F(H — Eo)|Wo)
We insert the completness

\1/0|F2|\11 (U, |(H — Eo)F|Wy)

= \I/0|FZ|\I/ (W, [(By — Eo)F|Wo) = 2(E, — Eo) Y _ (Wo| F|W,) (W, | F|Wo) .

v

This expression puts a quantitative limit on the total value of the excitation strength of a many-body
system to an external probe. This value is determined by the ground state properties only, and the
knowledge of the excited states structure is not required. The validity of Eq. (10.46) is related to the
fact that the |¥,) are eigenstates of H. In actual calculations, states based on models or approximated
solutions of the Schrodinger equations are used.

For example, for the RPA theory it is possible to derive the following relation

23 (B, — Bo) | wlElw)| = (@ol[7, [, E]]j0) | (10.47)

which, formally, 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 a mean-field ground state. The demonstration of Eq.
(10.47) is presented in detail in Ref. [Tho61].

When the residual interaction is neglected, one obtains mean-field excited states |®,,) , i.e. single
Slater determinants with particle-hole excitations. In this case, Eq. (10.46) is verified since all these
mean-field states are eigenstate of the unperturbed hamiltonian Hy

23 (o (@l 100)|” = (ol [ [ £]] o). (10.49

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 the RPA the full hamiltonian H = Hy 4 Vies is considered, by inserting this expression in Eq.
(10.47) we obtain

. 2 N N A N
23(B, - Ey) ‘<V|F|I/0>‘ = (@] [F [Ho, ]] o) + (Do [F [Vies, F]] o) (10.49)
For operators F which commute with Vres the IPM and RPA sum rules coincide.

10.3.6 The RPA ground state

We have already indicated that the RPA ground state is not a mean-field state but it contains effects
beyond it, correlations, expressed in terms of hole-particle excitations. A more precise representation
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of the RPA ground state comes from a theorem demonstrated by D. J. Thouless [Tho61] leading to an
expression of the RPA ground state of the type [Rin80]:

lvo) = NeS |g) (10.50)

where 71 is a normalization constant and the operator S is defined as

N 1
p— _A+ ~ .A+A
S = 3 E Su,minglp, @G} Gp (10.51)

v,minj

The sum considers all the particle-hole a;a; and hole-particle d;-'dn 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 s, m:n; an amplitude weighting the contribution of each pair.

Starting from the above expression it is possible to calculate the s, ;in; from the knowledge of the
RPA X, e Y, amplitudes [Suh07]. What is relevant is that by using these expressions the expectation
value of a one-body operator with respect to the RPA ground state can be expressed as

<V0|F|V0> = <V0|Z<M\f|/i/>@:du’|’/o>

!

S (hlfin) [1 S P

+> (ol fIp) EZZD%Q} . (10.52)
v h

h p

This clearly shows that the Y, amplitudes modify the value with respect to the MF result.

10.3.7 Application of the RPA

The RPA formulation implies, in the definition of the excitation operator (10.28), a sum running on all
the particle-hole pairs. The hole states are well defined: all the states below the Fermi surface. On the
other hand, the number of particle states is infinite, since they are all the states above the Fermi surface.
From the operative point of view a truncation of the sum is required, which implies the use of a limited
set of particle states. This defines the so-called configuration space.

The selection of the configuration space is usually done by defining a maximal energy of the single
particle states. The mean-field problem is solved by obtaining single particle wave functions and energies
up to a selected maximum value. After the configuration space has been chosen, all the particle-hole
pairs compatible with the values of the angular momentum and parity of the excited states under study
are selected. At this point it is possible to calculate the A and B matrix elements defined in Eq. (10.31),
and, finally, to carry out the diagonalization of the RPA matrix.

The result, as already pointed out in the TDA case, is a number of eigenstates and eigenvalues
identical to the number of particle-hole pairs identified. In absence of residual interaction, the eigenvalues
correspond to the difference between the energies of the particle and hole states w, = €, —€p. The residual
interaction modifies these values of the energy. In some situation the effect of the residual interaction is
relevant and the values of the RPA eigenstates are very different from those of the mean-field model. In
this cases, the eigenstates are described by a remarkable mixing of the particle-hole excitations. This fact
is indicated by values of the X, which are similar for various particle-hole pairs. These are collective
excitation of the system.

On the opposite side there are excited states which essentially single particle excitations characterized
by a single X7 ~ 1, while the other amplitudes are negligible. In this case the RPA eiegenvalue is rather
close to the particle-hole energy difference of the dominant pair.

Examples of this type of RPA results are given in Tables 10.1 and 10.2 where we present a selection
of the results obtained for the J™ = 3~ and J™ = 14~ states of the 2°®Pb. In both tables we show only
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208pt, 3~ w = 3.689 MeV

protons
p h €p — €, MeV X Y
2f7/2 3512 5.8168 0.364778 -0.076573
lhg/2  2d3/2 5.8038 0.425067 -0.096266
li13/2 1h11/2 8.8699 0.252087 -0.097650
neutrons
p h €p — €, MeV X Y
liy1/2 2f5/2 7.2150 0.326432 -0.101974
2992 3p3/2 6.0838 0.410392 -0.096913
1jis/2  lirgye 8.8621 0.277879 -0.110192

Table 10.1: Exctracted from the results of a RPA calculation for the J™ = 3~ state of the 2°8Pb
nucleus. The RPA eigenvalue is 3.689 MeV, a number quite distant from the energies of the single
particle excitations €, — €;,. The calculation considered 1284 particle-hole pairs, and here only those with
amplitude greater than 0.1 are shown.

208pp 147 w = 9.098 MeV

neutrons
p h ep — €, MeV X Y
1j15/2 12’13/2 8.8699 -0.999661 0.012288

Table 10.2: The same as Table 10.1 for the state J™ = 14~ of the 2°8Pb nucleus. The RPA energy
eigenvalue is 9.098 MeV rather close to the energy of the dominant particle-hole pair.

the particle-hole transitions whose X, amplitude is greater than 0.1. In the tables the single-particle
states are identified in the usual nuclear shell-model scheme [Rin80].

In the calculation of the 3~ state, the chosen configuration space predicted 1284 particle-hole pairs,
which is also the number of the obtained solutions. The results we show in Tab. 10.1 is that with the
smallest energy eigenvalue, w = 3.69 MeV. It is worth to remark that the minimal value of the particle-
hole energy is 5.80 MeV. This indicates that the residual interaction acts by strongly modifying the energy
values. There are 6 particle-hole pairs with X, > 0.1. This indicates a high degree of collectivity.

The situation shown in Tab. 10.2 regarding the state 147, is completely different. Also in this case we
show the results for the lowest energy eigenvalue. The chosen configuration space selected 306 particle-
hole pairs in this case, and only one X7, > 0.1, and its contribution is about the 99 % of the RPA
eigenstate. The RPA energy eigenvalue is 9.10 MeV to be compared with the 8.87 MeV of the dominant
particle-hole configuration. This is the typical single-particle excited state. In this case the contribution of
the residual interaction is very small. The RPA is able to describe within the same theoretical framework
both collective and single-particle excitations of the many-body system.

We presented results of RPA calculations where all the configuration space is described by discrete
single-particle states, even when the single-particle energy is grater than zero. The choice of these
configuration spaces is done to make stable the solution for the first, discrete, excited sates. It is a good
approximation for the discrete states, but it has many failures when one wants to describe excitations
in the continuum. This implies that the system is fragmented because it looses one of its elements. It
is possible to formulate the RPA to consider the fact for €, > 0 the particle is in the continuum, and
therefore the excited states describe a system which is loosing a particle, in the atomic case an electron
which is in the ionisation condition.

In Fig. 10.1 we show the results of a RPA calculation which consider particle-hole excitations in the
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Figure 10.1: Results of RPA calculations which consider the excitations in the continuum (CRPA) compared to
the IPM results. The acronyms D1S and D1M indicate two different effective interactions. In the panels (a) and
(b) the cross sections of photo-absorption for electric dipole (a) and quadrupole (b) are shown. In the panel (a)
also the experimental data are shown [Ahr75]. In the lower panels the value of the integrals of the above cross
sections are shown as a function of the upper limit of the energy integration. The horizontal lines are estimates
of the sum rule values done in nuclear matter for the two interactions considered [Donl1].

continuum. [Donl11]. In the upper panels we show the total photoabsorption cross sections for the 60O
nucleus. In the left panel (a), there is the electric dipole excitation J™ = 17, in the right panel the
electric quadrupole transition J™ = 2%. The calculations have been carried out by using two different
residual interactions, identified with the names D1S and D1M. Together with the RPA results, also the
IPM results are presented.

In the panel (a) also the experimental data are presented. It is evident an increase of the cross section
around 23 MeV. This effect is known to be present in all nuclei with more than 10 nucleons since 30’s of
the last century. This excitation has been called giant resonance. The first descriptions of this resonance
were based on hydrodynamical model which described the nucleus as liquid drop. This specific case was
treated as a two drops, one for protons and one for neutrons, oscillating out of phase. A description
in terms of IPM is unable to describe the presence of the resonance, as it is evident in the panel (a).
The RPA which takes care of the residual interaction effect, predicts the collective motion of the giant
resonance. The contribution of the 2 to the total cross section is negligible, as it can be seen by observing
the differences in the scales of the (a) and (b) panels.

The lower panels show the value of the integral

SR(w) = /0 o) .
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The behaviour of the curves related to the RPA results is rather similar to those of the experimental data,
and for w = 60 MeV the values are rather close. This means that the total strength of the transition is
well described by the RPA. These results indicate that the RPA is able to reproduce the position of the
giant resonance. As it is shown in the panel (a) the maximum values of the RPA cross sections coincide
with those of the experimental data. Also the total RPA strengths coincide with the experimental one.
The distribution of the width of the resonance is not properly described. The comparison with the sum
rules calculated with the IPM shows that in Eq. (10.28) the contribution of the term which does not
commute with the hamiltonian is very important.

Probably the reason of the failure of the RPA in reproducing the experimental width is related to
the fact that in the assumptions on the Qj operators (10.28) only one-particle one-hole, and one-hole
one-particle, pairs are considered. The inclusion of two-particle two-hole pairs would produce an increase
of the width which would lower the peak value since the total strength would remain the same.



Chapter 11

Green’s function

Up to now we avoided the use of that theoretical entity introduced in Quantum Field Theory and in
Many-Body Theories and know as Green’s function. In reality, we mentioned the Green’s function in
Sect. 8.4 as the resolvent of a differential equation. The mathematical expressions of the Green’s function
we introduce in this chapter and that of Sect. 8.4 are identical, but their interpretation is completely
different.

The Green’s function is extremely useful in the description of the many-body systems for the calcu-
lation of observable quantities, included the energy of the system. The Green’s function contains general
aspects of the many-body system independently of the specific observable under investigation.

The Green’s function is not uniquely defined since its definition depends on the number of field
operators which are considered. In this chapter we first present the one-body Green’s function, we give
the physical interpretation, we show how to use it to calculate observables and we related it to the Green’s
function of Sect. 8.4. After that, we define the two-body Green’s function At the end of the chapter we
present a set of linked equations which give a relation between Green’s functions defined for any number
of particles. The difficulties in solving this set of coupled equations pushes to the formulation of an
alternative technique of calculating Green’s functions, a technique based on perturbative theory. This
will be the subject of Chapter 12.

11.1 One-body Green’s functions
The fermionic field operator in Heisenberg representation is defined as
Dria(x,t) = en i, (x)e w1t (11.1)

where the sub-index H indicates Heisenberg while H is the system hamiltonian. With a we indicated
all the quantum numbers different from space and time which characterize the particle, for example spin
and isospin.

The one-body Green’s function for a fermion system is defined as

<\I/O|T 721H,a (Xv tﬁ[ﬂ,g (X/a t/) ‘\IJO>

(Wo|Wo) (112)

i Gap(x,t,x',t') =

In the above expression |¥y) indicates the ground state of the system in Heisenberg representation

H|Vo) = E|W) (11.3)

123
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and T indicates the time-ordering operator

Vi alx, t)ngﬁ(x’,t’) t>t
— s )P a(x,t) <t

The one-body Green’s functions can be related to the following observable quantities:

T [@Hﬂ(x, t)z;gﬁ(x',t')} - { (11.4)

e expectation value od a one-body operator with respect to the system ground state,
e energy of the ground state,

e excitation spectrum of the system for single particle excitations.

Henceforth, to simplify the writing, we shall not explicitly write the quantum numbers « e 8, under-
standing their sum each time that we indicate an integration on the coordinates.
Assuming that the hamiltonian H is time independent we can write the Green’s function (11.2) as

e E(t—t') (Dol (x)e= #H =g+ (x') | W)

t>t
(Wo|Wo)
iG(x,t,x',t') = - : (11.5)
oL B(t—t) (To|r* (x)ei =) (x) | Wo) t<t
(Wo|Wo)

For the calculation of the expectation value of a one-body operator on the ground state of the system,
we use the expression of one-body operator in terms of field operators

O = /d3w+(x)(©(x)¢3(x) . (11.6)
We can write its expectation value with respect to the ground state as
an [ s (Wl ()O)()[To) [ a1 s (Wt (X)(x)| o)
(OF) = /d x WolTo) = /d x ’}llinx(Q(x) o[ o) . (11.7)

where the limit x' — x has been inserted to allow the commutation of ©(x) with ¢ (x’). By using the
second equation (11.5), and indicating with ¢t a time greater than ¢, we obtain

(©f)=—i lim [d’% lim O(x)G(x,t,x, 1) . (11.8)
t'—tt—t x—x'

Let’s make an example of this kind of calculation by considering the number density operator. The
operator related the number of particles of the system can be expressed as a function of the density
operator

p(x) :/d3x'6(x—x’) (11.9)

as
n= /d% D (x)p(x — X ))(x) = /d% /dsaz'é(xfx’) O (x) Ph(x) = /d% OH(x)(x) . (11.10)
The expectation value of this operator with respect to the ground state of the system is:

My = —i lim [ &z lim p(x)G(x,t,x,t)

t—st+ x—x’

= —i lim [ &z lim G(x,t,x',t)
t/—tt x—x’

_ —i/d3xG(x,t7x,t) :/d?’m <\I’O|¢<+\1(/:|)§S()I%> (11.11)
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In the case of non-interacting fermions we have |¥y) = |®g) and we obtain

n) = /d3m<%w<+§|)§(f;()|%> (11.12)

By using the representation of the field operators in terms of creation and destruction operators, Egs.
(5.50) and (5.51), we have

mny = /d3xz¢ X)(Bo|at i |Po)

a,a’

/d3 Z OF(X) b (x M,_/di” Z|¢a : (11.13)

a,a’=1

where we have assumed the orthonormality of the single particle wave functions ¢, and that the many-
body state |®¢) is normalized to 1. We indicated with er the Fermi energy. The final expression under the
integration symbol is the traditional expression of the density for a system of non interacting particles.

The ground state energy of the system is related to the one-body Green’s function by the expression

(Wo|T|Wo)  (Wo|V[Ty)

E, =
0 \I’o\‘l’0> (Wo|Wo)
= d*r lim lim iﬁg + —ﬁ2v—3 G(r,t, v’ 1) (11.14)
r’'—>rt/—t ot 2m R ' '

We show here below how to obtain the above expression.

WE shall use the following expressions of the commutators of 3 operators:

[A,BC] = ABC - BCA=ABC — BCA+ BAC — BAC (11.15)
[A BC ] = [A,BYC - B{A,C) (11.16)
[A BC ] = [A,B|C - B[C,A] , (11.17)
and also
{A,BC}y ={A,B}C - B[A,C] . (11.18)

We consider the commutator of the hamiltonian
2
0 o- T+V:/d3x1/3+(x) ( W )a,;( )
b [ dedy R )V )i (11.19)

with the operator 1&(1‘) I first evaluate the commutator with the kinetic energy term

o), 7] = | (), / iz ¢+<x>< 2 Y )zz() ‘ (11.20)
A B —_—

e}
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We apply Eq. (11.16)

G011 = [ G5y (0520 - [ Eeitoo (< 5E) e, de)

| ——
§(x—r) 0
2 292
- /d3m6(x7r) (mQZ%zp(x)) - ﬁQZw(r) . (11.21)
For the interaction term we consider
9. V)= § [aedy [12)( ), 9 () B )V (x ,ywyw(x)] . (11.22)
A B 1]

By applying Eq. (11.16) we obtain

), V] = % / &z d®y {{wr),w*(x)}é—f&*(x) {@,w(y)mx,yw(yw(x)}]
5(r—x) A’ B’ ol
= 5 [ v OV )i
1/ 3 3 o+ s SN
+ 5 | Pady (<07 ) {50, 0T3) ] V. y) b))
2 —_——
s(r—y) — (=) (y)

-5 [ dedy (<50 00) 5 )V ) [P0 D))

0

[\

= %/d?’yi/?*(y)v(r,y)z@(wiﬁ(r) ;/dew+(x) 0 bE)dr) . (11.23)

where we used Eq. (11.18) and the anti-commutation rules of the field operators. For the symmetry
of the potential V(x,y) = V(y,x), the two terms of the last expression are equal, therefore

(90, V) = [ a6V (30 )9) (11.24)
Putting together Eqs. (11.21) and (11.24) we obtain
[90). H] = =1 520w + [ d'adt (VX900 () (11.25)

We use this expression in the equation of motion for the field operator in Heisenberg representation
0 - ~ - i - -1 _if
ih-s i (rt) = [du(r,0), #| = e#1 [b(x), ] e 7

h? Vnz b (r,t)+/d%;zzg(x,t)v(r,x)@zSH(x,t)uSH(r,t) ) (11.26)

We multiply on the left by the operator 12% (r',t"), then we evaluate the expectation value on the
ground state |¥qo) and divide it by its norm

[zhﬁ _ (th Z;)} <‘1’o\1/3§(r<’&lt;|);}/3$(r,t)|xpo>

- Wlm / & (Woldis (¢, )0 (5, OV (0, )P o, )P, )| Wo) . (11.27)
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We take the limit for r’ — r e t' — t and after we integrate on d°r,

0 2V3 . VA _ <\I/0|V‘\IJU>
d’r }1§rtl/1ﬂ {zhat — (— 2m>} [<iG(r,t, ' t)] =2 Wo[To) (11.28)

where the factor 2 is due to the definition of V given by Eq. (11.19).
We use Eq. (11.7) to calculate the expectation value of the kinetic energy operator

2

Combining these two equations, by adding 27" on the left and right hand sides, we can eliminate the
potential term from the energy expectation value and than we obtain Eq. (11.14).

11.1.1 System of non-interacting fermions

In this section, we obtain an expression of the one-body Green’s function for an infinite system of non-
interacting fermions. This result is the starting point of the perturbative calculation of the Green’s
function describing a system of interacting particles.

The system of non-interacting particle is defined by the fact that it is described by a MF hamiltonian

H=Hy=> ha (11.30)
where h,, are single particle hamiltonians of which |¢,) are the eigenstates. In this case, all the operators
in the Heisenberg picture correspond to those expressed in the interaction picture

Oy = erflt Qe it = citlotOenHot = @ (11.31)

To simplify the writing we assume normalized to 1 the many-body states |®y). By definition, the one-body
Green’s function can be expressed as

§GO(x, X 1) = (@[T [da(x, ) (¢, )] o)
= (@oldn(x. )y (<, 1) @0)O(t — 1) — (Dol (¢ )in(x,0)|@)O(F — 1),  (11.32)

where O(z) is the step function.
Let’s consider the field operators in the interaction picture and express them in terms of creation and
destruction operators

t)=> ars(t)or(x) and 4 (x,t) Za,k )E(x) (11.33)
k

therefore
iGO(x, t,x' 1) = <<1>0|Z¢k( ake*WZ@c, Y e n ! | D)0t —t')
o (I)Ol Z¢k’ zwk/t Z¢k akeﬂ‘*”“t@O)@)(t' B t)
— Z (bk ¢k:’ —zwktezwk/t

Y
[(Polaray|®o)O(t — ') — (®olaf,ar|Po)O(t —1)] (11.34)
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where we defined wy, = Ey/h.
By definition of |®g) the following relations hold
<‘I)0|dk&2r,|q)o> = 6kk’@(k/ — kF), and <(I>0|(Alz/&k‘q)o> = 5k k’@(k/’F — k’) . (11.35)
In an infinite, and homogeneos, system the expression of the single-particle wave function is

1 —ik-x
—e , 11.36
Vo (11:36)
where spin and isospin dependent terms have been neglected. The unperturbed Green’s function (11.34)
assumes the expression

Pr(x) =

1 ) no_. /
iGO(x,t,x', 1) = o Y ekl [Q(k — kp)O(t —t') — O(kp — k)OO —1)] . (11.37)
k

N

Figure 11.1: Integration contour for the integral (11.41).

We remember that, for an infinite system, we have to substitute the sums in integrals following the
prescription
>~
k

By using the integral representation of the step function

(21?)3 /d?’k : (11.38)

[eS) 1 efik::c
=1 d [ — 11.
O@)=—Tm [ <2m'> k+in (11.39)

we can write

1 - ) / ) /
iGO(X, t, X/, t/) = (2 )3 /ddk e~ ik (x=x) g iy (t 1)
s

0 ! e~ W (t=t") 0 J e~ iw (t=t)
- = o(k—kp)— C Okr-k)| . 11.40
/0027ri W + i (k= ki) /,oozm’ W —in (ke = k) (11.40)
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Let’s show the validity of Eq. (11.39) by exploiting the residue theorem.

/oo el ot (k4 )efm =" (11.41)
oo 2mik+in ko —in 2mi K k+in ' '

where the overall minus sign is due to the direction of the integration contour for x > 0. In the case
x < 0 the integration contour will be closed without considering the pole, therefore the integral will
be zero. At this point one has that

lim —e™ " = —1 . (11.42)

n—0

from which Eq. (11.39) .

Putting everything together and multiplying by —i, we obtain

1 . ’ oo . ’ . ’

GO(X, t, X/, tl) _ (27‘-)4 /d3]€ e—zk-(x—x ) /_Oo dw' e (t—t )e—zwk(t—t )
k—k krp —k
w' +1in w' —in

We define a new variable w = w’ + wy and rewrite the above equation as

GO(x, 1,3 ) = - / @k ik ) / dwe-iot-t) | Ok —ke) | Okr =0 |y
(2m)4 oo W—wi i w—wk —

From the above expression we extract the definition of the unperturbed one-body Green’s function de-
pending on the energy and on the momentum

= [Sleckr) Ot )
W—WE+11m wW—wg—1

(11.45)

11.1.2 Lehmann representation

Let’s consider the full Green’s function, i. e. that of the system of interacting particles, and, to simplify
the writing, let’s assume that the ground state is normalized to unity (¥o|Wo) = 1. We rewrite the
expression of the Green’s function by inserting a complete set of eigenstates of the hamiltonian H

i G(x,t, %, 1) (Wo|T [JJH(X, t)q/};(x',t')} Wo)

D (W thu (3, 1) W) (W i (X, ) [ W0) O (t — #)

n

— > (WU () [ (W [ (35, 1) [ W) O (£ — 1) (11.46)

n’

The eigenstates |¥,,) and |¥,/) of H contain different number of particles. Specifically, the |¥,,) multi-
plying O(t — t') have A 4 1 particles, while |¥,,/) multiplying ©(¢' — t) have A — 1 particles.

Let’s indicate with A the number of particles, eigenvalue of the particle number operator

n= /d?’xw(x)zﬁ(x) . (11.47)
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We calculate the commutator

1, d(z)] = / i ()i (x), B(z)] = / &z [+ (2P (z) — D)t X))
= [@ 05609 — I EIIE) ~ D@)ix - 2)] = ~i(a) -

M=~ , Np—dN =), =4 ~1) (11.48)
therefore o o R R
Ny|Wo) = (N —1)|Wo) = (A —1)|Wo) = (A - 1)Y|Wo) , (11.49)
which indicates that the states of the second term of Eq. (11.46) have a particle less than the states
[o).
We use in Eq. (11.46) the field operators in the Schrédinger picture.
O = er HtOge= 1t | (11.50)
FG06 LX) = 38— e KRGO (L (<)o)
- Z Ot — )k =E I (0o [ () [ W ) (W [ () [ W0) . (11.51)
By substituting the expressions of the field operators
x) =Y ardr(x) and PF(x) = afop(x (11.52)
k k
we obtain
iG(x,t,x' 1) = Z@ t—t)e” FE BN g () gk, (%) (Vo g [ W) (W | W)
k,k/
_ Z@ t —t eﬁ(E 1 —Eo)(t—t") Z¢k (bk’ \I]0|az’|‘1] ><\I]n"&k|\1}0> (1153)
k., k!

By considering that, for an infinite system, Eqs. (11.36) and (11.38) hold, we can write
iG(x,t,x,t) =

D6l — B g [ e O, (0, af o)

(277)

1 .
O ek TR s [ e i ) (i) - (1150)

In the above equations we considered that |¥,,) is characterized by the momentum k, therefore

H_Z|\I/ i) /d3k|k><k’|—5kk/ .
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By using the integral expression of the step function (11.39) we obtain

G(x,t,x',t)

kelk x— x)/dwe—lw(t t')

zf“'i%m+;<f%'i><E;;'z’“"€z> 59
We define the Fourier transform
G(k,w) = /dS(x — 2 e xx) /d(t — )G (x, b, x 1)
- (Wolan|Pn) (nlay [To) S (Wolay [@n) (P |ax|To) . (11.56)

w— (B, — Ep)/h+in w4 (En — Eg)/h—in

Let’s consider the denominator of the first term. The energy Ej is eigenvalue of |¥() describing the
system with A particles, while E,, is eiegenvalue of |¥,) which has A + 1 particles. We rewrite the
denominator indicating in round brackets the number of particles of the system which the energy refers
to.

hw — En(A+1) + Eo(A) = hw — En(A+ 1) + Eg(A+1) — Eg(A+ 1) + Eg(A)
— hw — [Ba(A+ 1) — Bo(A+1)] - [Bo(A+ 1) — Eo(A)] = fw — o (A +1) -

In the above equations we call w,(A + 1) the excitation energy of the system with A 4+ 1 particles and
with p the chemical potential defined as

OF Ey(A+1)— Ey(A)
_ 11.57
a <8A) { Al (11.57)
where we indicated with Al the variation of one unit of the number of fermions.
The Green’s function in Lehmann representation is
~ Uolag| U, (T, a7 | R W, WU, |a |V
Gty = 3 LTl T ol B0) | (Wl [B) B[ 00) 115%)

w—wp —p/h+1in — w4 wp —p/h—in

n

The sign of the chemical potential in the second denominator is due to the definition (11.57) where
the derivative has positive sign when a particle is added to the system. It worth to remark that w, in
the first term is refers to the system with A + 1 particles, while w,  in the second term to a system with
A — 1 particles.

11.1.3 Physical interpretation

Let’s consider a state in the interaction picture and add a particle in the point x’, at the time ¢’
G ([0 (t)) (11.59)
This states propagates at the time ¢ as
U(t, ") ()W (t)) (11.60)

We shall calculate the overlap with 1[); (x,)|Ur(t)) for ¢t > t'.
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Let’s recall here below some property of the time propagation operator U (t,t)

. t)
(Wy) = [¥1(0)) = U(0, —o0)|®g) = |Tp)
t,tg) = e Hot g4 (Ho+H1)(t—to) ,— 7 Hoto
L0) = e # It (0,8) = et
) = e~ F Oy (et = U(£,0)050(0,1)
t) = erHtOge— A Or(t) = eFHot Ogo Hot
(W) = U, —00)|®(0)) .

At the time ¢’ in the point x’, a particle is added to the system, the state propagates and, later on, at
the time ¢, in the position x the particle is eliminated. This process can be described as

(L) dr (e )T (1, ) ()| (1)) =

(@olU (00, 8) [0 (2, 0 (x, U (0,6)] T (¢, ') [0, 05, (<, )T (0, )| U (¥, ~00)|o) =
(@00 (00, )0 (t,O)} du(x,t) U(o,t)ﬁ(t,t/)z?(t',())] b (1) {U(O,t’)U(t’, foo)|<I>0>} -
(Wow (x, )iy (x, )| Wo)

The last expression is that of the one-body Green’s function for ¢ > #. The Green’s function is the
probability amplitude that a particle created in the point x’ at the time ¢’ is destroyed in the point x at
the time t.

11.2 Two-body Green’s function

Also in this section, to simplify the writing, we assume (¥U|¥() = 1. The two-body Green’s function is
defined as

(—1)°G(x1,t1,Xo, t2, X3, t3, X4, t4) = (‘I’o\ﬁ‘[zﬁH(Xbt1)¢H(xz,tg)iﬂﬁ(X3,t3)1/A}§(X47t4)]|\110> ,  (11.61)

For the one-body Green’s function it has been necessary to consider two cases, t > t' and viceversa. For
the two-body Green’s function there are 4! = 24 cases. In reality for the symmetry properties

G(1234) = —(G(2134) = —G(1243) = G(2143) , (11.62)
there are only 6 independent cases. Out of these 6 cases only 3 have physically interesting properties.
1. t1,ty > ts,t4. This case implies
(—i)2G (%1, 11, X2, ta, X3, 13, X4, ta) = (Yol hu (%1, 11 )vhn (Xo, t2) Py} (X3, t3) Py (X4, £4)|Wg) ,  (11.63)

and describes the evolution of a state to which, at the times t3 and ¢4, two particles have been
added.

2. t1,to < t3,t4. This case implies
(—4)2G (%1, t1, Xa, ta, X3, 13, X4, t4) = <‘I/o|1$§(xs,t3)1/3§(x47t4)1ﬁH(X1,tl)i/A)H(X27t2)\‘I/o> , (11.64)

and describes the evolution of a state to which, at the times ¢; and t2, two holes have been created.
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3. ty1,t3 > tg,t4. This case implies

(—4)2G (%1, t1, Xa, ta, X3, 3, X4, t4) = —<‘I’0|1/3H(X17t1)1/3§(x3,ts)T/A)H(X%ﬁz)l/sﬁ(x4,t4)|‘1’0> , (11.65)
and describes the time evolution of a particle-hole pair.

This latter case is that of major interest to us and it is the only case treated in this section.
Since we work in non-relativistic framework the creation, and also the destruction, of a particle-hole
pair is instantaneous, we have that

ti=t3=1 e to=ty =1t . (11.66)
For this case, we express the two-body Green’s function in terms of creation and destruction operators

G(X17 t/aX2,taX37 t/,X4,t) =

Y G (x1)dl, (x3)bus (x2) 87, (xa) (Lol Tla, (¢')a, (t')au, (1), (£)][ o)

Viv2V3ly

= ) (X1, (x2), (x3) 85, (x4)G (v, ' va, b v, v, t) (11.67)

Vival3ly

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’s function depending on the quantum numbers
v characterizing the single-particle states.

We define the retarded part of the Green’s function by considering the ¢’ > ¢ case

GR(vi, ', va,t,vs, 1 va ) = (Wolaw, (¢)a5, (¢)au, ()45, () Wo)

i1 A _ i A A it L[t A _if At A _ i
<\I/0|65Htal,16 the,Hta;rge thethaU2e thethaJre th|\I]O>

= (Wolay,af e  FH-EIE 05 4t gy (11.68)

llge

where we made explicit the expression of the creation and destruction operators in the Heisenberg picture,
and we used H|¥o) = Ey|¥p). In analogous manner we define the advanced part of the Green’s function
for the ' < t case,

GAv,t vo, t,vs, t g, t) = <\Ifo|ay2a;e+%<H*Eo><t’ft>@ylaj3|\110> (11.69)

We can express the two-body Green’s function as

GA(v,t vg, tus, tug,t) per 7=t —t <0
G, va, v, 00, 7) = { Gl (v, o, t vt vy, t) per 7=t —t>0 (11.70)
11.2.1 Lehmann representation
We define the energy dependent two-body Green’s function as
G(v1,v9,v3,14, E) = / dr G(v1,ve,v3,v4,7) eR T (11.71)
—0o0

where 7 =t/ — t. We consider the retarded part

G (1,v2,v3,v4, E) = <‘I’o|du1&i3/ dr = H BB, 4k W) (11.72)
0

vy
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We can express the value of the time integral as

0 L(E—H+E))T ,—7T 00 iR
lim dr et (CHFBo+Etinr _ p,  ©" = ¢ = lim ! , (11.73)
n—=0 Jo nHOZ(E—H+E0+i77) n—0F — H + Ey +in
therefore )
~ o 1
GR(Vl,I/Q,Vg,V4,E) = h(\I/0|aV1aj'3 ,,2 1/4|\I/0> . (1174)

E—H+ Ey+in

With an analogous calculation we obtain for the advanced part

0 o
GA(vr, va, v, s, E) = (Wolan, i, / dr et =Bt g, 6ot W) (11.75)
0 L ] iL(E+H—Eo)T 0T —ih

lim dr er (H=Eo+E=in) _ jjpy " ‘ ? o = lim : ; (11.76)

n—=0 J_ n—>OZ(E+H Ey —in) =0 F 4+ H — Ey— 1
GA(v1,va, 3,04, B) = (=1)(Wo)ay,a _ a0t | W) 11.77
(v1,v2,v3,v4, E) ()<0|24E+H—E0—in13|0> ( )

therefore
_ié(yl7l/2,yg’l/4,E) = —E(GR + éA) = <\IJ()‘&1, &+ ~ 1 Qy, |\IJ()>
h h 1V3E—H—|—E0—|—i’f] 2 Gy,
A 1 N

— (Yol a;, - av,af | Wo) . (11.78)

E+H—E0—i77

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

%é U171/2,V3,V47E)
Z[ \Ilola’l’la’ ) (W n|al,2a [Wo) _ <\110|a,,2a W) (W |a,,1a [Wo)
" (En — Eo) +in E + (E, — Ep) —in

(11.79)

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

11.3 Linear response

Let’s 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, and we indicate its eigenstates as |¥). The external perturbation
is described by the term H<t(t)

H* = H + H*(t) = H + BF(t) , (11.80)

where B is the operator describing the action of the external perturbation on the system. For example
the perturbation can be generated by photons, electrons, hadrons, etc.. The function F(t) describes how
the perturbation acts on the time, and it is defined such as F(t) =0 for t <ty = 0. This means that the
perturbation is switched on after a specific time, tg which we define as zero time.
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We assume that, under the action of the external perturbation, the many-body system reacts with time
much faster than the time needed to the perturbation to switch on and off. Then, when the perturbation
is totally switched on the hamiltonian is H°t = H + B. In this case we can treat B as a perturbative
term of the total time-dependent hamiltonian. For this reason, we can consider the equation of motion
in the interaction picture (see Chapter 6)

lﬁ*|‘111( )) = Bi(t)|[¥r(1)) (11.81)

where .
Bi(t) = eF Mt Be i1t o |Wy(t)) = R T (1)) . (11.82)

In this section we use the convention that states and operators without sub-indexes are expressed in the
Schrédinger picture. We integrate Eq. (11.81)

m/ At () = | B

iﬁ[\\h(t» Wy (— / dt’ By(')|W1(t'))
W) = [ (—00)) — + j/ at' B(t) 0 (t)) (11.83)
Since the perturbation is off when ¢ = —oo we have that |U(—o0)) = |¥p). We can express the above

equation in perturbative terms by iterating the presence of |¥r(—o00))

I‘I’I(t)>:|\llo>*%/ dt’' Bi(t')[To) + - (11.84)

— 00

We call D the operator which describe how the system reacts to the external perturbation induced
by the operator B. The expectation value of this operator is given by

(W1(t)| D1 (1) Wr (1))

{1 [ by + oo {len -1 [ by + -]

(WalDu(0| o) + 7 [ e (el[Bu(e). Du®)] )+ (11.85)

We define the response function as

0 per t' <t
Rt —t)=14 i - . . (11.86)

ﬁ<q}0|[BI(tl)aDI(t)]|\I’0> per t' >t

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

Bi(t)) = en 1V Bem# Y Dy(t) = enflt De=illt (11.87)
we can express the response as

R(t' = t) = +(Wo| Bet T=F0)=) Dlwg) — = (wo| De™#T=F0)=) Blwg) (11.88)
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and, since it depends only on the time difference 7 = ¢ — ¢/, by using the definition of Fourier transform,
we obtain

R(E)

/ dTR(T)e%ET

- %<\110|B/ dret H=EotE)T Py %<%ID/ dre=#H—Eo=E)T B )
= —(Uo|B(H — Ey+ E +in)~'D|Wo) — (Uo|D(H — Ey — E —in) ' B|W) . (11.89)

We insert the completeness > |¥,,)(¥,| =1 and obtain

R(E)=Y"

n

— 00

(Wo| D|W,) (W0 | B[To)  (Wo| BIW,) (¥ |D|Wo)
E—(En—Eo)—‘y-i?? E+(En—E0)+i77

(11.90)

The poles of R(FE) 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

1 1
=9 imd(x — ' 11.91
' —xxin x’fx$m (@ a:), ( )

where # indicates the principal part, therefore

1 1
Sz—2)=—-S(—--] , 11.92
( ) T (x’ —xz+ in) ( )
with the symbol § indicating the imaginary part.
We assume D = B, as it usually happens, and consider only positive energies. The transition proba-
bility from the ground state to an excited state is given by

S(B) = ~~S(R(E)) = 3 (0ol B 5(E — (B, — Fy) - (11.93)

This is the traditional expression obtained by applying the time-dependent perturbation theory [Mes61].
Assuming that B is a one-body operator

B =" Byu,bua), and B,,,, = / d*r ¢ () B(r) ¢, (r) (11.94)

viva
we obtain

* <\I/0|&,,1&j |\Iln><\I"n|&l/3.&;r ‘\IIO>
R(E) = Z Z Z {BVIVZBVM E —2(En — Ep) + m4

ViV V3lVge N

By B}, <WO|&V3&I‘|W"><\P"‘&“%|%>] : (11.95)
’ E+(En_E0)+“7
Since B is hermitian, B,,,, = B;,,, and the indexes v are dummy, we can write
R(E) = Z Z BV1V2B;31/4

V1V V3lV4g
Z [<\I/0‘&V1djg|\I’n><q/n|dusd¢4‘\110> _ <\IIO|dV3&;Z|\I/n><\Iln|&V1&j2|\I/O>}
— E —(E, — Ep) +in E+ (B, — Ep) +in

= > 3 BB, ()G, vs, 12,04, E) (11.96)

V1V V3V4
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where, in the last step, we considered the expression (11.79) of the two-body Green’s function in Lehmann
representation. The transition probability is given by

S(E) = —-3(RE) =33 Biu Wé (mé(yl,yg,y2,u4,E)) . (11.97)

ViV2 V3Vy

11.4 Equation of motion

In this section we shall obtain a set of equation describing the time evolution of the Green’s functions.
Let’s consider the total hamiltonian as sum of one-body term Hy and a two-body term Hi.

B o= Ho+ = [ dad 0hed)
5 [ ddyit (9 6V v (11.98)

where ﬁ(x), in addition to the kinetic energy term, can also contain a MF, one-body, potential term. By
using the techniques adopted to obtain (11.21) and (11.24), we have

[b(r), Ho] = h(r)i(r) (11.99)

[A ﬁl} - /di’)xw(x)V(r,x)@(x)@(r) (11.100)

[0F (), | = it (0)h(x) (11.101)

] = - [ Ve (11.102)

From the definition of one-body Green’s function we obtain

Gt = (ol )3 (1) gy 2 )
(ol ) P
o 2208 e ot - )

- oYm(x
o) P gy

By considering the equations of motion in the Heisenberg picture

zh& =, H| , (11.103)
we can write
.0 ’ g /
in Glot X)) = Woldhs (x, )i (%', ¢') [ Wo) o (t — 1)
i (%, ) (x, ) Wo) (—8(¢ —¢)

‘ X,
—i) (W[ (x, ), H]ibit (x, )| Wo)O(t — t')h ™
=) (ot (< ') abwa (x, ), H|Wo)0 (' —1)h~"
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The first two terms can be written as anti-commutator between 1]) and 1[)*
(Woltha (e, DU () + W55 ()b (3, 1) [Wo) = (Wo { (e, ), 5 (%, #) } [Wo) = 8 = ') (11.104)

By considering the commutators between hamiltonian and field operators written above we have

z% G, t,x 1) = 8(x—x)3(t —t') + h(x) (Vo |T[w(x, )05 (X', )] o) (—i) "

(Wl [l 1), H i )] [Wo)(—i)h (11.105)

where, as usual, T indicates the time-ordering operator.
The factor at the second term is the definition of one-body Green’s function, therefore

{mgt - ﬁ(x)} Gx,t,x', ') = hé(x — x')6(t — t') — i (Yo |T {WH(x,t), ﬁflmg(x’,t')] |Wo) . (11.106)

By considering Eq. (11.100) the last term can be written as

(0o [ [ ity 07 Gy )ity 0t tm;(xcw} 70

[y ey Wl Dty (0 (v, 055 ()] o)

= /d3yf/(x7y)(i)QG(y,t,x,t,y,t,x’7t’) , (11.107)

where the definition of the two-body Green’s function has been used. The ambiguity in the choice of the
time to be associated to y and x is clarified by considering that the three field operators, depending on
these variables, are part of a single block defined at the time ¢. The equation of motion can be written as

[zhaat - fz(x)} G(x,t,x',t') = hé(x —x")6(t —t) +i/d3y V(x,y)G(y, t,x,t,y,t,x",t') . (11.108)

For a system of non-interacting particles V(x, y) = 0 therefore we can write

{maat - h(x)} GO(x,t,x' ') = ho(x — x')o(t — 1) . (11.109)

This expression shows that, for a system of non interacting particles, the Green’s function defined in
this chapter coincide with the resolvent of the Schrédinger equation [Mes61], as it has been defined in
Chapter 6.

The integral expression of the equation of motion (11.108) is

G(x,t,%,t') =G"(x,t,x’,t’)+%/d3yd3zG°(x,t,y,t) V(y,z)G(z.t,y, t,z,t,x',t') . (11.110)

A test of the validity of this expression can be done by inserting it in Eq. (11.108) and, by using Eq.
(11.109).

The equation of motion of the one-body Green’s function contains the two-body Green’s function in
both its differential (11.108) or integral (11.110) expressions. In general, it is possible to define a n-body
Green’s function as

(i)nGn(letla T 7Xnatn;xllvt/17 X )

(ol [dra(3c1, 1) - hua (o, )05 (61, #1) -+ 5 (1) 190)
(Wo| o)

(11.111)
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The equation of motion for a n body Green’s function requires the information on the n+1 body Green’s
function.

., 0
[lhat - h(Xl):| Gn(xhth e 7xn7t’n;x/17t/1u e ,X,/n,t,/n)
1

n
= 525(X1 —%)6(t1 — t) (=) Gt (Xt X1t 15X Ey X1t )
=1

+ i/dSyV(x,y)Gn+1(X1,t1,~--,xn+17tn+1;x’1,t/1,---,x;Hl,t;Hl) . (11.112)

This is a system of coupled equations connecting Green’s functions with different numbers of particles.

This problem is very difficult to solve since it is necessary to have the information on a Green’s func-
tion of a number of particles larger than that one is interested. The problem is formulated with a set of
equations which become always more complicated. If it would be possible to break the hierarchy by mak-
ing an assumption on the n-body Green’s function, then one could calculate the Green’s functions with a
smaller number of particles. From the operative point of view is in any case a very complicated procedure,
and normally it is preferred to use a pertubative procedure such as that described in Chapter 12.
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Chapter 12

Perturbative description of the
Green’s function

The perturbation theory developed in Chapter 6 can be used for the calculation of the Green’s functions.
We first consider the case of the one-body Green’s function and then, at the end of the chapter, the
two-body Green’s function.

We recall some relations presented in Sect. 11.1.3.

Ut,0) = e #ht [(0,t) =ert (12.1)
Ou(t) = et O(t)e M1t = 7(0,1)OU(t,0) (12.2)
[Tu) = [W1(0)) = [Ts(0)) = Uc(0, —00)|@o) = [Ty) (12.3)

where O is a generic operator, and the meanings of the other symbols is the same as those used in Chapter
6.

We express the expectation value of an operator © in the Heisenberg picture by exploiting the tech-
nique of the adiabatic switch on of the interaction

(WolOu()l¥o) (@0[Ue(+00,0) | Ue(0,)Or(t) Ue(t, 0) | Ue (0, —00)| @o)
(Wo|Wo) e=0 (®0|U. (00, —00)|Bg)
~ lim <‘1’0|Ue(+0<fat)©1(t)ﬁe(t7—00)|‘I)o> .
<0 {®o|Ue(+00, —00)| o)

Since

Ue(+00,t) Or(t) U (t, —o0) =
Z i /°° dty - /°° dt, e~c(til+Ita) T [ﬁl,l(tl) e I:II,l(tn):| On(t)

o0 t t
3 (i / dt’l---/ dt,,, e <+t {ﬂm(tﬁ)-“ﬁm(t;)} 7 (12.4)

m=0 -0

we can rewrite the one-body Green’s function as

. (12.5)

(DTHll IA{llu,AIA-i_ ()
iG(x,y) = - / it .. / i, (@oIT [Aa(t1) -+ i ()1 (2)d5 ()] 19o)

,,:o (®0]U (00, —00)|Po)
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where we used the symbol z = (x,t,), and analogously for y. In the above expression we have already
carried out the limit for ¢ — 0. Furthermore, we have considered that H, is hermitian, therefore the
expression (12.4) is valid for both ©y(t) and for @IJF (t).

We consider an instantaneous interaction

Uz, 2") = V(x,x )0t —1t) , (12.6)

therefore we can express the perturbative term of the hamiltonian as
Fua(t.t) = 5 [ d [ @b @ )V ex)3(e - Ol ya(a) (12.7)
The numerator of Eq. (12.5) can be expressed as
iG™0 (@,) = (@[T [dr(@)i (9)] |20)
+ (=) /_OO dt (| T [HI 1 () ()i (y )} [o) +---

The first term of this expression is the one-body Green’s function of a system of non-interacting particles,
which we call G°. The presence of §(t; —t;) allows us to insert an integral on #}. Therefore, we can write

iG™™ (z,y) = iGO(x,y) +(_i)/7 dity{ <I>0|T /d3x1/d3x (z1); ()
V1, 34)8 (0 — ) () n (@) ()i (y)]|@0) +

= iG%x,y)
+ /d4x1 /d 2y V(x1,x1)0(t; — t})

(@[T [ (e0)df (@) dn(at e ()5 (9)] 1B0) + -+ (128)

The evaluation of the above equation is done by using the techniques presented in the Chapter 6. In
order to use the Wick’s theorem it is necessary to define the contraction between two field operators. This
is quite straightforward since the field operators can be expressed in terms of creation and destruction
operators. We have shown that for these operators the anti-commutation properties are preserved in each
picture. In the specific case of the interaction picture we have

ar g (t) = ape "“rt afrk(t) = af et . (12.9)

The field operators are expressed in terms of creation and destruction operators as
= ¢l 5 Uil Z o (X)ar - (12.10)
k

where the ¢, (x) is a single-particle wave function. We can express the contraction as
l—l —
Z Z S ()P ()i, (t)an e (1)
[

= 3 Gi)e g (y)e e it
k k'

- T X e e {Tla o] - Nat o))
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therefore

e i y): (®ol1(z)dy ()| Do)

Yo
= (®o IT[if(w) T (W)]1@0) — (2o N1 (2)d (1)]|%0)

= (®o|T[1(2)df (1)]|o) = iG (x,y) . (12.11)

The calculation of Eq. (12.8) requires the use of the Wick’s theorem, therefore the calculation of
contractions which, as we have shown above, can be expressed in terms of unperturbed Green’s function.
This means that the Green’s function of an interacting system can be expressed as perturbative expansion
in terms of Green’s functions of non-interacting particles.

12.1 Goldstone-Feynman diagrams

We counsider the perturbative expansion (12.8) of the numerator of the one-body Green’s function trun-
cated at the first order

IGMI (g ) = GO, y) +
1 . T . . . . .
~i)y [[dten [ d et @l [ (o) (it (o) )] o)
Let’s apply the Wick’s theorem

(@0l [ ()i (a4)dbn (@ () () ()] o) (12.12)

| — | —

= (@old (w1)di" (@1)dhn (2} (a1)a ()5 ()] Do)

+ <‘I’0\1/31+§$1)1&1+

+ <‘I’0\1/31+ﬁ$1)151+ @ )r(ey (1) i ()] ()| o) -

In terms of unperturbed Green’s function the above equation can be written as

ZG(l)num(x y) = iGO(z,y) + ( /d4a?1 /d4x1 (w1, })
{6 @ -G (@1, 20)][~iC (w,24)]
— [GO ()| [—iG° (1, )] [—iGO (], 1))
+ o[G0 (@, )| [~iG0 (@1, )] [iGO(), )]
— [ (@, 20)][~IGO ()| [IGO (21, )]
+ o[G0 (@, )| [—iG0 (@), ) [iG0 (21, )]
— G a6 (@, )]G )]} (12.13)
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Figure 12.1:

Also in this case the use of a graphical representation is convenient. The unperturbed one-body
Green’s function G%(z,y) is represented by an oriented line going from y to z, since ¢, > t,. The
interaction is represented by a dashed line. The various terms of the perturbative expansion (12.13) are
described by the diagrams presented in Fig. 12.1.

The A and B terms of Fig. 12.1 are sub-units composed by unlinked diagrams. The numerator of the
Green’s function can be described as indicated in Fig. 12.2, i.e. by the product of two blocks of different
kinds of diagrams. The first kind is composed by all the linked diagrams containing the points z and .
These diagrams are represented in the left bracket of the figure and they are multiplied by those contained
in the right bracket where the x and y points do not appear. This latter set of terms is identical to that

b O | |1+ OO+

Figure 12.2:

of the denominator which does not contain the x and y points. For this reason the Green’s function can
be expressed only in terms of linked diagrams containing the x e y coordinates. Diagrams topologically
equal, for example C and E as well as D and F, in Fig. 12.1, give identical contribution.
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The one-body Green’s function in configuration space depends on two coordinated. For translationally
invariant systems it is convenient to use the Fourier transform of this function, defined in the momentum-
energy space, since it depends on a single, four-dimensional, variable.

Gla,y) = ket VG(k,w) | (12.14)

alk) = / Az — ) e H DG, y) . (12.15)

where we defined d*k = d*k dw and k -z = wt — k- x. We obtain an analogous expression for G°.

For instantaneous interactions depending only on the difference between the coordinates of the two
interacting particles, we obtain
—Hc (x— y)u

U(z,y e~ (K)§(ty — 1) - (12.16)

By inserting these definitions in the expression of the Green’s function it is possible to define the
Fourier transform of expressions which can be viewed as Goldstone-Feynman diagrams. The interesting
feature of this representation in momentum space is that the momentum is conserved at each vertex.

12.2 Dyson’s equation and Self-energy

The expression (12.5) indicates that the Green’s function of the interacting system is composed by the
unperturbed Green’s function plus all the linked diagrams which can be inserted between the coordinates
x e y. The mathematical expression of the above observation is

G(z,y) = G°(z,y) /d4331 /d4 GOz, x1) 5 (1, 27) GO (2], y) (12.17)

which defines the quantity 3 called self-energy.

X X

®

A = +
[ ]

y y

Figure 12.3: Graphical representation of the self-energy.

The graphical representation of this expression is given in Fig. 12.3. The thicker oriented line indicates
the Green’s function G of the interacting system, while the thinner lines indicates the Green’s function
GO of the non-interacting system. The blob represents the self-energy 3.

From the point of view of the calculation it is more convenient to use the proper self-energy. In the
perturbative expansions there are diagrams which can be separated by cutting a line representing G°. For
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Figure 12.4: The proper insertions of the interaction lines are those of the C and D diagrams.

example, these are the diagrams A and B of Fig. 12.4. There are diagrams which cannot be separated
in autonomous parts, as example the C and D diagrams of the figure.

The proper self-energy is defined as the sum of all the diagrams which cannot be separated. Clearly
the self-energy can be obtained by summing all the possible proper self-energy insertions. In Fig. 12.5
the blob with two sets of dashed lines indicates the full self-energy, while the blobs with a set of single
dashed lines the proper self-energies. The mathematical expression of this idea is expressed as

Sy, 2h) = S(ay, xh) +/d4$2/d4m’25)(951,332)6'0(302,x’z)fl(x’%x'l)
+/ d4”“2/ d“x’z/ d's / d'aly D1, 22)G" (w2, v (', 23) G (w3, w5) (af, a4) + -
By inserting this definition of proper self-energy in Eq. (12.17) we obtain

G(z,y) = G%(x,y) +/d4l‘1 /d4$’1 G (a, 21) S (1, 27)G (2}, )

+/d4x1 /d4 /d4x2 /d4 GOz, 2)% (xl,xl)GO(x’l,xg)i(xg,x'z)GO(xé,y)
(12.18)
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Figure 12.5: The self-energy can be rewritten as a sum of terms of proper self-energy insertions.
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Figure 12.6: Graphical representation of the Dyson’s equation.

This expression can be written as

Glz,y) = G,y) + / d'z, / a4, GOz, 205 (a0, )G a1 y) - (12.19)

and it is known in the literature as Dyson’s equation. Its graphical representation is shown in Fig.
12.6.

In this equation it is possible to carry out perturbative expansion of both Green’s function and also
of the self-energy. The possibility is evident for the Green’s function. For 3, it is worth to consider the
C diagram of Fig. 12.4. In this diagram the first order in the interaction contains a single loop; the
complete diagrams is at the second order.

The Dyson’s equation assumes a simpler expression when it is referred to a infinite and homogeneous
system of fermions. In this case, we can define

G(x,y) =

(21)4 /d4ke—ik~(m—y)(~;(k) and f)(x,y) = (21)4 /d4ke—ik~(m—y)§:(k) . (12.20)
d 0
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By inserting these expressions in the Dyson’s equation (12.19), and by using the conservation of the
four-momentum k, we obtain

M

G@w%:@%z/d%fmwﬂﬁé%m+é%m(mé@ﬂ, (12.21)

therefore, the expression of the Dyson’s equation in momentum space is

éwzp%m@%ﬁmam, (12.22)
from which
~0
G(k) = G Uf): = — ! — . (12.23)
1= G%k)%(k)  [GO(K)]T = X(k)
Since
0 [ Ok—kr)  O(kp—k)
GOk, w) = [wwkﬂ.n o in] (12.24)
we obtain
[GOk)] ™ =w—wy (12.25)
and then
G(k) = ; . (12.26)
w—wy — 2(k)
S A U +
Figure 12.7:

In analogy to what we have done to obtain the Dyson’s equation we can treat the interaction. Fig.
12.7 shows how it is possible to consider the interaction between two generic particle, or hole, lines by
defining the polarization operator 11

U(z,y) Zﬁo(x,y)'i'/d%l/d%'l ﬂo(%xl)ﬂ(ﬂflwi)ﬂO(%ay) . (12~27)

The above equation indicates that the interaction between two particles in the medium is composed by
the bare interaction, that in vaccuum 7:[0, plus all the terms related to the medium polarization, which
we describe in terms of virtual particle-hole excitations. The polarization operator II contains all these
excitations.

We present in Fig. 12.8 two of the possible diagrams contained in the polarization operator II. The
diagram A belongs to the kind of diagrams defined as proper diagrams since they cannot be separated
by cutting an interaction line. The diagram B has three interaction lines, but it is possible to cut the
second line and separate it in proper diagrams.
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Figure 12.8:

In analogy to what we have done for the self-energy, we can describe the interaction in terms of proper
diagrams, by defining a proper polarization operator 11 as the one containing only proper diagrams

ﬂ(xl,x'l) :f[(xhx'l) +/d4x2/d4$’2 ﬁ(ml,xg)ﬁo(xg,xlz)f[(x'z,x'l)
+ /d4x2/d4 /d4x3/d4x3 (21, T2 Uo(xg,xz) (m2,x3)uo(x3,x3)ﬁ(xé,x’1)—|—---
= M(z,a}) —|—/d4x2/d ahy T (xy, 29) Uo (2o, 25)IL(2h, ) . (12.28)

Therefore

Uz, y) (z,9) /d4x1/d4x1 Uo(z, 221, 2 Uo (2, y)

/d4$1/d4 /d4x2/d4x2 Uo (@, 21)TI(21, 22) Ug (w2, 2h) (2h, 2} ) Uo (2, y) + - -

_|_

Uo(z,y) + /d4m1 /d4sc'1 Uo(z, )T (2, 2 U (), y) (12.29)
which is the analogous of the Dyson’s equation for the interaction.

Also in this case, for translational invariant systems, therefore infinite and homogeneous, it is conve-
nient to define the Fourier transforms of U and II which we indicate simply by inserting the dependence
on the four-vector k:

Uk) = Uo(k) + Uo(k)IL(k)U
WE) = Uo(k) + Uo(k)TI(k)U

o(k) (12.30)
(k) . (12.31)

From the second equation, above, we obtain an expression for ﬂ(k‘)

g — Lok _ Tty
L= Uo(R)L(k) — R(K)

, (12.32)

where the last expression defines the dielectric function K which modifies the bare interaction U, for the
presence of the medium.
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12.3 Hartree - Fock

Figure 12.9: First order of the perturbation expansion of the Green’s function described in terms of the Dyson’s
equation.

The first step to the solution of the Dyson’s equation (12.19) consists in considering only the insertion
of a single interaction line. Diagrammatically this approximation is described in Fig. 12.9. A slightly

Figure 12.10: Self-energy insertions in the diagrams of Fig. 12.9.

more elaborated approximation consists in considering all the possible self-energy insertions in the Green’s
function lines of the two terms of Fig. 12.9. The results of this infinite number of self-energy insertions
is graphically represented in Fig. 12.11.

Let’s consider the Dyson’s equation (12.19)

Glay) = Gay) + [ dar [ @i Goe o) S o )Gl )
In the approximation presented in Fig. 12.9 the self-energy can be expressed as

D (2q,2h) = —i [54(1«1 — ) /d4a:271(:171,1:2)G0(;1:2,x2) — U(zy, )Gz, 24| . (12.33)
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Figure 12.11: Representation of the HF approximation in the Dyson’s equation.

and, in the approximationn of Fig. 12.11 as
REUD (2, 20) = —i {54(% — ) / dAaoU(zy, 29)G (29, m2) — U(wy, ) Glay, o)) | (12.34)

The HF approximation does not include diagrams such as those presented in Fig. 12.12. As usual, the
hamiltonian H has been separated in Ho and H 1. The unperturbed Green’s function G is defined with
respect to the H, eigensates. If the hamiltonian H is time independent, the interaction U can be written
as:

U(xy,2)) = Vixy,x))o(t, — ) .

We define the Fourier transforms about the time variable

G(xt,x't") = Zi/dwe_i“(t_t/)é(xx',w) , (12.35)
m
1 . N o~

GO(xt,x't") = Q—/dwe_w(t_t)GO(x,x’7w) : (12.36)
m

S(xt,x't)) = 3(x,x)d(t—t) /dw —iwt=%(x, x) . (12.37)

The Dyson’s equation in mixed representation is

G(x,y,w) = G(x,y,w /d3x1/d3 GO(x, %1, w) 2 (x1, X)) G(x), y,w) . (12.38)

In the approximation (I1) the self-energy becomes
AU (21, 2h) = hSUD (xq, x1)6(t — t)) = —ib(tr — t})
X [63(x1 —x’l)/d4w2\7(x1 —xQ)Qi/d(.ueﬂ“’(t2 t5) é(XQ,XQ,CA))
™

—V(x1 fx'l)%/dwefm(tl*tr)é(xl,x’l,w)} . (12.39)
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Figure 12.12: Example of diagrams not contained in the HF approximation.

In the above equation t* > t. We shall use this property to properly define the step function.
As usual, the symbol qﬁg(r) is used to indicate the single particle wave functions of the one-body
hamiltonian }AIO

Hy = Zhj ; il](z)?(r) _ [_ hQZ + @(r)] qbg(r) = quﬁg(r) , (12.40)

where (r) is the MF potential. We use the basis formed by these single-particle states to express
the field operators in the interaction picture

)= ar(t)er(x) 3 e t) =D af(t)(dr(x)" - (12.41)
k

k

Therefore
iG°(xt, x't') = (@] T |4 (x, tw(x:t')] @)
= (®o] Zake*“kt Za* wrt (o0 (x)) | 0)O(t — t')O(wh — €r)
®0|ZA+ zwk/t Za 71wkt )|q)0> (t —t)G)(EF—CUk)
= quk x) (G0 (x)) " ion =t ) [O(t — t)O(wi — er) — Ot — 1)O(er —wi)] , (12.42)
k
where we defined wy = €x/h, and used

(®o|ara), |Po) = rkO(wk — er) ; (Pola},ar|Po) = durO(er — wi) - (12.43)

By considering the integral representation of ©(¢t —t'), see Eq. (11.45), we obtain

(x,%x',w) quk Olen—er) | Oler—er) | (12.44)

Ww—wi+1n w—wip —1i

With the ¢° obtained from Eq. (12.40), we can calculate the G° which can be used to activate an
iterative procedure implying the Dyson’s equation (12.38) and the self-energy equation (12.39).

It possible to search for G an expression analogous to that of Eq. (12.44) where the ¢° are substituted
by generic ¢ eigenstates of a new hamiltonian and related to the previous single-particle wave functions
by a unitary transformation (see the discussion in Sect. 9.2.2). The Green’s function has the following
expression

G(x,x',w) Zm {@(6’“_@) 4 Olee—er) | (12.45)

w— wi +1 w—wr — 1
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By inserting this expression in Eq. (12.39) we encounter integrals of the type
1 eiw\t—tﬂ 1 eiw|t—tﬂ

—0; = [d —e(—ft—tT]) (12.46)

omi ww—wk—i—in 271 w—wi — 1

therefore we obtain the expressions

SUD (2, 27) = $UD (1, )6 (1 — )) (12.47)

EEUD (x1, %)) = —1[53()(1 - x’l)/deQV(xl —X2)i > dk(X2)k(x2)O(er — €x)

k

i (0 = x4) 3 oulo )i () Ofer - )|
k

= &(a—x)) /dsﬂfzf/(xl —x2)p(x2) = V(x1 = x1) > di(x1) 5 (x1)O(er — €x) ,(12.48)

k

where we used the expression of the expression of the density in the MF model
€F
x) =Y or(x)i(x) - (12.49)
k

We define the operator

L = hw— Hy = hw + —W(x) , (12.50)

V>
2
and we apply it to the unperturbed Green’s function

L6 (xuxtw) Z(hw&)a&ﬁi( Do ) [ S ) Ol )

Ww—wk+1 w—wg—1in

th x1)p " (x1) [O(eh — &) + O(ep — )] = hd®(x1 — %) ,(12.51)

where we used the completeness of the ¢°, and wy = €’ / h. The prev10us expression indicates that
the action of the operator L is analogous to the multiplication by (GO) . 1 apply this operator to
the Dyson’s equation

a[A’C;’(xl,x'l,ou) = ,fG (x1, %], w /d3x2/d3x§IG X1, X2,w)X (xz,xz)é(xlz,xll,w)

hé®(x1 — x}) + /dBw'gE(xl,xlg) G(xh, X1, w) . (12.52)

By making explicit the expression of £ we obtain

{m+h2v2 0 }Z% ) (x { O —er) e(EF—ek')}

w — wk—i—m W — Wk —

O(ex — €r) O(er — €x)
w—wi +1 w—wi — 1

= 106 )+ [ S x) B onte)eic) | | a2s3)
k

By multiplying by ¢;(x}) and integrating on x}, for the orthonormality properties of the ¢, the sum
disappear and we obtain the equation

P )] st

{MJF Ol —er) | Oler —¢)) }

w—w;+1n  w—wj—in

O(e; — €r) n O(er — ¢;) }

w—w;+1 w—wj—1in

= y) + [ de Sl xa)6 o) [ (12.54)

153
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By multiplying by w — w; = w — €,/ we obtain

{7 fLQZl +U[>(X1)} ¢;j(x1) +/d3xl2 S(x1,X5)pj(x2) = €;¢5(x1) (12.55)

and by inserting Eq. (12.48)

RV
2m

+ W(xﬂ} bj(x1) + /d3X2 V(x1 = x2)p(x2); (x1)

[ eV —x) 3 nlo)oi () (x2)Oer — 1) = 05(x0) - (1250

k

which is the traditional form of expressing the HF equations, (see Sect. 9.2.2).

12.4 Bethe-Salpeter equation

In the calculation of the Green’s function with the Dyson equation as indicate in Fig. 12.13, each single
term of the perturbative sum remains finite only if the potential remains finite. In general, the presence
of a strongly repulsive core in the bare interaction between two particles makes each term of the sum
much greater than the value which has to be evaluated. This is the same kind of problem discussed in
Chapter 8 for the calculation of the energy of the system, tackled by using the Bruekner’s theory.

Each thin line of Fig. 12.13 indicates the Green’s function G, which can be described in terms
of single-particle wave functions ¢y, as indicated by the Egs. (12.44) and (12.45). This means that
each intersection between a dashed and a continuous line implies the product V¢k between microscopic
interaction and unperturbed wave function. As discussed in Chapter 8 this product is not finite for
potentials going to infinity. By using a strategy analogous to that presented in Chapt. 8, we build an
effective interaction by summing an infinite set of diagrams such as the product Vel g, is finite.

Figure 12.13:

We consider all the interactions linking the particle lines. This approximation, called of ladder dia-
grams is presented, for the first three terms in Fig. 12.14. We remark that the ladder approximation
sums all the, infinite, interaction terms linked to the particle line. This restriction is necessary since in
the interaction process the fermion modifies its state. Since the hole states are all occupied the use of
the particle state avoids problems with the Pauli exclusion principle.

We consider the interaction term between two particles as represented by the diagrams in the higher
part of Fig. 12.15, and indicate it as 31, where with sub-index L, we indicate the ladder approximation.
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Figure 12.14:

The expression of the interaction can be written as

Yz, 2h) :?:l(xl,xl) 12 (21,2} /d4x2 /d4x2 Go(xl,xg)u(xg,xg)Go(xg,a:l)

ol [dn [ iy [t [t

GO(z1, 22)U(wa, ) GO (w2, 23) U(ws, ) GO (h, ) GO (h, o)) + -
= ?:l(gcl,xll) 1+/d4x2 /d4x’2 GO<.’L'1,(E2)?1($2,LL'/2) [1—1—

/d4x3 /d4ng0(x27x3)?:l(m3,xg)(1 +- ~->G0(x’3,x’2)}G0(x’2,x'l)} . (12.57)

The above expression iterates the same integration kernel. By considering the expansion at all the orders,
we obtain the expression

Sp(zy, 2h) = Uz, o)) [1+/d4a:2 /d4x’2 Go(x17x2)f]L(x27x’2)Go(:v’2,x’l)} , (12.58)

whose graphical representation is given by the diagrams of the lower part of Fig. 12.15. Eq. (12.58)
is known as Bethe-Salpeter equation even though, in reality, is the ladder approximation of the
Bethe-Salpeter equation.

Also in this equation there are products between the microscopic, bare, potential U and the non-
interacting Green’s function G°. However, these terms are multiplied by 31, which make the integrand
finite.

The above the Bethe-Salpeter equation is expressed in terms of G°, but it is possible to use a G
obtained by a HF' calculation.

12.5 Random Phase Approximation

It is possible to formulate an equation similar to the Dyson’s equation (12.19) also for the two-body
Green’s function. We consider here only the two-body Green’s functions describing the time evolution of
a particle-hole pair. For this situation, the analogous to the Dyson’s equation is:

G(x1, 22,23, 24) = G° (21, 12, T3, 24)

+ /d4y1 Ay dys dys GO (21, 22,91, y2) K (1, Y2, Y3, ya) GO (Y3, Ya, 3, 74) (12.59)
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Figure 12.15:

where the term K contains all the linked diagrams which can be inserted between particle and hole lines.

Also in this case it is possible to define proper, irreducible, diagrams. In Fig. 12.17 the diagram A is
reducible since it is possible to cut the external particle and hole lines generating two diagrams already
present in the perturbative expansion of the two-body Green’s function. On the contrary, this is not
possible for the B diagram which is called irreducible, or proper. By considering the insertion of only
proper diagrams Eq. (12.59) can be formally rewritten as

G(w1, 32, 3, 74) = GO(21, 22, 73, 24)

+ /d4y1 d*ys d*ys d*ys GO (w1, 22, y1,y2) K (Y1, Y2, y3, ya) G (Y3, ya, w3, 24) (12.60)

where the kernel K contains the insertion of all the irreducible diagrams.
The Random Phase Approximation (RPA) consists in considering, in the previous equation, instead
of the K the interaction U depending only by two coordinates

KA (1,92, ys, ya) = Ulyr, ya) [6(y1 — 2)8(ys — ya) — 5(v1 — y3)(y2 — )] (12.61)

therefore
RPA 0
GV (2, w2, 23,14) = G (21,2, 23,T4)

+ /d4y1 d*yo GO (1, 2, y1, y1 ) U(y1, Y2 ) GRFA (g2, yo, 3, 74)

- /d4y1 d4y2 G0($17x27y17yQ)ﬂ(yluy?)GRPA(yhyZa‘rfivxﬁl) B (1262)

where we separated the direct and the exchange terms. The graphical representation of the above equation
is given Fig. 12.19.
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Figure 12.16: Graphical representation of Eq. (12.59). The dashed part represents the kernel K.

Let’s consider the expression of the two-body Green’s function in Lehmann representation Eq. (11.79).
Since |¥,,) and (¥, | indicate the same excited state the terms

(Polak, ay, |¥n)(¥nlar,a, [Po)
imply
Oky kO (ko2 — kp)Op, k, 0(ka — kr) .

For this reason it is possible to define the Fourier transforms of the two-body Green’s function, and also
of the interaction kernel, depending on two momenta

G(x1,x0,x3,24) = (2m)78 / d¥key dtkge™ R (@1=20) gik2(@2=23) Q(f) o) (12.63)

K(xy, 0, 3,24) = (2m)78 / dikey di ke (@1 =) gika(@2—2a) R (e ko) (12.64)

By inserting these definitions in Eq. (12.60), and using the RPA assumption (12.62) on the kernel,
we obtain an expression of the Dyson’s equation for the RPA in momentum space. A long calculation,
even though does not present difficulties, shows that by considering the direct term only of Eq. (12.62),
the equation assumes a purely algebraic aspect

GRPAP (e, ko) = GO (kr, o) + GO (kr, ko) U(ky — s = @)GRPMP (ke ko) (12.65)

The exchange term cannot be factorized in a simple algebraic expression.
By considering only the direct term, the RPA assumes the so-called ring diagrams approximation,
and the expression of the two-body Green’s function in this approximation is

GRPAD (i Ky + ) = GO(k1, b+ q) + GO(hr, by + )U(@)GRPAP (ky ki +) (12.66)
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Figure 12.17: The A diagram is reducible while the B diagram is irreducible (proper).

GRPAD (k1 Ky + q) [1 — GOk, by + Q)U(Q)} = G°(ky, k1 + q) (12.67)

. 0
GRPAD (k1 ki + q) = GO (K1, by + Q)~ (12.68)

1— GOky, k1 + q)U(q)

This expression is commonly used to calculated the linear response to an external probe for infinite
fermion systems.

The RPA obtained by using the two-body Green’s function seems to be a completely different theory
with respect that presented in Chapter 10. As it has been done for HF theory, also in this case it is
possible to obtain the RPA formulae presented in Chapter 10 starting from Eq. (12.62). The calculation
is quite long and cumbersome. The key point which allows the identification of the two-formulations of
the RPA is the following correspondences between the X and Y RPA amplitudes of Sect. 10.3.2 and
the transition amplitudes of the two-body Green’s function in Lehmann representation Eq. (11.79). The
relations are:

Yo = (Wit ) 5 Vi, = (Ulana o) (12.70)
(12.71)

where |U,,) and |¥y) are, respectively, RPA excited and ground states.
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bR

Figure 12.18: Graphical representation of Eq. (12.60). The doubly dashed part represent the proper kernel XK.

Figure 12.19:



160 CHAPTER 12. PERTURBATIVE DESCRIPTION OF THE GREEN’S FUNCTION

Figure 12.20: Graphical representation of the ring diagrams approximation of the RPA.
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Chapter 13

Correlated Basis Function theory

13.1 Introduction

In the previous chapters we have pointed out that, in the description of many-body systems, a naif
application of perturbation theories has to be avoided because of the strongly repulsive core of the bare
particle-particle interaction.

In part III, by using language and terminology inspired to Quantum Field Theory, we have shown
how this problem can be tackled. The interaction between particles in medium is modified with respect
to that in vacuum. The Brueckner’s theory, Chapter. 8, is a typical example how to produce this kind
of effective interaction which is defined by Eq.(8.2).

A different approach to the many-body problem comes from the Statistical Mechanics. In this case
the focus is not on the interaction, but rather on the wave function describing the relative motion of the
interacting pair of particles. The situation is exemplified in Fig. 8.1, where ¢ indicates the unperturbed
wave function of the two interacting particles whose overlap with the potential produces the large values
of the matrix elements which hinder the application of the perturbation theory. By multiplying ¢ by a
function, called correlation function, which prevents the two particles to get too close, it is possible to
avoid the problem of the strongly repulsive core. This is the basic idea of the Correlated Basis Function
(CBF). The language is completely different from that used in Part ITI. The treatment is the correlation
function.

The starting point of the CBF theory is the search for solutions of the many-body Schrodinger equation
by using the variational principle (see Appendix A). The equation to be solved is

< Up|H|Up >
OEVp]=—————=0 13.1

where H is the hamiltonian describing the system of interacting particles, and |¥r) is a many-body trial
wave function. In the specific case of the CBF theory, the search for the minimum is carried out on all
the wave functions which can be expressed as

Up(L, .y A) = F(1, ..., A)B(L, ..., A) | (13.2)

where |®@) is the state describing the system of non-interacting particles. In the fermionic case |®) is a
Slater determinant, while for bosonic systems is a symmetrized product of single particle wave functions.

The second assumption of the theory, usually called Jastrow’s anstatz, is that the many-body corre-
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lation function F' can be written as a product of two-body correlation functions

A
F(1,...,A) = [] f@ri), (13.3)

j>i=1

where f (rij) is a function of the distance between the ¢ and j particles composing the system.

These assumptions are the same adopted in the VMC approach presented in Sect. 4.2. The difference
between these two theories is in methods used to calculate the expectation value of the hamiltonian in Eq.
(13.1). In the case of VMC the expectation value is obtained by using the Monte Carlo multidimensional
integration techniques, see Chapter 4. In the CBF case it used a cluster expansion proposed by Mayer and
Mayer to describe liquids within the traditional statistical Mechanics [May40]. The particles, correlated
by the function f, generates clusters. The CBF theory, after a topological study of the various clusters
succeed in formulating a set of integral equation which sum in closed form all the clusters of a certain
type. For bosonic systems this set of equations is called Hypernetted Chain (HNC). The extension of the
theory to the fermionic case is far from being trivial and has been formulated at the beginning of the 70’s
of the last century [Fan74].

Even though our interest is in fermion systems, we introduce first the CBF theory for the bosonic case
where the formulation is simpler and it will be used to clarify the essential points of the theory. After
that, we shall discuss the extension to fermionic system which has to account for the Pauli exclusion
principle.

13.2 Bosons

Let’s consider a system of A bosons, with zero spin for simplicity, contained in a volume ¥). The ther-
modynamics limit is obtained by considering both A and ¢ going to infinity but maintaining finite the
particle density p = A/{. The system is homogeneous and has translational invariance, therefore the
particle density is a constant. The wave function describing this system can be expressed as

w1, @z, wa) =8 (o1(01) -+ balwa)) (13.4)

where § is an operator which symmetrizes the total wave function for the exchange of two particles. In
the previous equation, ¢;(z;) indicates the single particle wave functions generated by a translational
invariant mean-field model. We called z; the generalized coordinates of the i-th particle, that is in
addition to the space coordinates also spin, and eventually isospin and other quantum numbers which
can characterize the particle.

In this description of the system ground state, all the bosons occupy the same single particle state,
that of minimal energy. In analogy to the case presented in Sect. 2.3, the single particle wave functions
are eigenstates of the momentum p = hk, and they can be expressed as:

1
o;(z;) = NG eiki Ty (13.5)

In this case, the generalized coordinate z corresponds to r. The density of the system can be obtained
by using the equations (13.4) and (13.5),

pole) = A" (2)o(x) = 55 = p (13.6)

which is a constant, as expected.
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As we have already anticipated the idea is to solve the Schrédinger equation by using the variational
principle with the trial wave function (13.2) where the correlation function is given by the expression
(13.3).

In the calculation of the energy functional (13.1) it is very convenient the use of a quantity called
two-body distribution function (TBDF') defined as:

A(A - 1)/dx3 codz AV (21, 20,y A) U (T1, 22, .., T 4)

g(x1,m2) =
p2/dwldxg...dscA\Ilr’}(acl,x27...,xA)\IIT(acl,:vg,...,xA)

A(A - 1)/dx3...dxAFQ(xl,mQ,...,xA)|<I>(x1,x2,...,J:A)|2
- : (13.7)
pQ/dJZldJ?Q...d.TAFQ(.Tl,J?Q,...,I‘A)|(I)(£1,$2,...,Z‘A)|2

where the fact that F' is a real scalar function has been used. The expectation value of every two-body
operator, such as the interaction, is given by integrating the product of the operator and the TBDF on
the two coordinates x1 e xo:

~ 1 N
<O >= ipz/dxldxg g(x1,22) O(z1,22) . (13.8)
The use of the TBDF allows us to separate the evaluation of the many-body effects independently of the
operator ©(z1,x2) which has to be considered. In case of a bosonic system we have that

A

- (z1) po(z2) (za)
|®|? = H¢*($i)¢($i) = poA1 p0A2 pOAA = % (13.9)

where in the last equivalence we used the fact that the system is homogeneous.
By using the equations (13.4), (13.5), (13.6) and the expressions (13.2) and (13.3), the numerator and
the denominator of Eq. (13.7) can be written, respectively, as

A2
— P 2
where we also included the term 1/p?, and
p 2
D =Ty /dxldxg...dx,q |JERCHE (13.11)

1<j
The cluster expansion is obtained by defining an new function h(r;;)
f2(riy) =1+ h(ry) . (13.12)
and inserting it in the Jastrow’s ansatz of the many-body correlation function,
[T 720) = [T+ h(ri)) = (1 R(riz)) (L4 Blris)) - (1 + B(ras)) - (13.13)
i<j i<j

The cluster expansion consists in grouping the terms containing the same number of hA-functions

A
Hf2(7”ij) =1+ Zh(ﬁ'j) + Z h(rij)h(re) + - - (13.14)

i<j i<j i<j k<l
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A convenient method to analyze the structure of the various terms of Eq. (13.14) consists in using the
graphical representation introduced by Mayer [May40]. In this representation, the coordinates x which
are integrated are called internal points and are they are represented by black circles. The h-functions
are indicated by dashed lines.

J k [
[ ] [ ] [ Y °
L4 o ““0 @ °
l l Jj I J

Figure 13.1: Graphical representation of some terms contributing to Eq. (13.15). The dashed lines indicate the
h-functions, the black points indicate the internal points which are intergrated.

Let’s first consider the denominator @, Eq. (13.11), which can be written as

oA
D = F/dxldxg...dxA [1 + ;h(ri]‘) + SiQZ;k h(ri)h(rik)
+ > h(rih(r) + .. } . (13.15)

i<j<k<l

The first sum of Eq. (13.15) is represented by the diagram A of Fig. 13.1. A single h-function relating
the ¢ and j points.

The second sum of Eq. (13.15) is represented by the diagram B. In this case the point k is shared
with the two h-functions of the sum. The total contribution of this term is:

%W p3 /dl‘zd.’l,']dl'kh(nk)h(r]k) 5 (13.16)
where the factor (A —1)(A — 2) takes care of the fact that, in the sums, the indexes ¢, j and k are limited
by the condition 7 < k < j.

The third sum of Eq. (13.15) contains two h-functions, as the second one, but these functions involve
four different points. The contribution of this term is represented by the C diagram of Fig. 13.1, and it
is given by the expression

Al ot

A2 A / daidr;drgdrih(ri)h(ri) - (13.17)

The global contribution of this equation is given by the product of two separated integrals, a first one on
z; and z; and a second one on x and x;.
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J i J
b4 @-----mmmmmean -
O o S o o o
1 2 1 2 1 2

A B C

Figure 13.2: Graphical representation of some terms contributing to Eq. (13.18).

Let’s consider now the numerator, defined in Eq. (13.10). In this case, there is no integration on
two coordinates, which have been identified with the 1 and 2 indexes. In the product of the correlation
functions it is convenient to factorize the f2(ri2) term outside the integral. By using the expansion
(13.12) we obtain the expression

n o= Pt ie2lu-g Y [anhe)
+W;j;2/dxidxjh(mj) +o. (13.18)

For the description of the numerator a new graphical symbol has to be included. The points 1 and 2
which are not integrated, called external points, are indicated by white circles as it is shown in Fig.
13.2, where the terms of lower order in the expansion of Eq. (13.18) are represented.

The uncorrelated term is represented by the A diagram. In the equation a correlation function f2(r12)
is present, and it is unserstood in the graphical representation. The B diagram represents the first sum
of Eq. (13.18), where the h-function connects an external point with an internal one. Also the second
sum of the Eq. (13.18) contains a single h-functions, but, in this case, it connects only internal points.
The contribution of this term is represented by the C diagram of Fig. 13.2. The points 1 and 2 can be
interchanged and this produces the factor 2 of the second term, and, in general, doubles the contribution
of each kind of diagram.

The numerator and denominator of the TBDF (13.7) are expressed by the Eqgs. (13.15) and (13.18) as
sum of terms characterized by the number of the h-functions and by that of internal and external points.
Each term of these sums forms a cluster of particles, linked by the h-functions of the correlation, and it
can be described by a diagram.

Let’s make a topological classification of the various diagrams.

a) Linked and unliked diagrams

From the graphical point of view the unlinked diagrams are easily identified since they are composed by
separated parts, as, for example, the diagrams C of Figs. 13.1 and 13.2. From the mathematical point of
view, we have already seen that the contribution of this type of diagrams is obtained by multiplying the
integrals which describe by the separated parts of the diagrams. For example, for the diagram C of Fig.
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13.1 we have that

Al
mA4 //dr drjdridrih(ri;)h(ry) =
1 6
E(l 1 + — A2 - — /drzdrj Tij) /drkdrlh(rkl)

The linked diagrams cannot be expressed as products of independent parts, for example the diagram B
of Fig.13.1.

The parts of the unlinked diagrams which do not contain the two external points are present in the
set of the diagrams of the denominator.

o o------ -
B ® * -
a i
‘. q @---------- . [ [ R (]
! 1a
o o) o o o o
1 2 1 2 1
A B C

Figure 13.3: Examples of reducible diagrams in the numerator of the TBDF, Eq. (13.18).

b) Reducible diagrams
The linked diagrams of Fig.13.3 have the property of being reducible. From the graphical point of
view these type of diagrams are characterized by the presence of, at least, one internal point linking
the part of the diagram containing the external points with a part containing only internal point. For
the translational invariance of the system, the contribution of these two parts can be factorized. In
bosonic systems the unlinked diagrams and also the reducible ones can be expressed as products of a
term containing external points time one, or more, terms containing only internal points.

The factorized part of these diagrams which does not contain external points can be simplified, up to
1/A order by the diagrams of the denominator. The proof of this property is presented in Ref. [Fan74].

By summarizing the situation, we can state that in the expression (13.7) of the TBDF, the diagrams
of the denominator cancel the factorized contributions of the unlinked and reducible diagrams present in
the numerator. For this reason the TBDF can be expressed as sum of linked and irreducible diagrams,
all containing the external points 1 and 2:

g9(r12) = f3(r12) Z Yirr(r12) = f2(r12) (1 4+ S(r12) + C(r12)) . (13.19)

all orders

The translational invariance of the system implies that the TBDF depends only on the relative distance
of the two external points 5.

In Eq. (13.19) we have already made explicit the fact that the irreducible diagrams can be further
classified in simple and composite which have been, respectively, indicated with S(r12) and C(r12).
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IRREDUCIBLE

NODALS ELEMENTARY
[ ]

Figure 13.4: Examples of irreducible diagrams, classified as composite and simple. The latter ones are classified
as nodal and elementary.

c¢) Simple and composite diagrams

The composite diagrams are formed by parts which are connected only trough the two external points,
as indicated in Fig. 13.4. These composite diagrams can be expressed in terms of simple diagrams. Since
there is not integration on the external points, the contribution of a composite diagram is given by the
product of the simple diagrams connected to the external points.

Let’s call S?(r12) the contribution given by the sum of all the composite diagrams formed by the
product of only two simple diagrams, as in the case of the composite diagrams of Fig. 13.4. Since the
exchange of all the particles of a sub-diagram with those of the other one produces the same composite
diagram it is necessary to multiply S?(r12) by a factor 1/2 to avoid double counting. In the box it is
clarified how this 1/2 factor comes out by considering the diagrams of Fig. (13.5).

e | .
[} o é) b
Q p
1 ® L ° °
< P & p 9 »
j . . PO é

o B’ Ba op

Figure 13.5: Example of formation of composite diagrams starting from simple diagrams.
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Let’s suppose to build composite diagrams with the two « and  diagrams of Fig. 13.5. The
contribution of the diagrams obtained by iterating twice o e 3 is given by (a+ 8)? = o® + 82 + 2.
The diagrams o and 82 have symmetry 1/2. In the evaluation of the numerator (13.18) it necessary
to insert this factor since by interchanging the i and j indexes one obtains the same contribution. On
the other hand, the sums of Eq. (13.18) are limited with j > ¢ and this implies that only one of the
two topologically identical terms appears. The same idea is valid for the 82 diagram. For example
the expression for o? is

;/dmh(rli)h(ng)/dxjh(rlj)h(rjg) = %;/dl'ih(Tli)h(TiQ)/dxjh(le)h(TjQ) .

Also the sum in the last two diagrams must be multiplied by 1/2 since the limits on the sums require
that only one of the two diagram contributes.

The same reasoning can be repeated for every composite diagram formed by two simple diagrams.

The same procedure can be used to build composite diagrams with n simple diagrams. The symmetry
properties used to obtain the 1/2 factor for S?(r12) are valid for each S™(rq12) and require the presence
of a 1/n! factor to avoid double counting. The total sum of the composite diagrams can be expressed in
terms of simple diagrams as:

fS2(7"12) S3(ri2) | S*(r12)

C(T‘lg) = 21 + 30 + Al +... . (1320)

By using this result, the TBDF, Eq. (13.19), can be rewritten as:
52(7"12) 53(7’12)
o a1
= [*(r12) exp[S(ri2)] (13.21)

g(Tlg) = fQ(Tlg) 1+S(7"12)+

where the Ist equality appears since the system has an infinite number of particles.
The above equation expresses the TBDF only in terms of simple diagrams which can be classified as
nodal or elementary, sometime called bridge, diagrams.

d) Nodal and elementary (bridge) diagrams

In a nodal diagram there is at least one point where all the paths going from one external point to the
other ones have to pass. These special internal points are called nodes. Diagrams without nodes are
called elementary. Some example of nodal and elementary diagrams is presented in Fig. 13.4.

The situation of the calculation of the TBDF can be summarized by stating that there is no contribu-
tion of unliked and reducible diagrams, while that of the composite diagrams can be expressed as infinite
sum of simple diagrams as indicated by Eq. (13.21). By calling N(r12) the contribution of all the nodal
diagrams, and F(r13) that of the elementary diagrams, the TBDF can be expressed as:

g(riz) = f2(T12) exp[N(r12) + E(r12)] (13.22)
= [1 + h(T’lg)] [1 + N(Tlg) + E(’I"lg) + .. ]
= 1 + N(Tlg) + X(’I“lg) . (1323)

This equation defines the diagrams contained in X (r12), which are normally called non-nodal since they
do not have nodes.
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k .
@ e »
a(rix) - b(r2)
N
5 2

Figure 13.6: Example of nodal diagram. The contribution of the part of the diagram to the left hand side of the
node k is called a(r1x) and that to the right hand side as b(rx2).

A nodal diagram can be considered as composed by parts which are connected in the nodal point. For
this reason, each nodal diagram can be obtained by integrating the two, or more, functions representing
the contributions of the various parts of the diagram. Let’s consider, as example, the nodal diagram of
Fig. 13.6 which has 1 and 2 as external points and k as a node. The contributions of the two parts of the
diagrams are called a(ry) and b(r2) and the total contribution to the TBDF (13.19) of this diagram is:

[ dratrastris)otre) = o [ dratragbien) = (atr|plenbirn) (13.24)

where the density p(rj) has been associated to the integration point ry to have the correct normalization.
Because of the homogeneity and the translational invariance property of the bosonic system we are
considering the density is constant, therefore it has been factorized outside the integral. The last term

defines the symbol ( ’ ) which indicate the folding product on the ry point.

The global contribution N(r12) of all the nodal diagrams between the points 1 and 2 can be obtained
as folding product in the node ry of all the irreducible diagrams which can be built between 1 and k£ and
between k and 2:

N(r2) = (X (ru) |p(rn) [N (ree) + X (rea)]) - (13.25)

Each nodal diagram has, at least, one node, and every path between the external points 1 and 2 must go
through all the nodes of the diagram. The above equation indicates that the part of the diagram between
1 and the first node k, which is a non-nodal diagram, must be folded in ry with

i) a non-nodal diagram, and this generates a diagram with a single node,

ii) a nodal diagram, and this produces a diagram with more than one node.

The folding of N(r;;) with N(rx;) would generate diagrams already present in N(r;;) and, therefore, it
is not considered.

The set of equations (13.22), (13.23) and (13.25) are known as HyperNetted Chain equations (HNC).
Eq. (13.22) expresses the TBDF in terms of simple diagrams by summing, in closed form, the composite
diagrams, and Eq. (13.25) calculates the contribution of all the nodal diagrams. No closed expression to
calculate the elementary diagrams is available. They have to be included one by one. The calculations
of TBDM without the contribution of the of the elementary diagrams are called HNC/0. When the
contribution of the simplest elementary diagram, that shown in Fig. 13.4, is included the calculation of
the TBDF is named HNC/4, since this diagram involves four particles.
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The HNC equation are solved by using an iterative procedure. The input required by the calculation
is the correlation function f(r12). Starting from the ansatz N (ri2) = E(ri2) = 0, which implies X (r12) =
f?(r12) — 1, one obtains a new set of nodal diagrams by using Eq. (13.25). With this new set of nodal
diagrams one calculates g(ri2) with Eq. (13.22) which allows the evaluation of the non-nodal X (r12)
diagrams by means of Eq. (13.23) which are used again in Eq. (13.25) to calculate a new set of nodal
diagrams. The procedure continues up to when convergence is reached.

The solution of the HNC provides the TBDF which is used to obtain the energy value (13.1) with the
I’hamiltonian
A h2 A R
2V + Y Vi (13.26)
i=1 i<j=1
The expectation value of the energy is calculated by using the trial wave function
Ur(1,...,A) = F(1,...,A)d(1,..., A) = é’(Hfij)(I)(l,... JA) (13.27)

i<j

The calculation of the contribution of the two-body potential term V;; is straightforward, as indicated
by Eq. (13.8). The evaluation of the kinetic energy term is more involved. The procedure commonly
adopted separates the contribution in three parts

TY=Tp+Tr —Tem. - (13.28)
The first part is a term where the derivatives act on the mean-field wave function ®
B2 A A
T, =—— O*F? 2p > — %) 2V, 0 13.29
b= 4m<< ;Vz><;<V> Vi®) > |, (13.29)
the second part is a term where the derivatives act on the correlation function

h? A
Tp=—1- <@[F (ZW )=, (13.30)
i=1
and the third part is a term giving the center of mass contribution:

A
T = W%(Z%)Q\DT > . (13.31)

i=1

In the previous equations the symbol <> indicates

[dxq,...,desaX(21,...,24)

13.32
< \I/T|\I/T > ( )

<X >=

The term T is handled in analogous manner of the two-body term of the interaction ‘A/ij and inserted
in Eq. (13.8). The evaluation of the other terms is more complicated, but it does not present special
problems.
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13.3 Fermions

In the description of a fermionic system it is necessary to consider the Pauli exclusion principle. The
extension of the theory HNC to these systems is called Fermi HyperNetted Chain (FHNC). In this case,
the mean-field wave function ® (13.2) is a Slater determinant of single particle wave functions ¢,.

The expression of the TBDF (13.7) contains the squared module of the uncorrelated wave function.
The |®]? can be expressed as:

po(x1, 1)  po(zr,22) ...  po(w1,xa)
po(xa, 1)  pol(xa,x2) ...  po(w2,xa)

1®(1,2,...,4)> = . _ _ _ : (13.33)
po(xa,x1)  po(xa,z2) ... po(za,za)

were the elements of the above determinant have been defined as:

po(xi,z) = ¢h(xi)dal;) - (13.34)

The sum is carried out on all the occupied single-particle states, which for the ground state are all the
states below the Fermi surface. Eq. (13.34) defines the uncorrelated One-Body Density Matrix (OBDM)
which is the basic ingredient of the calculation od the TBDF in fermionic system.
A fundamental property of the OBDM, due to the orthonormality of the single-particle wave functions,
is:
/da:jpo(a:i,a:j)po(xj,xk) = po(zi, ) , (13.35)

where the integral sign indicates the integration on the space coordinate and also the sum on the third
components of spin, and eventually, of isospin.
The sub-determinants are defined as:

Po(wl,wl) po(l‘l,xz) po(xl,xp)
po(x2, 1)  po(x2,22) ...  po(z2, 2p)

Ay(1, ... p) = ) ) _ o pP<A. (13.36)
po(l'p,$1) pO(xmm?) po(xp,xp)

For the property (13.35) of the OBDM, the sub-determinants have the following property

/da:p+1Ap+1(1, v+ 1) =(A=p)A,(1,...,p) , (13.37)

and, by iterating
/d:bp+1...d:rAAA(1, vy Ay = (A =D)AL, ..., p) . (13.38)

This implies that:
Ap=0, if p>A. (13.39)

As example, we show these propertied in the Aj case.

po(x1,z1)  po(z1,w2)  po(x1,z3)
po(x2, 1)  po(z2,x2) po(wa,x3)
po(xs, 1)  po(xs,x2) po(xs,x3)

A3(17273) =
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_ o) oz, )
S A B
3 po(ﬂ?Q»xl) (3327 3)
p(an?xQ) po(mg,.’ﬂl) po(:L'g,Z'ZS)
po(x2,x1)  po(w2,z2)

+ p(a?l,x?’) po(xg,l'l) po(a?g,l?)

For the normalization of the OBDM and the property (13.35) we obtain

p(x1,z1)p(x2, 22) A — p(x1, 1) p(T1, 22)

/d3r3 A3(1,2,3)

)
= plz1,22)p(r2,21)A + p(21, 22) p(22, 1)
+  p(x2, m1)p(z1,22) — p(71, 71)p(T2, T2)

= (A=Dp(z1,z1)p(w2,72) — (A = 1)p(22, 21)p(21, T2)

B 1y po(z1,z1)  po(z1,z2)
= (4-1 po(z2, 1)  po(z2,x2)

The property (13.39) is extremely useful in the application of the cluster expansion techniques in finite
fermionic systems. It is worth to remark that these properties of the OBDM and of the sub-determinants
depend only on the orthonormality of the single-particle wave functions, and not on their expression. For
this reason they are valid for both infinite and finite fermion systems.

Also in the fermionic case the cluster expansion is analyzed in terms of diagrams. It is necessary to
include a new graphical symbol to consider the fact that particles of the system are correlated not only
by the h(r;;)-function, which takes into account the so-called dynamical correlation, but also by the Pauli
exclusion principle, usually referred to as statistical correlation. This last fact is inserted in the OBDM
po(xi, ;) which, in the calculation of the TBDF, forms closed loops which do not overlap. The graphical
symbol adopted to indicate the OBDM is an oriented line joining the z; and x; points.

As in the bosonic case there is no limit for the number of dynamical correlation lines which can join
a single point. On the contrary, the Pauli exclusion principle implies that a point can be reached by
two statistical lines or by none. Only the external points have a possibility of being reached by a single
statistical line.

By using the trial wave function (13.2) with the Jastrow ansatz (13.3) and the definition (13.12) of
the h-function the TBDF (13.7) can be written as:

A(A—1)/dx3....dx,4(1+2hij+ 7 hijhjk )@@, s )

g(x1,12) = e task , (13.40)
p2/dx1....dxA(1+Zhij+ 7 highje 4 )@@, wa)
1<j i<j<k

where h;; = h(r;j).
By using the definition of sub-determinant (13.36) the numerator, 1, and the denominator, @, of the
previous equation can be expressed as sums of terms characterized by the number of A-functions:

A(A-1
n= ¥f2(7’12)/d1‘3....d1‘,4 1 +Zh” + Z hijh]‘k + ... AA ; (1341)
p i<j i<j<k
D = /dacl dra [ 14> hig+ Y highje+ . | Aa (13.42)

i<j i<j<k
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The expressions of 71 and @ can be rewritten by grouping the terms with the same number of points p,
this set of term is indicated by X®)(1,2,3,..,p). For example,

XO)(1,254) = hyi + hoi + haiha; -
By using this convention, the TBDF can be written as

|

A
(A—2)! A
YL G ’<L2,~-.,p>]

g(x1,22) = = A(i;l)fQ(rm)/dxg...dmAAA

[/d$1...dIAAA<1+zA:mX(p)(l,...,p)>‘| .
= (A —p)!

The factorial terms multiplying the X ®) functions take care of the fact that each permutation of the
internal points do not modify the value of the diagram.

By using the property (13.38) it is possible to integrate the above expression of the TBDF on all
the coordinates which are not reached by the correlations, i.e. those which are not present in the X ®)
functions. This procedure leads to the following expressions of numerator and denominator of the TBDF

A
B S (r12) 1 ® (1 o
n = Al pe pz::?(p—Z)! dzg...dz, X P (1,2;...,p)Ap(1, ..., p), (13.43)
A
D = A!Z—|/dml...dpr(p)(l,...,p)Ap(l,...,p). (13.44)
p:
p=0

It is possible to formally extend up to infinity the upper limits of the two sums of the previous expressions
by using the property (13.39) of the sub-determinants.

In analogy to the bosonic case, at this point of the calculation a topological classification of the various
diagrams contained in 1 and D is required.

a) Linked and unlinked diagrams

The definition of linked and unlinked diagrams is analogous to that used for the bosonic case, with
the novelty that now the links to the external point can be obtained either by a dynamical correlation
line (a dashed line) or by a statistical correlation line (a continuous oriented line). The mathematical
expression of the unlinked diagram show a factorization of the integrals containing the external points
and those without them. The sum of this latter type of diagrams is exactly the sum of the diagrams of
the denominator which simplify. The TBDF can be expressed by considering only the linked diagrams
L (1,243, ..y 0p)

2 712 -
g(z1,22) = g(r12) = ! (pQ ) As(1,2) + Z
p=3

M/dfvsmd%efp(l,?;---,p) : (13.45)

b) Reducible diagrams

In the bosonic systems the contribution of the reducible diagrams is canceled by the denominator up
to 1/A factor. In the fermionic system this contribution is exactly zero in infinite systems. The point
is illustrated in Fig. 13.7. The two reducible diagrams shown in the upper part of the diagram differ
only for the presence of a statistical loop in the right diagrams. In an infinite system the statistical
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Figure 13.7: Example of cancellation of two FHNC reducible diagrams The statistical loop in the higher part
introduces a minus sign and, therefore, the total contribution of the two diagrams is zero.

loop contributes with a -1 factor. Therefore, the contribution of the diagram with an additional loop is
identical to that of the other diagram but with a different global sign. As indicated in lower part of the
figure the total contribution is zero. In an infinte system to each reducible diagram is associated another
diagram with an additional statistical loop.

In finite fermionic systems the contribution of the reducible diagrams is not zero. The sum of the
parts which develop out of the reduction point produces a factor which is the correlated one-body density
of system. By including this vertex correction in the reduction points the reducible diagrams are included
in the counting of the simple diagrams.

¢) Simple and composite diagrams
As in the case of the bosonic system, the composite diagrams are construced by joining simple diagrams
in the external points. Of course, one has to consider the role of the statistical correlations, but also
in this case the contribution of the composite diagrams is obtained by summing the simple diagrams
classified in nodal and elementary.

d) Nodal and elementary

The definition of nodal and elementary diagrams is analogous to that of the bosonic case, but both
dynamical and statistical correlations are considered. The presence of statistical correlation does not
allows the formulation of a single integral equation for the calculation of all the nodal diagrams, as it
happened in Eq. (13.25). It is, however, possible to formulate a system of linked integral equations which
describe the contributions of the nodal diagrams classified by the type of correlation reaching the external
points.

The graphical examples of the various types of diagrams required to obtain the different integral
equations are shown in Fig. 13.8. In the A and B diagrams, the external points are reached by dynamical
correlations only. For this reason they are identified with the dd (dynamical-dynamical) sub-indexes.
The C and D diagrams have dynamical correlations reaching the point 1 and two statistical correlations
reaching the point 2. The sub-indexes identifying the diagrams are de (dynamical-exchange). The E and
F diagrams are indicated as ee (exchange-exchange) since in both cases the external points are reached
by statistical lines. It convenient to define diagrams which are reached by a statistical correlation starting
from 1 and arriving to 2 and forming an open ring. These diagrams are called cc (cyclic-cyclic) and do
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Figure 13.8: The variou tyopes of nodal diagrams required by the FHNC equations. The sub-indexes classify
the diagrams with respect to the type of correlation reaching the external points 1 and 2.

not directly contribute to the calculation of the TBDF.

As in the bosonic case, see Eq. (13.25), also in the present case, the total contribution of the nodal
diagrams can be obtained by carrying out a folding integral of the various terms of the diagrams in
the nodal point. In the fermionic systems the Pauli exclusion principle prohibits the folding between
diagrams of the same type. For example a diagram of e type can be folded only by diagrams of type d in
that point.

Let’s indicate with IV the sum of all the nodal diagrams and with X that of the non-nodal irreducible
ones. Clearly, N e X are identified by the sub-indexes dd, de, ee e cc. For the nodal diagrams it is possible
to write the following set of equations

Naa(riz) = (Xaa(r1s) + Xae(r1a)|p(e) Naa(rss) + Xaa(raz)))
+ (de(7‘13)|ﬂ(r3)[Ned(7"32)+Xed(7‘32)]>

Nae(r12) = (de(ﬁs)+Xde(7“15)|p(r3)[Nde(T32)+Xde(7”32ﬂ)
+ (Xaalrig)p(ra)[Nee (r32) + Xee(r32)]) |

Nee(r2) = ( ed(ﬁs)+Xee(T13)|P(T3)[Nde(7‘32)+Xde(7“32)]>
 (Xealria)lp(es) [Nee(rsz) + Xee(rs2)]) |
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Nee(1z) = (Xeeria)lp(rs) [Neo(rs2) + Xee(rsz) — C(kwrse) v]) - (13.46)
The equations for the non-nodal diagrams are:

Xad(r12) = gaa(riz) — Naa(riz) — 1,

Xae(r12) = gaa(r12)[Nae(r12) + Eae(r12)] — Nae(r12) |

Xee(r12) = gaa(r12){Nee(r12) + Fee(r12) + [Nae(ri2 + Eqe(r12)]?

—V[Nee(r12) + Eee(r12) — %f(kFﬁz)]Q} — Nee(ri2) ,

1
Xee(r12) = gaa(riz)[Nec(ri2) + Eec(r12) — ;é(kFTu)]
1
Ncc(Tlg) + ;f(kFT’m) . (1347)
The partial definitions of the TBDF are:

gdd(rl2) — f2(rlz)eNdd(r12)+Edd(7’12) ;

9de(r12) = Nae(ri2) + Xae(ri2) ,

ged(rw) = gde(r12) )

gee(rl2) = Nee(ru) +Xee(T12) 5
1

gec(r12) = Nee(ri2) + Xee(r12) — ;g(kFﬁz) . (13.48)

The total TBDF is obtained by summing the partial terms
9(r12) = gad(r12) + gea(r12) + gde(T12) + gee(r12) (13.49)

Figure 13.9: Four-points elementary diagram.

The system of Egs. (13.46), (13.47), (13.48) and (13.49) form the Fermi HyperNetted Chain (FHNC)
equations. As in the case of the bosonic HNC equations, also the FHNC allows the calculation of all the
composite and nodal diagrams in closed form. Also in this case, the elementary diagrams, such as that
of Fig. 13.9, are excluded and they have to be calculated one by one.

Also in this case the FHNC equations are solved by using an iterative procedure analogous to that
adopted for the solution of the HNC equations. After the TBDF has been obtained the energy of the
system is calculated following the same paths outlined for the bosonic case.
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Figure 13.10: Examples of the FHNC/SOC diagrams. The wavy lines represent operator dependent correlations.

The FHNC theory has been applied to the fermionic liquid helium. It is the case where the helium
atoms are composed by >He nuclei and not “He. The properties of the fermionic liquid helium are rather
different from those of the bosonic case, since the two liquids follows two different quantum statistics.
The interaction in both cases is the purely scalar Coulomb interaction as discussed in Sect. 3.4.

The nuclear interaction is much more complex, as discussed in Sect. 3.3, the FHNC approach presented
so far is not adequate to handle all the different aspects of the problem. For this reason in nuclear systems
the Jastrow’s ansatz (13.3) is modified by adding correlation terms depending on the operators used to
describe the nuclear hamiltonian (3.1)

A A 6
F(1, oy A) = S( II F]) - s( II pr(mj)Og’j) . (13.50)
j>i=1 j>i=1p=1
with the operators defined as
OV =1,#; %,6:-64,(6: - 65) (i 75), Sij, Sij (T - 75) - (13.51)

The step (13.12) defining the h-function had a universal value because the correlation was a scalar
function. Now it is necessary to consider that the various terms of the correlation do not necessarily
commute with the terms of the hamiltonian and neither between them. This fact does not allow the
formulation of equations which sum in closed form all the diagrams of a certain type. It is necessary to
introduce an approximation.

It is possible to sum in a closed form diagrams containing chains of operator-dependent correlations
which have only one correlation between two points, as in the diagrams of Fig. 13.10. This approximation
is called of Single Operator Chain (SOC). The FHNC/SOC theory with the inclusion of the elementary
diagram of Fig. 13.9 is the most elaborated theory of CBF type used in nuclear physics. This theoretical
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framework is adequate to treat hamiltonians with two-body interactions only. The insertion of three-
body forces is not included in the diagrammatic expansion scheme of the FHNC, but, analogously to the
elementary diagrams, is inserted by considering the single diagrams.
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Figure 13.11: Correlations obtained in variational FHNC/SOC in the various operator channels for various
doubly magic nuclei [Ari07].

We show in Fig. 13.11 the correlation functions f,, obtained in a variational FHNC/SOC calculations
for some doubly-magic nuclei. The different panels present the correlation functions of the various
operator channels. The most important correlations are the scalar ones which are, usually, one order
of magnitude larger than those in the other channels.

13.3.1 Infinite nuclear matter

As example of application of the CBF theory we discuss here some results obtained for nuclear matter.
The system under study has translational invariance and constant nucleonic density defined by the sum
p = pp + pn of the, constant, proton and neutron densities. The energy per nucleon e = E/A is
traditionally written in power expansion with respect to the asymmetry parameter § = (p, — pp)/p, i-e.

e(p,8) = e(p,0) + esym(p) 6% + O(5*). (13.52)

Around the minimum of symmetric nuclear matter, § = 0, at the saturation density pg, the two
coefficients are expanded in powers of the parameter € = (p — po)/(3 po)-
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exp AFDMC CBF DIM SLy5 DDME?
0 0.16 £ 0.0 0.16 0.16 0.16 0.16 0.15
e(po,0) -16.0 £ 0.1  -16.00 -16.00 -16.01 -15.98 -16.13
B 220 =+ 30 276 269 217 228 278
Esym (P0) 30-35 31,3 3394 2945 32.66  33.20
L 88 + 25 60.10  58.08 25.41 48.38  54.74

Table 13.1: Properties of infinite nuclear matter obtained with different types of calculations. The saturation
density po is expressed in fm~3. All the other quantities in MeV. The Monte Carlo results are those of Ref.
[Gan10], those of the CBF theory from Ref. [Akm98]. The other results from [Co12].

For the symmetric nuclear matter we obtain
1 2
e(p,0) = ay + §Kve + ., (13.53)

where the term of first order in ¢, related to te first derivative with respect to p, is zero since e(p,0) has
a minimum for p = pg. In the quadratic term, related to the second derivative, the coeffient, defined as

2%e(p,0
B = 9p? % (13.54)
P P=P0
is called compression modulus, see Eq. (2.60).
The second coefficient of Eq. (13.52), called symmetry energy, is expanded as
esym(P) = Gsym + L€+ ... . (13.55)
with the coeflicient 5
L = 3po esgim(p) (13.56)
P P=P0

Table 13.1 shows the values of these quantities calculated with different theories at the value of the
saturation density pp. The comparison is done with empirical values (exp). The values obtained with the
CBF theory [Akm98] are compared with those obtained by a calculation of Auxiliary Field Diffusion Monte
Carlo (AFDMC) [Ganl0], both of them are using the same microscopic interaction of phenomenological
type. The other results are obtained in HF calculations with different effective interactions.

The values of the saturation densities and of the minimal energy agree within variation of 2% and
0.4%, respectively. Other variables have similar values in other calculations. The major differences are
present in the values of L.

The equation of state for pure neutronic matter (a), symmetric nuclear matter (b), and symmetry
energy (c) are shown in Fig. 13.12. All the calculations show a good agreement at the saturation point
of symmetric nuclear matter. There are remarkable differences away from this point.

What it is interesting is the close similarity between the CBF e AFDMC results.
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Figure 13.12: Equation of state for pure neutron matter (a), symmetric neutron matter (b) and symmetry
eneregy The black points show the CBF results [Akm98], the black lines those of the AFDMC [Ganl0] and the
other lines different HF results [Col2].



Chapter 14

Unitary correlation operator method

Around the 90’s of the last century, mainly in the framework of the theoretical nuclear physics, and
more in general, in that of the many-body problem, a great attention on the short-range correlations
has been addressed. Among the various proposals of treating these type of correlation it is particularly
interesting the Unitary Correlation Operator Method (UCOM) [Fel98] which emphasizes the duality in
the interpretation of the correlations.

14.1 The Unitary Correlation Operator

Let’s consider the Schrodinger equation with the full hamiltonian containing a microscopic interaction
(Cap. 3),
H[Vy) = E, [¥y) . (14.1)

Let’s define an operator C such as its action on a MF state generates the eigenstate of the hamiltonian
H,

|\Iln> = é(ﬁa {(I)}) |(I>7L> ) (142)

where we made explicit the dependence of the C operator on both the hamiltonian H and also on the
single-particle wave functions generated by a MF hamiltonian and forming the Slater determinant |®,,).

Since both the set of |®,,) states and also that of the eigenstates of H, |¥,,), form complete bases, the
C(H,{®}) operator can be formally expressed as

C(H,{2}) Z |Uk) (P (14.3)

showing that Cisa unitary operator which diagonalizes the hamiltonian H. In fact we can write

(Up|H|V,) = (24|CTHO|®,) cI)k|Z|(I) (¥ |HZ|‘I’ (@]Pn)
= ) (Bk|®;) Eidij (0] Py,) :ZEiéij(sikajn:Enakn : (14.4)
ij ij

Since the C is unitary, the correlated state |¥,,) (14.2) has the same normalization of the MF state
|®,,). The structure of the equations (14.2) and (13.2) defining the correlations respectively in UCOM
and in CBF is the same. However the Jastrow’s ansatz (13.3) on the expression of the correlation in CBF
does not produce a unitary operator, for this reason it is necessary a specific treatment to obtain the

183
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proper normalization of the wave function. On the contrary, the correlation in UCOM is defined such as
to ensure the unitarity property.
The second step of Eq. (14.4) can be viewed as a change of the eigenstate of H, orasa change of the
operator H . o .
(Up|H[W,) = (04| CTHC|,,) = (B |H|y) (14.5)

with the obvious definition of the effective hamiltonian H°T. This is what we meant in the introduction
of the chapter with duality in the interpretation of the correlation effects.

We pointed out how the unitarity of the correlation operator is an essential requirement of the model.
A unitary operator can be described as

O = G (14.6)
where G is a hermitian operator whose properties are listed here below. Since we are considering a
fermionic system the number of particles is conserved by the action of the operator. The G is invariant
for the exchange of two-particles since the antisymmetry is present in the Slater determinant |®). In
addition, G must be at least a two-body operator, or more complicated, since a one-body operator
would produced a unitary transformation of the set of single-particle states generating another Slater
determinant completely equivalent for what concerns the calculation of observables.
The operator G can be expressed as

G:Zg(i,j)+~-~ : (14.7)

where §(4,j) is an operator acting on the fermions ¢ and j, and --- indicates the eventual presence of
operators acting on more than two particles. Each correlated operator

= CTBC =C'BC = ¢ Be ¢ (14.8)

is an overlap of zero-, one-, two-, three- ... A—body operators.
It is convenient the use of a notation which allows the identification of a n—body operator which
cannot be written as a sum of simpler operators, for this reason called irreducible:

B = Z D iy, ig, - in) (14.9)

11 <o <lip

where b (41,12, -+ ,1,) is an operator acting on n of the A particles forming the system. If n > A then
IA)EZ] = 0. In this notation, the hamiltonian composed by the kinetic energy and by a two-body potential
is expressed as

H=H, T[l] —I-V Zt[l] —l—Zv[Z] i,7) - (14.10)
1<J

The absence of the upper index [n] indicates that the operator is sum of operators acting on different
numbers of particles.
The expression of a correlated operator in terms of irreducible operators can be written as

B=B,=0;'BaCs= ZBA , (14.11)

where

A
[n] Z é (i1,12,*,in) - (14.12)
<<

i1 in
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From the above definitions we obtain the expression

— n—1 n
KR SV ) Yo S Sl L (A (14.13)
k=1

k=111 <--<ip

\®'>

The first E[n] term different from zero, is related to the number of particles connected by the B operator.
For one-body operators n = 1, for two-body operators n = 2, etc..

We shall consider, henceforth, a generator G composed by two-body operators only. This means that
we neglect the terms indicated by the points in the expression (14.7).

The kinetic energy term is described as

A
T, = Z it (14.14)
The first term, n = 1, is the MF kinetic energy
) ! S :
7= Zi[ Vay =S i) = 74 (14.15)

The second term, n = 2, is obtained by counsidering Eq. (14.12),

7 Zt[Q] : (14.16)

where
£%(0,9) = &(i, )7 (#0) + () e g) - ((6) +10()) (14.17)
with
é(iy j) = exp{—ig?(i,j)} . (14.18)

This means that, for each pair ¢ and j, the two-body part is the difference between the correlated term
and uncorrelated one.
For the third term of Eq. (14.14), n = 3, we have that

= 5 Pk (14.19)
where
P0.5) = el k) (60 + ) + (k) ) e, k)
- (@) +an +176k) - (e + G +w) . (1420
with the definition
lirg, k) = exp { i (5%0.9) + 920 k) + g5, k) ) | (14.21)

Also in this case, the correlated contribution is obtained by subtracting the uncorrelated two-body and
one-body terms.

We use the same approach to descrive the two-body interaction term. In this case te first term different
from zero is n = 2, therefore

A
Va=ClVaCa = Zﬂ‘” , (14.22)
n=2



186 CHAPTER 14. UNITARY CORRELATION OPERATOR METHOD

here
v ‘7[2]7242] o
V=) 97,7]) , (14.23)
1<J
with
8P, j) = eG4, )" ol §)eG, 5) (14.24)
and
i<j<k
where we defined
8G,5) = eli,g. k)t (0700, 5) + 0BG k) + 05, k) ) (i, g )
— (™) + 27, k) + 275, k) ) (14.26)

14.2 Representation as coordinates transformation

We express here the action of the operator é(i,j) in coordinate space. The relative coordinate and
momentum of the identical fermions ¢ and j are defined as

r=x(i) ~x(j) and 4= L((i) ~ P() - (14.27)

where the momenta are operators in coordinate space. The generator §(i,7j) = §(r,q), Eq. (14.7), can
be defined with a symmetric and hermitian form as

r r
g(r,q) == {(q f) s(r) + s(r) (f : q)} with r = |r| , (14.28)
r T
where s(r) is s suitable scalar function. The unitary operator é(r,q) moves the relative position of the
interacting pair of particles from r at about r + s(r)r/r. The idea is that of defining the function s(r)
such as the particles remains always far from the region of the strongly repulsive core of the potential.

In coordinate representation, by expressing ¢ in operator terms, the action of the generator g(r,q)
on the wave function (r|¢) describing the relative motion of the two-independent particles is

10s(r) , s(r)

p 0190) = = (5750 + ) ) 16) = i s g AR ) (1429

For the correlation operator we obtain

Clp) = ex _7157“27“ s(r r = !
(rlel) = p<rm<>arw>)<¢> e

The last step can be verified by making a power expansion of the exponential.

exp <—s(r)%> ry/s(r) {r|¢) . (14.30)

St =

It is convenient to make a change of variables

0 0

We call the transformations between y e r, and viceversa, as Y (r) and R(y) respectively

r—y=Y(); y B = R(y) , (14.32)
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and, by construction
R(Y(r)) =r; Y(R(y)) =y . (14.33)

From the definition (14.31) we obtain the following equations

9 10 _ S [RW) g
EY(T):@ ; @R(y)—s(R(y)) ; y—/ @ (14.34)

We rewrite Eq. (14.30) in terms of y and R(y)

(R(y)=lclo)

r
T

(14.35)

The action of the exponential term consists in exchanging y — y — 1 and in maintaining the direction
of r. We rewrite this transformation in terms of r

_ R(Y(r)—1) S(R(Y(r) - 1))

(rlelo) = y (ROY(r) = 1) 716) (14.36)

—
<
~

and it inverse relation

(rle™!1g) = (R(Y(r) + 1)~ 6) . (14.37)

Since the transformations appear only as R(Y (r) + 1) we define the symbol

R =R(Y()+); Rur)= 2R —S(Ri(m 14.38
+(r) = ((7") ), i(T)—a i(r)—w- (14.38)
therefore
R R_(r r A, Ry(r r
elelo) = U SRy (o) Biey 5 tele o) = T SR Gy (e Bl - (1439)
The correlated relative distance can be expressed as
JET r
r=¢ ré= R+(T); . (14.40)
Analoguosly, the radial part of the momentum transforms as
. a1 A 1 1, 1
g.=¢ grc= —— T = . (14.41)
- VR () /R (r)
with
(rla-16) = (vl - alg) = —ih2 (rlo) (14.42)
@le) = ATl = or ' '

The correlated angular momentum is the same as the uncorrelated one

>

=é¢tle=é"rxqe=1. (14.43)

187
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[fm]

Figure 14.1: Example of transformation of coordinates R (r) and of its inverse R_(r) due to the short-range
correlations. The uncorrelated transformation is indicated by the dotted line which is diagonal.

From the transformation presented above, it is possible to deduce the fact that, in coordinate space,
the action of every correlated operator é(r) can be described as that of uncorrelated operator evaluated
at a different distance

b(r)=etbr)e=ethr)e=bh (R+(r);) (14.44)

This general description must be adapted to the physical situation under study. This means to find
a convenient coordinate transformation to describe the physical problem under investigation. There are
properties which R, () must have: it has to increase monotonically and must be differentiable in the full
dominion. Since the repulsive core of the potential is limited to short relative distances, the effect of the
short-range correlation is that of modifying the structure of the uncorrelated wave functions only in the
surroundings of the repulsive core. For a nuclear system, Fig. 14.1 shows that R, (r) is larger than the
diagonal, the correlated case, up to about 1.5 fm. After that distance the two transformations coincide.
This indicates that the effect of the transformation is that of moving away the interacting particles when
they are at relative distances within the repulsive core.

14.3 The correlated hamiltonian

We use the expression of the correlation operators in the coordinate space to write the various terms
of the correlated hamiltonian. The easiest term is the two-body term (14.24). In case of purely scalar
two-body interaction we obtain

@[2](i,j) — U(R+(""ij)) , (14.45)
where 7;; is the distance between the ¢ and j particles.
For the kinetic energy, there is a contribution of the uncorrelated term, as indicated by Eq. (14.15)

(i) =l G) (14.46)

The calculation of the two-body term (14.15) of the kinetic energy is presented here below
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The total kinetic energy of the fermion pair i e j is given by

(i) +1(j) =

‘ﬁj n ﬁ(ﬁ(i) + f>(j))2 with §;; = %(f)(i) - f)(j)) : (14.47)

Since the correlation term (i, ) commutes with the center of mass, only the term related to the
relative momentum is correlated

e (i) +1))e = Lotg2e+ L(“(z‘) +p( '))2 (14.48)
J =m qij Im p pPU . .
We separate q;; in a radial and angular part
72
2 ot o ij L _ T T N
Aij = Grji Grji + ol where ¢, = - -q and the angular momentum, 1=r x q . (14.49)
ij
By using the expressions (14.41) and (14.43) we obtain

2
1A2 A Tij s 1 . Tij 15
¢ Q¢ = ar ji dr ji +
’ Ry (rij) iR (rig) R (rig) (R+ (m’))2
— ot 1 . 13 2] s
= @il T g tmi (i, 4) (14.50)
(R+ (rij )) (R+ (riz ))
with the definition

a2 (i, ) = 1/m o Rilriy) 5 (R/fr(ﬁj)>2 1 RY (riy) (14.51)
w (R;(r”))Q rin;(rij) 4 R/Jr(Tij) 2 R;(rij)

By considering terms up to the second order in the correlation we can express the hamiltonian as

E[1]+H[2] _

+ 1 1
Q.. i qrij + —
" 2py (Tij) " 2p (Tij)rzzj

A
+ 3 [, g) + 926, )] (14.52)

J

X

?

The first term is the uncorrelated kinetic energy, followed by a two-body term depending on the
relative momentum of the two interacting particles. The last term of the expression includes a two-body
part coming from the kinetic energy and by the correlated interaction. The latter ones is modified in a
way that does not present any more the strongly repulsive core.

The calculation continues by evaluating the minimum of the expectation value of this hamiltonian
following the variational principle

rrl2]

E(®, Ry) = (8|CF (R HC(R_)|®) ~ (A" + A7 |@) (14.53)

The variational quantities in the search for the minimum of the energy functional are the coordinate
transformation R, and the set of single-particle wave functions defining the IPM state |®).
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The symbol ~ in Eq. (14.53) is due the fact that we considered terms up to two-body in the expression
of the correlated hamiltonian. Since the definition of C' (14.7) involves the presence of operators of any
order, up to A, this truncation implies an approximation in the use of the variational principle. Formally,
the search for the minimum is a sub-space of the Hamilton space, leads to an energy value greater
than the exact eigenvalue of the chosen hamiltonian (see Appendix A). However, in the present case,
the hamiltonian is modified, since some part is neglected. The contribution of the neglected parts can
increase or decrease the energy eiegenvalue, which is not any more an upper limit to the results.

Clearly, it is possible to go beyond the limit of two-body terms by considering terms od higher order,
for example tree-body terms

C=exp| =i g®G.5)—i > ¥4k | . (14.54)

i<j i<j<k
All the procedure must be reconsidered by including the new term. The equations are rather compli-
cated, and usually the three-body terms are approximated.

14.4 Spin, and isospin, dependent correletions

All the presentation done so far has used purely scalar expressions of the correlation. The complexity
of the nuclear interaction requires that the correlations depend also by the spin and the isospin of the
interacting nucleons. For this purpose the generator of the unitary correlation operator is decomposed
in four different channels.

{0,1}

i (r,4,6(:),6(),76),7()) = Y gap(r, @y @z (14.55)
ST

where we indicated with the symbol II the spin and isospin projection operators
. 1 e A 1 W A
fomg=1(1-60) 6()) 5 Tsmr=7(3+60) 60) (14.56)
. 1 PN - 1 PN
My = 1(1 —7(i)-7(5) 5 lp—y = 1(3 +7(1) - 7(j)) - (14.57)

The unitary correlation operator is

Ca=exp | =i ¢ (rij, &, 6(i),6(5), 7(1),#(j) | - (14.58)

i<j

Also in this case, a truncation to the two-body terms is adopted ¢ = C», therefore

{0,1} {0,1}
o= i Z B el | =3 exp( i (x, q)) flg @ [y . (14.59)
ST

By using the projectors ﬁg,T it is possible to express the correlation operator as a sum of four, commuting,
correlation operators, one for each channel. With respect to the case of purely scalar correlation, there
are four correlation functions R, (r) to be determined. Usually the Ry (r) are expressed by functions
containing parameters, and the search for the minimum is done by changing the values of these parameters.

In nuclear physics, UCOM has been applied by using relatively simple two-body potentials. For some
nuclei, Fig. 14.2 compares the results obtained with UCOM with those obtained with other microscopic
calculations, these latter ones are indicated by the arrows.
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Figure 14.2: Energie per nucleon obtained with UCOM for some nuclei by using a spin dependent potential.
The results on the left hand sides are obtained without correlations, while those on the right hand sides with
correlations. The red lines indicate the kinetic energies, the green ones the potential energies and the blues
lines the total energies. The values indicated by the arrows show the results obtained with other microscopic
calculations, Yakubowski for “He and CBF for other nuclei.
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Chapter 15

The Coupled Cluster Method

We presented the CBF theory in Chapt. 13 and the UCOM in Chapt. 14, where the solution of the
problem of the strongly repulsive core of the microscopic interactions is concentrated on the definition
of the short-range correlation. The language used in these two theories is completely different from that
proposed in the Part III of these notes. From the linguistic point view, the Coupled Cluster Method
(CCM) is a bridge between the two languages used so far. From the physics point of view it is an
approach strictly related to the Statistical Mechanics even though it adopts the concepts of particle and
hole states taken from Field Theory. The essential point is that, also in this case, the basic quantity of
the theory is the correlation function, which in this case, is described in terms of particle-hole excitations.

15.1 The many-body state in the CCM

In the description of the many-body system, each eigenstate |¥) of the total hamiltonian H can be
expressed as linear combination of Slater determinants formed by single-particle states obtained in the
IPM framework (Cap. 2). By using the language presented in Chapter 5, each Slater determinant is
characterized by a certain number of particle-hole (p — h) excitations. Obviously, the Slater determinant
describing the IPM ground state does not have any excitation of this type. There are Slater determinant
containing one-particle one-hole (1p — 1h) excitations, states with (2p — 2h), and so on, up to consider
excitations with Ap — Ah.

A way of describing this situation is that of defining operators indicating the number of p-h excitations.
For example, for 1p — 1h we have the operator

Sy = Zpnijan (15.1)
ph
for 2p — 2h the operator
& 1 At ot
Sy = (2|)2 Z ZP1h1P2h2a’pla‘p2ah2ah1 (15'2)
p1hip2ha
and for 3p — 3h the operator
N 1 e
Sz = (3|)2 Z ZP1h1P2h2P3h3a;zi_la;_ga;3ah3ah2ah1 (153)
" pirhipaha

and so on. The determination of the values of the Z coefficients is the aim of the CCM which uses the
variational principle.
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Since the hamiltonian includes the two-body interaction term, the simplest type of excitation induced
by the hamiltonian is given by the action of S, on the IPM ground state |®p). This action produces
a S |®) component of the eigenstate |¥) of the total hamiltonian H. This component considers those
states where the two fermions occupying the hy and hsy states below the Fermi surface are promoted such
as to occupy the p; and ps states above the Fermi surface. It is possible to conceive states where this
happens without the intervention of the residual interaction of the hamiltonian. This means that the
excitations of 2p — 2h pairs is done independently one of the other one. The simplest case of this type
is that of a Slater determinant with 4p — 4h excitations where the two pairs of 2p — 2h excitations are
not related among them. In general, the components of the total wave function described by excitations
of this type are described by applying m-times the Sy operator. In this case, the component of the total
wave function is

1 om
%Sg o)
where the 1/m! term takes care of the double counting. The total contribution of 2m-particles and

2m—holes is:
oo

1 - N
> 55 |20) = % |20) (15.4)

m=0

Obviously, for m > A/2 there are not excitations, therefore the sum is, in fact, truncated. However, it
is convenient to formally express the contribution of the various p — h excitations by using exponential
expressions.

The contribution to the total wave function of 3p — 3h independent excitations is

1
ﬁsg Do)
The contribution of a set of m 2p — 2h and p 3p — 3h excitations all independent of each other is
L gram (o
ipl 2352 [©0)
Since the excitations are independent of each other, the operators Sy and S5 commutes. This means that

all the indexes p and h identifying the creation and destruction operators are different from each other.
By expressing everything in terms of infinite sums we obtain for the total contribution the expression

e52+5s Do)

and systematically continuing with np — nh excitations we arrive to the expression

eS2+HSat 454 )

In the interaction between the various particle clusters it is possible to excite also 1p — 1h states. For
this reason, it is possible to write

A
0) = e [®g) with S=>"3, . (15.5)
n=1

A different method to describe the same kind of physics is that of expressing the H eigenstate as

A
IW—G+ZE%%% (15.6)

n=1
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with the definition

. 1 ) o A
F, = 3 Z Apl"'pmhl"'hna;_l -~-a;‘nahn crQhy (157)
p1-Pn,h1hp

where the amplitudes A are numbers.

The two operators S, and F, describe the same state in terms excitations of np — nh type. The
relation between these two pictures is

B o= 5

~ ~ 1 -

B = SQ+§S%

~ N ~ A 1=

F; = S3+4+ 5551 + ES%

Bo= S+ 8% 4192418624 Lan
4 — 4 301 9 2 9 2071 2 1
Fy =

These expressions clarify the difference between these two types of operators. The operators S, describe
connected clusters of np — nh excitations, while the operators Fj describe all the possible np — nh
excitations, also those induced by non-connected excitations clusters.

15.2 The CCM equations

We obtain here a set of equations which allows the determination of the amplitudes Z of the equations
(15.1, 15.2, 15.3). We write the Schrédinger equation, and express the wave function by using Eq. (15.5)

Eo [Wo) = H W) = He® &) . (15.8)
We consider the overlap of this equation on states of the type
<(I)O| @Zl &pl
(@o| dy, Gy, p, G,
(@ ayf af arf ap, ap,ap, . (15.9)
It is convenient to rewrite the S operators by using the expression

S=Y 8.0 (15.10)
n#0

where the &,, are numbers, and the CA',T operator represents the set of the n pairs of creation and destruc-
tion operators which characterize it

F=at --af an, --an, (15.11)
Let’s multiply the Schréodinger equation, on the left hand side, by e=5
e SHeS | Do) = e SH |Wo) = e 5 Ey | Vo) = e 5 Ege® |g) = Ey | o) | (15.12)
and, therefore, by projecting on the (®¢| state we have

Eo = (®ole S HeS |®g) = (Dg|HeS| D) (15.13)
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The last equality has been obtained by considering that

(@ e = = (@] So = (®g| . (15.14)

because S, contains creation operators above the Fermi surface such as (o] &g =0.
By projecting the eiegenvalue equation (15.12) on states containing particles and holes, such as those
indicated in Eq. (15.9), we encounter equations of the type

(®o|Crie S He®|Dp) = 0 with 7> 0 . (15.15)

The expressions (15.15) indicates a set of connected equations related to different number of particle-hole
excitations, indicated by the operator C,.
It is possible to express the operator term of Eq. (15.12) as a set of connected commutators

S 77,5 7 N e
e SHS = H+[H,S]+g[[H,S],S]+§“[H,S],S]75}+...
- H+zn:c3n[H7C’;{]+§;ncném[[H,Cm,Cm+... (15.16)

This expression inserted in Eq. (15.15) generates a system of equations whose unknown are the amplitudes
Sn.

The expression (15.16) has an infinite number of terms. In reality one has to realize that, in the
calculation of the expectation value with respect to |®g) there is a truncation of the sum. This can be
understood by considering that the C; commutes [C;F, C;t] = 0. This implies that, in the evaluation of
the contractions only those indexes relating the free indexes of the hamiltonian with the fixed ones of the
C.F operators, are different from zero. For this reason the series is naturally truncated. For example, for a
hamiltonian containing only two-body terms, i.e. a two-body interaction, the sum ends with commutators
up to the fourth order:

1 ~ PN A
37 2 Sy (@olCu [, G & @0)
m,p
1 ~ PN ~ ~
5 D SmSpSy (@0lCa|[[H, G2, G, CF | 20)
" mp,q
> SmSySuSe (@olCr |[ [, G2, 61, Cf | €] I@0) = 0 (15.17)
m,p,q,r
This because the two-body term of the hamiltonian contains four creation and destruction operators, and
it is necessary a C* to saturate the creation and destruction operators of the C applyed to (Dg].
Once the number of p—h excitations defining the bra state, that is C 1, has been defined, the expression

(15.17) indicates a closed, and finite, set of connected equations whose unknows are the &, strictly related
to the Z amplitudes of Eqgs. (15.1, 15.2, 15.3).

15.3 Approximations

The computational scheme presented in the previous sections requires the calculation of Eq. (15.13) to
obtain the ground state energy. This calculation can be done by solving Egs. (15.17) which give the &,
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amplitudes. If in Eq. (15.10) only the Cy and C, operators are chosen, then the following equations must
be solved

S~ (ol ape S He|@o) = 0 (15.18)
ph
and o
> (@olaf,af dpyap, e He | Do) =0 . (15.19)
p1hipaha

The computational cost of this calculation scales as the square of the number of the hole states and the
fourth power of the particle states. The solutions obtained in this manner are not satisfactory, and it is
necessary to improve the approximation inserted in the truncation of the sum of Eq. (15.10). On the
other hand, the use of C3 requires a very heavy computational cost scaling with the cube of the number
of hole states, and the fifth power of the particle states.

For this reason, in actual calculation it is adopted a different strategy. Let’s define an eigenvalue
problem related to the bra state as

(Bo| Ae S He® = Ey (D] A | (15.20)
where A is an operator, called of de-excitation, defined as:
A=T+Y MCr=T+> Nnifan+ D Nprpohinalin, @ pyip, -+ (15.21)
>0 ph p1hip2ho

where the A are numbers. Since R
(®o|Cr>0|®0) =0 ,

the result of Eq. (15.20) is trivial
(Bo| Ae™SHeS = (®g| e S HeS = (Bg| Eg = Eo (D] A
The idea is to consider the eigenvalue equation (15.20) and to project it on C;f |®g) states
(Do|A(e 5 HeS — Ey)CF|®o) = 0 with n>0 . (15.22)

At this point, the problem is solved in two steps. First the CCM equations (15.17) are solved, and
then the (15.18) and (15.19) in case of truncation up to Cy. Once the aplitudes &7 and S have been
obtained, the Eqgs. (15.22) are solved to obtain the A,,, in the present case one has to consider A; and
As only.

15.4 Excited states

The most common application of the CCM concern the ground state of the many-body system. On the
other hand, it is possible to consider, in the CCM framework, a set of equations which describe the excited
states. Essentially, it is matter of reformulating the CCM equations in such a way to rewrite them as the
equation of motion described in Chapter (10.1). In analogy to what has been done there, let’s define an
operator Qj which generates the excited states of the system.

W,) = QF [Wo) = Qjeg o) (15.23)

where v indicates the quantum numbers which identify the excited state. The Schrodinger equations
which must be satisfied are:

W, = HQI |y =HOF S |Bo) = B, |0,) = E,QF ¢ | D) (15.24)
H |0y HeS | Do) = Ege® |®) (15.25)
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Let’s multiply by e=3 the first equation
e SH|W,) = e S HQS e |Bg) e B, Qf e |Bg) = B, Qf e |00) = E,Q;f @)
and by Q;"e‘g the second equation
Qe H|Wo) = Qfe S He® Do) = EoQ, e "e® o) = EoQ) o) .

where we used the fact that [Q;“A7 S] = 0. By subtracting the second equation from the first one, and
using the commutation between Q} and S, we obtain

(=S Ae5Qs — Qe S e ) |00) = (B, — Fo)Qf |@0) - (15.26)
Eq. (15.26) can be rewritten as
[Her, Q) [@0) = [e75 He®, Q] [@0) = (B, — Eo)Q;f |®0) = w,Q;f @) (15.27)

with the obvious definition of the effective hamiltonian Heff and of the excitation energy w,. This equation
is analogous to Eq. (10.3) which is the base of the equation of motion.

15.5 Applications

The CCM calculations are very complicated, also from the numerical point of view. The application of
the method are limited to relatively simple systems, with very well defined simmetries.

The parameters to be considered to define the problems are the choice of C,, i.e. the number of
p—h to be considered. This choice sets the configuration space, specifically the number of particle states,
those above the Fermi surface. On the basis of these choices the CCM calculations are catalogued with
different acronyms. Unfortunately each research field has its own way of making this catalogue, and this
create some problem in comparing calculations carried out in different fields.

We summarize here below some important points of the results obtained which are, in any case, in
continuous evolution, this is also related to the advances of the computer facilities.

Systems interacting with Coulomb interaction

In this case the hamiltonian is well defined and it contains only the two-body scalar term of Coulomb
type. The electronic properties of simple atoms and molecules are evaluated. The results obtained
by restricting to the C, choice compare well with to those obtained with the GFMC. The differences
between binding energies, and also ionization energies, of some molecules studied are of 1-2 %. The
comparison with the experimental value has differences of the same order of magnitude.

Nuclear systems

The comparison between CCM results and those obtained with other microscopic calculations has
been done for spherical systems and for nuclear interactions which exclude tensor and spin-orbit
terms. For the few-body system *He the differences between the binding energies calculated with
GFMC and with CCM with approximations related to C’g, are of about 6% circa. The other system
studied is the 0 nucleus. In this case the theoretical results of reference is obtained with FHNC-
1. The differences are strictly related to the approximations used to deal the C, choice. With an
approximation there are differences of about 20%, with another approximation the differences are
even smaller than 1%. This only means that FHNC-1 and the approximation chosen for the CCM
calculations describe the same physics. There are recent calculations for Ca isotopes carried out
with microscopic interactions taken from effective field theories which are extremely promising in
the comparison with experimental data.
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He atoms drops

A very useful system to verify the validity of the many-body theories is that of the He drops. Is is
matter of constructing many-body systems where the fundamental particles are helium atoms. The
system can be bosonic in case the nuclei of the helium atoms are He, or fermionic in case they are
3He. The interaction is purely scalar and contains a repulsive core, as discussed in Chapter 3.4. It
is interesting to study how these system get bound as a function of the particle numbers.

N VMC CCM

Hes 20 -3044 -32.73
40 -93.44 - 98.17

Hes; 20 4.12 3.44
40 -144  -255

Table 15.1: Binding energies in K, for bosonic systems, Hey, and fermionic systems, Hes, of helium atoms.
Adapted from [Nav02].

We show in Tab. 15.1 the comparison between the CCM results and those obtained with VMC. The
relative differences between the results of the two calculations are smaller for the bosonic than for
the fermionic systems. The bosonic system are more bound than the fermionic ones. The fermionic
system with 20 atoms is not bound while it is bound that with 40 particles.
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Part V

Phenomenological theories
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Chapter 16

Effective theories

The aim of the theories so far presented was the solution of the Schrédinger equation with microscopic
hamiltonians, those presented in Chapter 3 which contain interaction tailored to reproduce the properties
of two-body, and, eventually, also three-body, systems. Since these interactions have a strongly repulsive
core at small interacting distances, these theories developed different non-perturbative methods to handle
this feature of the interaction.

In the theories inspired to the Quantum Field Theory, the approach consists in transforming the
microscopic interaction and build another interaction where the repulsive core is not present any more.
For example, in Brueckner’s theory this goal is acheived by summing all the ladder diagrams, see Chapter
8. In theories inspired to the Statistical Mechanics, such as CBF, the problem of the repulsive core is
tackled by using a correlation functions which inhibits the two interacting particles to get too close to
each other. In all these approaches the hamiltonian is a quantity external to the theory which is developed
independently of its form.

The effective theories tackle the many-body problem by using a different point of view. The idea is to
find an effective hamiltonian which, working on a sub-space of the full Hilbert space, is able to reproduce
the same eigenvalues of the true hamiltonian. This means that the equation

E’|\I/n> = En|\I/n> ) (16.1)

is substituted by the equation .
HeT|welhy = g, |weffy (16.2)
Formally, we can find the relation between H and Hef by using the separation of the hamiltonian in

two parts H=H,+H 1, and by considering the projection operator P on the H, eigenstates, and the
operator Q which is its complement

PP=P; Q’=Q ; Q=1-P; PQ=0, (16.3)
where o . . .
since P and Hy commute. Eq. (16.1) can be rewritten as
Hi|V,) = (B, — Ho)|¥y) | (16.5)
and by multiplying to the left hand side 15, we obtain
PH\|¥,) = P(E,— Hy)|V,) = (B, — Hy)P|¥,)
PH\Q|¥,) = (E,— Hy— PH,)P|¥,) . (16.6)
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Working in analogous manner, and by multiplying on the left hand side by Q, we have
QH\P|V,) = (E, — Hy — QH,)Q|¥,,) . (16.7)
By using the properties of these two operators, we can rewrite the two equations as

(PHQ)QIY,) = (E,—Hy— PH P)P|U,) (16.8)
(QH\P)P|¥,) = (E, - Hy—QH:1Q)Q|¥,) . (16.9)

We obtain Q|¥,,) from Eq. (16.9) and we substitute it in Eq. (16.8), the result is

AoA 1

(PHIQ)E” — ﬁo _ QﬁIQ(QHIP)P‘\Pn> = (En - HO - PHIP)Pllpn>
N ~ N PN 1 ~ A N A
{Ho +P <H1 + HlQM(mQﬂl) P} P|V,) = E,P|¥,) . (16.10)

This equation has the structure of Eq. (16.2) and it is possible to identify the effective interaction with
the term )

et = p (H n I%QMMQEG) P (16.11)

E, — HiQH:.Q

A first consideration is that the effective interaction depends on the energy E,. A second consideration,
more important in the present context, is that the effective interaction depends on P, or how the hamil-
tonian is separated. The effective interaction is strictly related to the theory where it is used. Every
theory has its own effective interaction.

The derivation presented above has a purely formal value to show how, in principle, it is possible to
rigorously define the effective theories and relate them to the microscopic theories. From the practical
point of view, finding the solution of these equations is as complicated as to solve directly the original
Schrédinger equation.

The problem is tackled with phenomenological approaches, by using interactions containing parame-
ters whose values are chosen such that the theory can reproduce selected empirical data of the many-body
system under investigation. Clearly the aim of the theory is to make predictions on different quantities
whit respect to those used to define the interaction. These phenomenological effective interactions have
different characteristics with respect to the microscopic ones, especially they do not have the strongly
repulsive core at short distances. In general, the effective theories tackle, and solve, the many-body
problem in a much simpler manner than the microscopic theories. For this reason they are widely used in
the comparison with the experimental data, especially if the systems to be described are very complex,
that is without evident symmetries. Effective interactions are widely used in mean-field approaches such
as HF and DFT. The connection between effective and microscopic theories is a very active research field.



Chapter 17

The Fermi liquid theory

17.1 Introduction

One of the effective theories of major success is that of the Fermi liquids formulated by L. V. Landau at
the end of the 50’s of last century and perfected by other authors, mainly of the Russian school. The basic
idea is that a system of interacting particles can be described by a set of non-interacting quasi-particles.
This step is far from being trivial. It is possible to add a particle to a set of non-interacting quasi-particles
with the only condition that the state of the new particle must be above the Fermi surface. This system
will remain stable. When the interaction is switched on the added fermion can induce particle-hole (p—h)
excitations which will conduct the system to decay in a new ground state. Also the energy of the added
fermion will be modified, and this case can be interpreted as the state of the added fermion is unstable
and decays. The idea that all the states of non-interacting fermions can be transformed in quasi-particle
states, i.e. dressed by the interaction, is wrong. On the other hand, if the energy of the added fermion is
very closed to the Fermi energy, the Pauli exclusion principle blocks the possibility of decaying since the
density of the accessible final states is very small, if not even zero. Therefore, it is plausible to assume
that those states closed to the Fermi surface can be described in terms of quasi-particle states.

The theory of the Fermi liquids was originally formulated by Landau to describe infinite fermionic
systems, especially the fermionic liquid helium, composed by fermionic atoms since their nuclei are those
of the isotope 3He. The Landau theory is an excellent example of effective theory and its success pushed
towards its extension to treat finite systems and atomic nuclei.

17.2 Adiabatic continuity

The basic idea of the Fermi liquid theory is the possibility of transforming a many-body system of non-
interacting particles in a system of interacting particles by adiabatically switching on the interaction. We
have already used this trick in Sect. 6.4 as a theoretical-mathematical expedient to link the two systems.
In the case of Fermi liquid theory the assumption has a more phenomenological ground, therefore it
deserves a deeper discussion in order to define better the validity and its limits.

To clarify better the situation, we consider a one-dimensional toy model, where the particles interact
with a potential which allows a factorization of the time and space dependent terms

Ve, t) = —Vo(t)Va(z) | (17.1)
The depth of the potential changes with the time between the initial value V;(1) and the final one V;(2).

205



206 CHAPTER 17. THE FERMI LIQUID THEORY

The single-particle Schrodinger equation is

h? 9?

 2m 92

iﬁ%ﬂﬁ(fﬂi) = H(t)(x, 1) = ( + V(x,t)) ¢(z,t) . (17.2)

If we assume that Vj(¢) changes its value in a sensitive manner with respect to the initial value, and also
with respect to the kinetic energy, much more slowly of the changes of the particle the wave function, we
can search for an adiabatic solution which consider Vj(t) as a constant

¢adia($7t) ~ ¢V0(t)(z)67%EV0(t)t , (173)

where By ;) is the eigenvalue of the time independent Schrédinger equation of which ¢y (4 () is eigenstate

H(t) dvy ) (2) = By ey vy () (17.4)

By inserting the expression (17.3) in Eq. (17.2) we obtain

0 - . [ OPagia(x, t OV (t
ih= Gudia(@ 1) = H (D) Puaia(@,t) = B o (badia(x,t)—b-zh( Q; ‘dfo((j) )>( (;t( )> _ (17.5)

The assumption that the expression (17.3) is eigenstate of the hamiltonian becomes more valid the smaller
becomes the second term of the expression, in other words, when the derivative of V4 (¢) with respect to
the time becomes small. If the rate of changes of V(t) is sufficiently small with respect to the times
involved in the study, it is possible to reach the final value V;(2) by making small changes of the solution,
starting from V;(1) up to when the new value is reached. The essential point is that this procedure does
not allows discontinuities. For example, if the initial state is a bound state, also the final one must be
a bound state. There is no possibility to reach a final state which contains particles in the continuum,
a ionized atomic state, for example. The same can be said for the phase transitions, which cannot be
described by this procedure.

17.3 The concept of quasi-particle

The properties of fermionic system with translational invariance, called Fermi gas, have been presented in
Sect. 2.3. The single-particle wave functions are plane waves characterized by a wave number k related
to momentum by the relation p = fik, Eq. (2.40). The eigenstates of this system are Slater determinant
formed by plane waves. In order to define the eigenstate of this system it is sufficient to indicate which
eigenstates of k are occupied. For this reason, it is convenient to use the distribution function n(k), which
indicates the probability density of finding a fermion with module of k between k and k+dk. The distribu-
tion function depends only on the module of the wave vector for the isotropy of the medium. In the ground
state the distribution function is n(k) = ©(kp—k) where kr is the Fermi wave number and © the step func-
tion.

The distribution function n(k) for the ground state of the
Fermi gas is shown in Fig.17.1.

By using the language of Chapter 5, we can say that
the excited states of this system are generated by the
creation of particle-hole, (p — h), pairs. The description
] of excited states whose excitation energies are smaller
with respect to the total energy of the system is done by
considering small fluctuations dn(k) of the distribution

kp k

Figure 17.1: Distribution function n(k) for the
Fermi gas ground state.
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n(k) of the ground state. The ground state energy is
modified by these fluctuations by the value

h2k?
6E = % 5 on(k) - (17.6)

The single particle energy is obtained as functional
derivative of the energy JE/én(k) = h?k?/2m. Since removing a particle, i.e. creating a hole state,
reduces the value of the total energy, then dn(k) must be negative. Obviously, the contrary is valid for
the creation of a particle.

These are considerations referred to a gas of non-interacting fermions. The situation is more com-
plicated when the interaction between fermions becomes active. The idea of Landau is to go from the
description of a system of non-interacting fermions, which we shall call Fermi gas henceforth, to that of
interacting fermion system, which we shall call real system, by adiabatically switching on the interaction.
In this procedure there is the assumption that the evolution of the Fermi gas ground state leads to the
ground state of the real system. It is worth to notice that this assumption does not exclude that in the
real system some states can be formed, but they disappear when the interaction is switched off.

Let’s add to the Fermi gas a particle with £ > kg, and then let’s switch on the interaction. In this
way a state of the real system has been obtained. We can say that we added a quasi-particle with wave
number k to the ground state of the real system. In analogy, we call quasi-hole of wave number k < kg
the situation where a fermion is removed by the Fermi gas and then the interaction is activated.

There are properties of the system described by operators which commute with the hamiltonian and
they are the same in the Fermi gas and the real system; for example the number of particles, the electric
charge, the current, the spin. For this reason, the quasi-particles can be characterized by quantum
numbers indicating the particles momentum p, spin, electric charge, etc.

The description of the excitations of a real system in terms of creation and destruction of quasi-
particles is restricted to a limited time window. The times of these excitations must be shorter than
those required by the system to return in its ground state. Since this latter effect is due to the elastic
scattering of the quasi-particles, we can say that the time required by the excitation of a quasi-particle
pair must be smaller of the typical time required by the elastic scattering of the quasi-particles. On the
other hand, these times must be sufficiently long to ensure that the quasi-particle has a defined energy
in agreement with the energy-time relation AEA¢t > h.

For what we have outlined above, the quasi-particles conserve all the particle quantum numbers,
therefore also the feature of being fermions. For this reason, the quasi-particle momentum distribution
in the real system is represented by Fig. 17.1, and the notion of Fermi surface remains valid also for the
quasi-particles. The excitation of the system is measured by the deviation

on(k) = n(k) — n°(k) (17.7)

where n°(k) indicates the quasi-particle distribution of the ground state, represented in Fig. 17.1.

The notion of quasi-particle is valid only when the values of dn(k) are remarkably different from zero
for k ~ kgr. The statement that the real system is composed by quasi-particles filling all the states up to
the Fermi surface, is wrong. The quasi-particles is an elementary excitation of the real system for states
which are close to the ground state. This means that the excitation energy is much smaller than the
binding energy. The Fermi liquid theory does not provide information on the system ground state but it
aims to a description of small fluctuation around it.

In this theory, the energy of the system E is assumed to be a functional of the momentum distribution
function n(k). In the Fermi gas this energy is the sum of the kinetic energies of the single particle, as it
is described by Eq. (17.6). For a real system the situation is more complicated. If n°(k) is modified by
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a quantity on(k), the variation of the energy up to the first order is given by

SE = eron(k), (17.8)
k

this expression defines
ex = 0E/on(k) . (17.9)

For k > kg, € this is the variation of the energy when a particle is added, therefore it is the energy of the
quasi-particle. The definition of € is related to the energy fluctuation of the total energy of the system.
In this theory, it is not possible to obtain information on the total energy of the system which is not
the sum of the quasi-particle energies. This because, once a particle with k is added, the energy of the
system changes, and the energy of a new particle e, cannot be obtained by using (17.9) whose variation
is done with respect to the old state which did not contain the particle k.

For k = kg, € is the energy acquired by adding one particle to the Fermi surface. The new state is
the ground state of the system with A + 1 particles. We can write the equation

€kp = EO(A + 1) — Eo(A) =u, (1710)

where p = 0Ey/0A is, by definition, the chemical potential.

The expression of the energy variation (17.8) is valid up to the first order. This allows a description
of situations dominated by excitations of a single quasi-particle. In general, this is not sufficient since
the density of quasi-particle is so large that it is not possible to neglect their interaction. This indicates
the need to go beyond the first order, and to consider also the second one

5B = ij &0 sn(k) + ;Zk: ; £k, K )on(k)on (k') . (17.11)

where the f(k, k') term which describes the interaction between the quasi-particles is defined as the
second functional derivative, with the property f(k,k’) = f(k’,k). We called €? the quasi-particle energy
in absence of interaction.

Up to now, we did not considered the presence of quasi-particle spin. The quasi-particles have the
fermion characteristics, and we treat the spin 1/2 case, by indicating with s its third component. In
this case, the system is not any more homogeneous since the spin orientation defines a direction in the
space. For this reason all the quantities which we have previously defined as dependent on %k only, must
be considered dependent on k and s, and the sums on k becomes sums on k and s = £1/2. Specifically,
we have that f(k, k") — f(k,s;k’,s’) and the symmetry properties become

f(k,s;K,s") = f(=k,—s; -k, —5') = f(k, —s; k', —5") = f(K,5";k,s) . (17.12)

Once k and k’ have been defined, the only differences between the f functions are due to the fact that
the directions of the spins of the two interacting particles are parallel or anti-parallel. For this reason, it
is convenient to define symmetric and antisymmetric terms of the interaction as

fk,s;k',s) = Pk K)+ fAkk), (17.13)
flk, s;k',—s) = f(kK)—fikk). (17.14)

The f* and f* terms depend only on the k and k’ vectors, which means on the modules of the two vectors
and on the relative angle. For this reason, they can be expanded in power of Legendre polynomials P;:

FO0K) = Ok, K cos0) = > f7' (k, k') Pi(cos ) . (17.15)
l
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Since the quasi-particles are defined on the Fermi surface one has k = k/ = k, therefore it is possible to
eliminate the dependence on modules of the wave numbers in the f;. The dimensions of these coefficients
are those of an energy. It is common practice the use of dimensionless coefficients obtained by multiplying
the f; by the density of states at the Fermi surface

VD kp

E = Pe(€F)fl = ﬁﬁm*ﬁ y (1716)

where we used the expression (2.64) of the density of states

(17.17)

VD (2m\Y? 0 VD m?
pE(EF): =

4m2 \ B2 F T2 T
The quantities ¥ and @D, defined in Chapter 2.3, are, respectively, the volume of the system and the
fermions degeneration, which in this chapter we consider to be only that due to the spin, therefore
0 = 2. Since we are talking of quasi-particles we indicated with m* their effective mass.

The usefulness of the theory is due to the fact that only few Fj are required to obtain a good description
of the fermionic system under study. The values of Fj are determined by reproducing few empirical data.
With these few parameters the theory provides predictions on other independent observables.

17.4 Equilibrium properties

17.4.1 Effective mass and specific heat

The velocity of the quasi-particle can be defined by using analogies with the free particles. In the latter
case the single-particle energies are the kinetic energies mwv? /2. In this analogy, we can define one cartesian
component, «, of the velocity as

1 8ek
- = 17.1
(Uk)a haka ) ( 7 8)
and, therefore, for an isotropic system, we have that
hk
‘Vk‘ = Vk = " (1719)
m

In principle m* depends on k, but, as we have already discussed, the quasi-particles are defined on the
Fermi surface, therefore m* has a single, well defined value. The empirical datum used to select the value
of m™* is the specific heat per unit of volume, defined as variation of the internal energy of the system
with respect to the temperature, Eq. (2.72), divided by the volume

1 10F
w=—Ch=—=— . 17.2
©=5%=35ar (17:20)
We consider temperature variations such as T/TF < 1. The energy fluctuations of the energy can be
expressed as

O0F = Ze;@’sén(k, s) . (17.21)
k,s

An increase of the temperature generates an increase of the quasi-particle number above the Fermi surface
of the order dn(k, s). In principle there is also an increase of the energy F due to the interaction between
quasi-particles but this is of the order of (T/Tr)3 and, by the assumption done above, it is negligible.
Because of Eq. (17.21), we can calculate the specific heat of a real system can be calculated as that of
system of non-interacting quasi-particles. The calculation of Sect. 2.3 is repeated keeping in mind that
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we are handling quasi-particles, instead of particles, therefore, the effective mass m* has to be considered.
We use the expression (2.74) and obtain
71'2 1 m* kp

1 1
v:*v:*szé - - 5
oo =500 = GlaTpeler) 5 = 50—

k4T (17.22)

where we considered the expression (17.17) of the density of states. The value of the effective mass of
the quasi-particles can be obtained by measuring the specific heat of a system of interacting fermions.

17.4.2 Sound speed and compressibility

In the appendix C.3 we show that the relation between speed of sound v, in a fluid and the compression
modulus B is

e= = 17.23
v mp (17.23)

We calculate the compression modulus by using the definition of Eq. (2.60)

1 oP
B=—=-V—. 17.24
K ov ( )
Since the pressure is related to the variation of the energy with respect to the variation of the volume, it
is necessary to calculate the energy variations. We assume that the ground state energy E depends on a

function F of the particle density as

E=VF(p)=VF (é) . (17.25)
Since 5 ) )
or _ )= =
30 — A (02> 0P (17.26)
the pressure can be expressed as
oF o0F
P=———=—|F—p— 17.2
and, therefore, the variation of the pressure becomes
or _ [050p 0p0F 0 (05\0p
v apav _avap Pop\ap)ov
2 92
p-O°F
_ P 17.2
Uo7 (17.28)
and the compression modulus is
B= 25 (17.29)
=p R .
I use the expression (17.25) in the definition of chemical potential
oF 0 o0F
= = =—. 17.

The variation of the chemical potential is

T

OF\ op 9*F 1
5= 5 ( ) (17.31)

) OA 92V
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By using the expression of the second derivative of F in the expression (17.29) we obtain

op
B=Ap— 17.32
Paq (17.32)
and for the sound speed
)2 B Adu

S T mdA (17.33)

The Fermi liquid theory provides the expression of dA/9u. In the box here below we show that A is
related to the variation of n(k) by the expression

dA = on(k,s) =Y 6(ex — p) hog dk . (17.34)
k,s

k,s

Let’s derive Eq. (17.34).
dn®(k, s) Oeg

At the end the calculation of the variation we shall make the limit £ — kp.

on(k,s) = —

The variation of the single-particle energy can be written as

21,2
der = d <h i ) — b g = B gk = huedle (17.36)
2m m m

Let’s consider now the variation of n” (k,s) for an excited state, and for T' > 0. Since the system is
composed by fermions, the expression of n” (k, s) is that of a Fermi-Dirac distribution

n"(k,s) = {exp (61{;7;) + 1} } , (17.37)
therefore )
dn”(k,s) _ ~ipT OXP [(ewb)/(kBT)]2 . (17.38)
de {exp (e —p)/(ksT)] + 1}

In the limit T — 0, therefore for the ground state, the Fermi-Dirac distribution becomes a step
function ©. For the property of the Dirac distribution 8, d®/dx = 6(z), we can write

. dnT(k,s)
%gno e = —o(e — ), (17.39)
therefore, on the Fermi surface the expression is
5n(kF, S) = 5(61:‘ — u)hUdekF . (1740)

A quasi-particle added to the system on top to the new Fermi energy must have an energy e(u + dp)
satisfying
dp = e(u+ dp) — e(p) = hogedkp + Y f(k, s;K',s")on(K, ') (17.41)
K/,
By using the expression (17.40) we have that

ou

L =1= hkaa;;f + Zf(k,s;k',s)é(ek/ — ) vy
k’,s

ok’
o '

o

(17.42)

The calculation of the sum on k’ and s’ is presented in the box.
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The sum on k’ is transformed by using the conventions presented in Sect. 2.3.

/ / ak/
Z fk,s; k', s)o(err — p)hogs e

k/,s’

/

— L 3 1./ IR A _ ok
= Z @np /d K f(k, s;K',5")0(epr — p)livg o

27 /

— V 1412 ! . ’ , 8]6
- WZ/ k' [ dteose) [ dopth i, )6 — o G

Since the variation between €, and p is very small, we can write, by considering that we are describing
a system of quasi-particles of effective mass m”*

S dhe =~ (k — kr) |

i’k h k h2k‘
€k — plr=kp = deg|p=kp = d ( ) ", 2 d
k=k

for the properties of Dirac’s ¢ distribution

6(ax) = —d(z) ,
lal
we can substitute in the integral
’ m” ’
ek = 1) = 30K = k)
which becomes
! / 8k/
D S5 )3 (err — o

k’,s’
’

V27r m’* ok
_ Z/dk [ d (cos0) (I 551, ) 250K’ — b 5
vV m kF akF
12 ke g, | d(COS 0) [f(ke, s; ke, s) + f(k, s;kp, —s)] .
Let’s use the expressions (17.13) and (17.14) of the f function and consider that, since on the Fermi
surface the interaction depends only on the angle between k e k’ whose modules are kr, we can use
the expansion in Legendre polynomials (17.15). We obtain the equation

oK'
Z S0, 55, ) (ers = phons
Y m* Okp 1! .
= mﬁkﬁiw@w 3 d(cos0) 2 f (kie, k) Pi(cos6) .

1

Because of the orthogonality of the Legendre polynomials

1
/ dzx Pz(l‘) = 25170 s
-1

we obtain
Bk’ (% m* kF (9]61:‘

Z f(k,s;k”sf)é(ek/ —u)hvk/a = ﬁ B ho, Vkp —— (9 fO (kF,kF) .
k’,s’ )




17.4. EQUILIBRIUM PROPERTIES 213

We insert the result of the box in Eq. (17.42) and use the expression (17.17) of the density of states,
and the definition (17.16) of the dimensionless Landau coefficients

1 = hkaa— + 5 —5 g, —— o fo (kg kr)
Okp Okp ok
= v+ pe(er) f5 (g, k) hvg, —— B = e "+ E . (17.43)
From Eq. (17.34) we obtain
= 0(ex — ) hoy, - Ok (17.44)
k,s 3u

Let’s use the definition (17.33) of speed of sound and consider that the sum on §(e; — p) is the density
of states p.. We have that

A (17.45)

from where

s A w2 h2 w2k w2 K2 (kp

h2kp?
S mVUm*kp (14 F5) mm*kp p(L+Fp) 32

)(1+F0) o (L+ F5) . (17.46)

v mm*kg

It is remarkable the simultaneous presence of two masses, the mass of the particle m and that of the
quasi-particle m*. The former mass is inserted because of the definition of mass density of the fluid, as
in traditional Statistical Mechanics. The latter one is the quasi-particle effective mass which takes care
that the interaction between particles modifies the density of states. Clearly, the particle interaction
enters in the expression of the speed of sound also with the term F§. When all the other variables are
kept constant, if the interaction is repulsive, i.e. F5 > 0, the speed of sound increases. On the other
hand, values of Fj < —1 generate imaginary sound speeds. In this case, the density fluctuations sums
and generate instability in the system.

17.4.3 Magnetic susceptibility

Another observable used to determine the values of the free parameters of the Fermi liquid theory is
the magnetic suscettibility x ;. In presence of a magnetic field H, a particle modifies its energy by the
quantity —gups|H|, where g is the Landé factor, which we take equal to 2, and ug = efi/mc the Bohr
magneton. We call s = 1/2 the case where the fermion spin is parallel to the direction of the magnetic
field H, and s = —1/2 the opposite case.

In a real gas, the change of the energy implies also a change of the momentum distribution n(k, s).
In the system there are particles with both values of s. If the system is in equilibrium, the value of the
chemical potential p has to be the same for all the particles, independently of the value of s, or, in other
words, the energy required to add a particle has to be the same. Since the particles with s = —1/2 have
acquired energy in presence of the magnetic field H the value of the Fermi energy is lowered by a factor
0k with respect to the case without magnetic field. For the particles s = 1/2 the situation changes with
opposite sign, there is an increase of dkp of the Fermi surface.

Taking care of the isotropy of the system, therefore n(k, s) = n(k, s), the variation of the momentum
distribution is given by

n(k, s) = (8"((;; S)>k . Skp = — [~8(k — k)] (28)8ks - (17.47)

The Dirac § distribution is generated by the fact that, in the ground state, n(k, s) is a step function of k,
and, therefore, its derivative is the § of Dirac (see the box in Sect.17.4.2). The term 2s = £1 takes care
of the increase, or of the lowering, of the Fermi surface due to the presence of the magnetic field.
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Figure 17.2: Variation of the Fermi surface due
to the presence of the magnetic field H.
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The variation of the quasi-particle energy is given by

Serp = —gups/H| + (25) Z f(k, sk, s)on(k', s,
k’,s’
(17.48)
the term 2s = £1 is inserted since s = 1/2 and s = —1/2
give different contributions. Let’s search for a solution of
the type
der, = —ns|H| (17.49)

where 7 is a constant to be defined. We consider that

dey, h2|k|
— = 17.50
d|k| m* ( )
therefore
dey, -t m* 1
Okp = |—— 0 = —n-|H 17.51
: ‘d|k| Dbl = gl (75
for s =1/2.

We sum on k’ and s’, and we have to consider that
the momentum distributions n(k, s) (17.47) are different
for the fermions with spin parallel or antiparallel to the

magnetic field direction. The calculation is done with the same strategy used for the evaluation of the
speed of sound. In the present case, we use the definition of the antisymmetric interaction of Eqs. (17.13)
and (17.14), and the expansion in Legendre polynomials (17.15). In this manner, we obtain the following

expressions

(25) > flk,s:K,s")on(k', s")

’ ’
k’,s

=29 3 (2‘;3)/d3k'f(k,s,k’,s')5(k’—kF)(Qs’) {g,;nélHl}

s'=41/2
1%

— %(zw)(zs) / dk'kK?5 (kK —

(% m*
o2’
vV m*

272 B2k

By using this result in Eq. (17.48) we obtain

*

1
a(f 1 mt 1
kp)/_l d(cos 0)2f*(k, k', cos0) {h2kF772|H|}
1
2 a
thFnH] kp /_1 d(cos ) El fi(k, k") Pi(cos 0)

n|H|ke® f§2 = Fgsn|H|

der, = —ns|H| = —gups|H| + F¢sn[H| , (17.52)

from which we have

nl+F]=gus ; n=

guB
1+ Fg -~

(17.53)

The magnetization energy per unit of volume is given by the product of the magnetic suscettibility
xm and the module of he magnetic field |[H|. This corresponds to the sum of the variations of the
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quasi-particle energies which have magnetic field gsup, due to the change of the momentum distribution
n(k, s).

1 1
M = EXM|H|:§;gsuB§n(k,s)

1 (% 3 m* 1
— Ugust:s(27T3)/d k&(k — kp) {h%(zs)%m]

1 m*k:F

12 2 77|H| .

= 9B

The magnetic suscettibility per unit of volume is

1 M _m'kr (gun)’
OMTIH] T 4221+ B

(17.54)

The values of the fundamental parameters of the theory of Landau, effective mass, scalar and spin-
dependent parts of the interaction f, are selected by using their relations with empirical quantities, specific
heat, speed of sound, magnetic suscettibility. There is the possibility to relate these parameters to more
fundamental properties of the hamiltonian [Pin66, Abr75, Gro91, Bru04]. In any case, the main interest
of the theory is to make predictions on phenomena not directly related to the observable quantities used
to determine the effective mass and the interaction.

17.5 Excitations

17.5.1 Transport equation

In this section, we shall present a description of the response of fermionic fluid excited by compression
waves, in the framework of the Fermi liquid theory.

Let’s consider a system containing some non homogeneous parts which are treated as small units in
local equilibrium. These parts are small in comparison with the total dimensions of the system, but
they are sufficiently large to contain a number of fermions sufficient to define a momentum distribution
function ny s(r,t), where r is the vector defining the position of the sub-unit.

The presence of a quantity defined by the precise knowledge of the mometum £k and of the position
r violates the Heisenberg uncertainty principle. The present description is valid only if the phenomena
under study are macroscopic. In other words, energy and momenta of the excitation must be much
smaller than those characterizing the particles, as well as the distances into play are much larger than
those between the basic particles composing the system. For example in the treatment of liquid helium
phenomena these assumptions are verified since the typical helium binding energies are much smaller of
the excitation energies of the helium atoms.

Let’s assume that the external perturbation which, locally, changes the density of the system has a
harmonic behaviour with frequency fiw and transfers to the system a momentum q. The momentum
distribution of the fermion system subject to this perturbation can be expressed as

Ni,s (T, ) = np, o+ Onks(r,t) = np , + Oni s (q, w)elar—hwt) (17.55)

where nﬂ’s is the momentum distribution of the system in absence of perturbation. The approach is valid
for energy much smaller than the chemical potential w << pu. We can express the energy fluctuations at
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the time ¢ as

E(t) :EQ + Z/d3rek’s5nkﬁs(r,t)
k,s

+ E Z //d37"al37"’f(r7 k,s;1' K, s")on s (v, t)0nge s(x/, ) . (17.56)
2 k,s,k’ s
We make some assumption on the properties of the interaction between the particles. A first one, already
used in the previous expression, is that the interaction does not depend on the time. The second one, is
related to the Galilean invariance: we assume that the interaction depends only on the distance r — r’
between the particles. Finally, we assume that the interaction is short-ranged, in the sense presented in
Chapter 3. This last assumption is not valid for the Coulomb interaction. The charged Fermi liquid must
be treated differently [Pin66].
Let’s consider an extremely short-ranged interaction by assuming

f(r,k,s;v' k' s') = f(k,s;k',s)d(r —1') (17.57)

therefore, the second term of Eq. (17.56) can be written as

//d?’rd?’r’f(r, k,s;1’ K, 8" )dny s(r, t)0ny o (v, 1) = /d3rf(k,5;k’,s')énk,s(r,t)énk/_ys/(r,t) ,

(17.58)
and
E(t) = Ey + / d*réE(r,t) (17.59)
with )
SE(r,t) = kz € 01es (2, 1) + 3 k; Fk, 5;K ) 8" )i o (x, £)6me o (1, 1) (17.60)
The local excitation energy of the quasi-particle is defined as
. _ OE(x,1) R
fi,s(r,t) = m = €k,s T+ Z fk,s; k', 8" )ony o (r,t) . (17.61)

k',s'

In the approach of Landau the gas of quasi-particle gas is considered as a classic gas following the
Maxwell-Boltzmann statistics. Each particle, whose energy is €k, is described by a classical hamiltonian.
Let’s consider a volume dr dk in the six-dimensional phase space and apply to the ny s(r,t) distribution
the transport equation (D.24)

Onk s(r,t)
ot
This expression is immediately identifiable with Eq. (D.24) by considering that Vpéx s = vi,s and

—V,ék,s(r,t) = F. Let’s explicitly write Eq. (17.62) by using Eqgs. (17.55) and (17.61)
_ Ony(r,t)
ot

I(ng s(r,t)) = + Vienk s(r,t) - Vpék s(r,t) — Vpnk s(r,t) - Viéx s(r, 1) . (17.62)

I(nk,s(r,t)) + Vidnk s(r,t) - Vpéi s(r,t)

Vplng s + 6mics(r,0)] - Valers + > fk, 51K, s )onie o (r, )]

K',s'
_ 8nk,s(r,t) 0 RV,
= 5 + Viednies(r,t) - vies — [Vpnp o + Vponis(r, )] - Z fk,s; k', 8" )Vedny o (r,t)
K',s’
ank’s(r,t) 0 RN
~ s + Vedngs(r,t) - vies — Vpny, - Z f(k,s;k',s")Vidny o(r,t) (17.63)

! ’
k’,s
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where we considered that Vi e; , = 0 since €, is constant and, in the last step, we neglected the second
order terms in dny. The first two terms describe a flux of quasi-particles which move independently from
each other. The last term, which includes the interaction, can be though as the flux of the particles of the
ground state drifted by the interaction with the non homogeneous parts of the system. Without these
non homogeneous parts, én would be constant, therefore, this term would be zero.

17.5.2 Continuity equation

Let’s consider the case when the collision integral J is negligible. This implies that the number of quasi-
particle collisions which brings them out of the counting of ny s is very small. At zero temperature we
have that

Vpnﬁ,s = _Vk,s(s(ek,s - /J) 5 (1764)

and we remember that the values of p = ik which have to be considered are closed to the Fermi surface.
By inserting this expression in Eq. (17.63) we obtain

Onk s(r, 1)

5 + vid(ens — ) - Ve | Ong s(r, 1) + Z f(k,s; k', 8" )one o (r,t)| =0 . (17.65)

k//

An equation describing the motion of all the particles of the system is obtained by summing on all the
values of k and s.

O (r, 1
DAL L S A E L) NI N S R L)

k,s k,s k’,s’
0
= E Z ’n,k,s(ra t) + Z Vrénk,s(ra t) “ Vs t+ Z 5(6]€)S — M)f(k, S; k/, 5/)Vr5nk,7s, (I‘, t) Vs
k k,s,k’, s’
0
= 57 2 st + Y Vedmea(r,t) Via + Y dews — ) [k 5K ) Vedmea(r,8) - vie
k,s k,s,k’,s’
= %an,s(r,t) + V- Zénk,s(r Vs + Z Slewr s — ) f(k, 8K, 8" )vir o
k k,s k/,s’
- WﬂLV'J(”) =0, (17.66)

where we have defined

)= mes(r,t) (17.67)
and
t) = Zénk,s(r Vi,s + Z 5 Ek/ s~ (k S; K’ S Vk/ s’ Zénk s I‘ t .]k s - (1768)

In the above calculation the properties f(k, s;k’,s") = f(k/, s';k, s) and |0nw o (r,t)| = |dnk +(r,t)| have
been taken into account. We also have to considered that the variations are always done on the Fermi
surface, therefore, |k| = |kK'| = kF.
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Eq. (17.66) is evidently a continuity equation, and describes the conservation of the number of
particles of the system. The current generated by the quasi-particle motion is

Jies = Vis+ > f(k 5K, )0 (err o — ) Vi o (17.69)
k’,s’

In absence of interaction, the current would correspond to v s as it would be in a classical treatment.
The second term appears since we are describing an interacting system. Adding a particle to the system,
in addition to the trivial contribution of the current generated by vy s, there is the contribution due to
the interaction of the quasi-particle with all the other ones. This second terms, is sometime called drag
current as to describe the fact that the medium is dragged by the quasi-particle added to the system.

In an infinite system, with translational invariance, we can use the relation (17.19) in Eq. (17.69) to
relate the effective mass of the quasi-particle to the bare mass

nk  hk

o s — I g 17.
- ;8 )0(€k,s — ) Vi, (17.70)

! ’
k’,s

The calculation of the sum is presente in the box.

In this calculation the sum is transformed into an integral by using the conventions presented in Sect.
2.3. We consider the z-axis parallel to k without losing in generality We indicate with 6 the angle
between k and k” and vk s = |V .

Z flk,s; k', s")5(en — 1)Uy 51 €OS 0
k/ ’

= v 3./ ,
= Z/ (271,)3 /d k f( S; k S)h2k5(l€ kF)vk/,s’ cos 6

v o 1 2m ,
= W;/dkkz/ld(cosﬁ)/o dqﬁf(k,s;k,s)th(S( kp)vgs s P1(cos )

— 14 2 ! s

= @ (2)(27r) 2 kp“vgp /71 d(cos0) zl: Ji Pi(cos @) Pi(cos6)
Um*k 12 1 .

- 27T2szl _ldeL z)Pi(z) = F1235z e = gorFy

where we have considered that vi. 1/2 = Vkp,—1/2 = Vkp

hk  hk 1 hk F$
R Ty e & 17.71
m m*+3 Lk m*(+3> ar.7)
therefore
* FS
™14 - (17.72)

Since the value of m* is related to the specific heat, see Sect. 17.4.1, this relation gives new information
on the interaction f(k, s;k’, s’). We remark that for Ff¥ < —3 the system becomes unstable since negative
masses would be obtained.
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17.5.3 Collective excitations

The external perturbation of the system is harmonic ad has momentum q and energy w. The variation
(17.55) of the distribution can be expressed as

Maes (1, 8) =l + e o (q, w)e! @0 (17.73)

By inserting this expression in the transport equation (17.63) we obtain

g [5nk’5(q, w)ei(q'r_m)} + Vi, {5nk,s(q,w)ei(q""—‘“t)} Vs

ot
Vphis - Z f(k,s; k', 8"V, [5nk/75/(q, w)ei(q'r_“’t)} =0 . (17.74)
k/,s/
and therefore
(q - Vi,s —w)dng s(q,w) — Vpnp . - q Z f(k,s;K, s )on o (q,w) =0 . (17.75)
k’,s’
and also
(q Vs — W)énk,s(qa w) + Vis - q Z f(k> S klv 5/)6nk/,s’ (qvw) =0 . (1776)
K/ ,s'

Since for Eq. (17.64) d(e, — ) = 8(k — kp)m* /h%kp we can rewrite the variation dny s as

onie,s(qw) = 6(k — kp)vkpu,s (17.77)
and, then, we obtain the equation
(A Vis —w)uks(q,w) + Vs - q Z f(k,s; K, s uw o (q,w) =0 . (17.78)
k’,s’

Without loss of generality, we defined the z in the direction of q. We indicate with 6 the angle between
q and k and with 6’ the angle between k’ and q. We use the symbols q, k, k' to indicate the modules of
the relative vectors. Since everything happens at the Fermi surface k = k' = kg, the interaction depends
only on the angle between the two vectors k and k’, therefore

252

f(k,s;K',s") = fleos(§ — 6');s,5'] = Zm*

where we used the definition (17.64) of F. We transform the sums in Eq. (17.78) as integrals following
the conventions of Sect. 2.3, and obtain

Flcos(0 — 60");5,5] , (17.79)

2 1
(qUEp s cos 0 — w)u(, ¢, o) + qka’SCg—Sg Z/ dd)’/ d(cos @) F[cos(8 — 0');s,8'u(@,¢',0") =0 .
T S Jo -1

(17.80)
In analogy to what has been done for the interaction in the Egs. (17.13) and (17.14) we separate u in a
symmetric and antisymmetric parts of the spin

(0, 6,£1/2) = u*(0,6) £ u(6,9) . (17.81)
We insert these definitions in Eq. (17.80), we divide by qu, s and by using the new variable £ = w/qug, s

we obtain two independent equations for the unknowns «* and u?.
cos
47
cos 6
4

(cos @ — &)u®(0, @) + /0 ’ de’ /_1 d(cos 0")F*[cos(6 — 0")]u®(0',¢") =0 (17.82)

(cos — &)u”(6, ¢) +

27 1
/ de’ / d(cos 0')F [cos(0 — 0)us (0, &) =0 (17.83)
0 —1
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A formal solution of these equations can be obtained by expanding the u®%(6, ¢) in spherical harmonics
Y; (0, ). The independence of the known terms of the angle ¢ indicates that one obtains independent
equations each of them characterized by the quantum number p. This means that it is possible to classify
the solutions by following the value of y. Longitudinal solutions are those for p = 0, transverse solutions
are those for o = 1, quadrupole solutions those for u = 2, etc..

The most interesting excitation mode is the longitudinal one for the symmetric solution. This situation
describe a density compression mode which propagates in the q direction and which involves all the
particles independently of their spin direction. It is an excitation mode very similar to that of the
traditional sound propagation in classical systems. For this reason it is called zero sound opposite to the
first sound which is that traditional mode described in the hydrodynamical regime.

Qe present here a simple model to describe the zero sound. Let’s assume that the interaction is
independent of # and ', therefore, in expansion in terms of Lagrange polynomials F*[cos(§ — 6')], only
the term F{§ remains. By inserting this interaction in Eq. (17.82), and working out the integrals we
obtain

(cos§ — E)u (0, ¢) + C°§9Fg / 11 d(cos0)us (8, ¢') =0 . (17.84)
We search for a solution of type
u?(0,¢) = C% (17.85)
where C'is a constant. By inserting this solution in Eq. (17.84) we obtain
§1og e+l _1 (17.86)

2 °¢—-1 Fp

The integral to be calculated is

1
/ d(cos0) cos

1 m ’
Since
/dm ¢ f r [z + €log(z — &)] + costante |,
Eq. (17.84) becomes
(cost )0 2+ “SEFIC {gllog(€ + 1) ~ log(¢ ~ D]} =0 .

from which we obtain Eq. (17.86).

In case of a repulsive interaction Fj > 0 there is always a real solution with & > 1. This corresponds to
a wave without damping. The phase velocity is greater than vy,. If there is a weak attraction between the
quasi-particles —1 < F§ < 0, Eq. (17.86) has a complex solution which represents a damped oscillation.
If F§ < —1 the zero sound oscillation is unstable, i. e. it is not formed.

It is relevant to analyze the differences between zero and first sound in order to clarify their physics
content. There are two aspects to be considered. The first one is the interaction between the particles,
and the second one their elastic collisions. Both effects are present in a realistic description of the system.
The zero sound appears when the interaction dominates, while the first sound is present when the role
of the elastic collisions becomes dominant.

The first sound propagates since the perturbation, due to a local change of the density, has an
oscillation frequency fiw much smaller than that of the elastic collisions between quasi-particles. Since
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the number of these collisions is large for each oscillation, it is possible to reach a local thermal equilibrium
in a macroscopic part of the system, large if compared to the interparticle distance, but localized. This
perturbation moves in the systems as a consequence of the particle collisions, phenomenon which quenches
the amplitude since it transfers energy from the localized region to the full system. If the temperature
increases also the propagation speed increases since it increases the number of elastic collisions. Also the
effect of the quenching increases. From the mathematical point of view this situation is described by the
transport equation (17.63) where the collision integral plays an important role.

The opposite physical conditions are those which allows the formation, and propagation, of the zero
sound. The oscillation frequency fAw is much larger of the frequency of the elastic collisions between the
particles. In this situation the interaction between quasi-particles, which is active at times much smaller
than w™!, and to the typical average times of elastic collisions, dominates. The zero sound propagates
since the particles are correlated by their interaction. The number of elastic collisions is relatively small
for each oscillation and the perturbation is not damped. In the zero temperature limit there are not
elastic collisions and the zero sound propagates indefinitely. In obtaining the solution for the zero sound
propagation we used the transport equation (17.63) by neglecting the collision integral.

The transition between these two collective modes of sound propagation happens in a situation where
hw is comparable with the frequency of the elastic collisions. In this case, there is no zero sound since the
collisions are numerous enough to immediately damp the oscillation. On the other hand, the collisions
are too few to thermalize and produce a collective motion. There is no first sound propagation.

The existence of zero sound was predicted by Landau at the end of the 50’s of the last century, and
experimentally identified in 1966 in the fermionic liquid helium [Abe66]. The experiment was carried
out by analyzing the absorption of sound waves with different frequencies at a fixed temperature, and by
identifying the presence of the three physical regimes above described, first sound, transition region and
zero sound.
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Appendix A

Variational principle

Let’s consider a system composed by many fermions and described by the hamiltonian H. The corre-
sponding Schrodinger equation is
H|W) = B|W) | (A1)

where |U) is the eigenstate describing the system. We consider only the ground state of the system. We
shall show that, by considering the energy of the system as functional of ¥, the search for its minimum,
i.e. the solution of the equation

V| H| W)

SE[Y] =5<<\P|\P> =0, (A.2)

corresponds to the solution of the Schrodinger equation (A.1).
The definition of energy (A.2) can be written as

EW] (¥[¥) = (B|H|T) , (A.3)
By doing the variation we obtain
SE[W(W|W) + B[W]s(¥|W)) =6 ((w|i|w))

SE[U](U| )

6 ((WIiw)) — B[] ((v]w))

SE[W] = ﬁ 5 (celarwy) — Blw)s ((wiwy)] =0 .

This term is zero if the part between squared brackets is zero
6 (w1 AIw)) — B[w)s ((9]) =0 , (A4)

and, since E is a number,

(0U|H — E|U) + (¥|H — E|6¥) =0 . (A.5)

Since ¥ is a complex function, the variation of (¥| is independent of that of |¥). This because the real
and the imaginary parts of |¥) vary independently from each other. This can be seen by substituting in
(A.5) |i0T) to |dT).

—i(0U|H — E|W) + i(U|H — E|Us) =i [—(5\1419 — E[U) + (W|H — E\\IJ6>} =0 . (A.6)
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Since the equations (A.5) and (A.6) must be verified at the same time, one has
(0U|H—E|U)=0 e (U|H—-E|0¥)=0. (A7)
Since |§W) is arbitrary the previous equations are always satisfied if
[H—-E]|¥)=0, (A.8)

which is the Schrodinger equation (A.1).

Let’s consider now a trial wave function |®)
|B) = > D[ W) (A.9)
n=0

expressed as linear combination of eaigenstates of H

where the D,, are complex numbers.
The energy functional can be expressed as

A > (WD HD,|,,)
<q)|H|(I)> n,n’
E[®] = =
2] (0|®) > (W | D} Do W,)

n,n’

> DDy (W |H|T,) > DyDpEnbunw Y |DalEo

’
n,n nn’

= >
ZD:/Dn<\I’n’|\Pn> Z|Dn‘2 - Zan|2

This inequality shows how the energy obtained by searching for the minimum of the energy functional in
a subspace of trial wave functions gives an energy value larger than the correct ground state eigenvalue
of the H hamiltonian.

=FE . (A.11)



Appendix B

Creation and destruction operators
in angular momentum coupling

In this appendix, we consider the definition of fermion creation and destruction operators in case one it
is concerned to exploit the spherical symmetry of the system.

In case of a one-body hamiltonian with spherical symmetry and spin-orbit interaction, the quantum
numbers characterizing the single particle wave function are: the principal quantum number n, the
quantum number [ related to orbital angular momentum, j related to the total angular momentum and
also m, the projection of j on the quantisation axis z. In the following we shall not explicitly write the
dependence on n and I.

The action of the creation operators is:

@}, |0) = [7m) (B.1)

which indicates that the &Im puts a particle on the |jm) state. All the states with the same j have the
same energy this is 2j + 1 degeneracy. For this reason it is necessary to specify also m.

The 2541 components of &;L,m behave such as to form an irreducible spherical tensor [Edm57] satisfying
the equations

[esif] = maf, (B.2)
|:j:t7 &j:m:| = [j(] + 1) - m(m + 1)}1/2 d;:’mil’ (B3)

where we indicated with Ji and J, the spherical components of the generalized angular momentum of
the system.

One of the properties characterizing the irreducible spherical tensor of rank k is that its 2k + 1
components transform in those of its hermitian conjugate as:

(T§>+ = (7%,) ). (B.4)

T

This means that the conjugate of a;,,,,

while the operator

i.e. @jm, is not a component of an irreducible spherical tensor,
ajm = (=) " ajm (B.5)
satifies this requirement.
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It is useful to use operators which are irreducible spherical tensor in the description of system with
rotational invariance. For this reason, the use of a; p, is preferred with respect to ;. The anticommu-
tation properties are:

{atifm} = 0 {agmym} =0 (B.6)
{éj,m, “jm} = (=)0 50 (B.7)
It is possible to create a state composed by many particles by iteratively apply ajfm to the vacuum

state and by using the rules of the angular momentum coupling. For example, the creation operator of
two particles becomes:

. 1 J
At (j1jo; IM) = at ®@at (B.8)
(1 +5j1j2)1/2 [ J1 ‘72}]\/[
where we have defined:
~ ~ J . . ~ N
[aj1 ® ajﬂM = Z <31m132m2|JM>a;7m1aj+27m2 (B.9)

mimo

where (jimijamsa|JM) is a Clebsch-Gordan coefficient. The destruction operator for a particle pair
becomes:

A . + 1 . L oqd
A(jrja; IM) = (=) ™M | AT (jijos J = M)| = ———— |aj, @ ay (B.10)
|: } (1 +5j1j2)1/2 |: " JZ}M
and the operator creating a particle-hole pair is:
Uljrjo; JM) = (6}, @ a7, (B.11)

When j; = ja, the two particles are identified by my # ms therefore, since the above equations include
a sum on the m; and my it is necessary to divide by v/2 since there is a double counting of identical
configurations. For example, the configuration where the the particle 1 has m; and that of particle 2 mao,
is identical to that where the particle 1 has msy and particle 2 m;.



Appendix C

Speed of sound in fluids

In this appendix, we obtain the expression for the speed of sound in a classical fluid. The derivation is
quite standard [Blu06]. We consider classical fluids, non quantum fluids, and combine continuity and
Euler equations.

We call u(r,t) the local velocity of an infinitesimal mass of fluid, and p,, the mass density, related to
the number density by the relation p,, = mp where m is the mass of the particle whose p represents the
probability that it is present in a unitary volume.

C.1 Continuity equation

The mass of a fluid which, in the unit of time, goes out from a closed surface S is given by

/S pm - dS . (C.1)

This is a surface integral and the direction of dS is given by a vector orthogonal to plane touching
the infinitesimal surface element. The loss of flux implies a lowering of the fluid density in the volume
contained by the surface S

/ pmu-dS = fg Pm AV (C.2)
S ot Jy

where the integral in the right hand side is a volume integral.
This is the continuity equation expressed in the integral form. We obtain a differential expression of
this equation by applying the divergence theorem to the term of left hand side

/pmu~dS=/ o Voudv = — [ 9Pm gy (C.3)
s v v Ot

where we have inverted the order of the integration and differentiation operations in the last integral. By
equating the two integrands we obtain

0pm
V- (pmw) = — 58 (C.4)

where pyu is commonly called current density. The one-dimensional expression is

Ipmu) _ Opm
oxr ot (€-5)
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C.2 Euler equation

In a fluid, the rate of change of a vector property X(r,t) depending on the position and on the time ¢ is
described by a convective derivative which is a total derivative with respect to the time.

DX o0X
Dt ot 2w ot o T VIX (C.6)

20X 0x; X
Zl T

We consider an infinitesimal element of the fluid. The external force acting on this element is given
by the convective derivative of the velocity u. This force induce a gradient on the pressure generated by
the considered element on the other parts of the fluid. The pressure gradient per mass units is given by

the equation
Du 1
— =—-——VP, (C.7)
Dt Pm
where the — sign is due the fact that the force is external to the volume considered and a positive force
induces a negative pressure gradient.
By writing the explicit expression of the convective derivative we obtain
1 Ou
——VP=—+(u-V)u, C.8
VP =Gl (@) (C5)

and in one dimension we have
1 0P  0Ou ou

(C.9)

pm 0T 8t+u%'

C.3 Velocity of the sound

Let’s consider a situation where the sound propagates in a specific direction. We use the one-dimensional
expressions of the continuity and Euler equations. The latter one can be written as

8pm Ju . apm

W Py = (G.10)
We divide by pp, and use the variable s = (0pm)/pm
0s Ou O0s

We consider sound waves with small amplitudes. This means that the density changes are on small
distance scale with repect to the fluid dimensions, and therefore those of the sound propagation. The
quadratic terms in u are negligible, and also the term where the fluid velocity w multiplies the density
variation ds/dz. By using these approximations, the previous equation becomes

ou Os

=2 C.12
oz ot ( )
and the Euler equation
1 0P Ou
N C.13
Pm OT ot ( )
By using the definition of compression modulus (2.60) we have
P A P P
B=— 87:_7 o 9 , (C.14)
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from which 6P = Bds, We can express the equation (C.13) as

Ju B 0s
27 C.15
ot Pm OT ( )
We insert the expression of du obtained by this equation in (C.12), and obtain
B 9%°s  9%s
— = . C.16
pm Ox2  Ot? ( )
Possible solutions of this equation are _
s o etlkz=wt) (C.17)
which inserted in (C.16) gives the relation
B
—k*=w?. (C.18)
Pm
Therefore, the speed of propagation of the sound wave is
w B
s = — = . C.19
v k le’l ( )
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Appendix D

Boltzmann transport equation

In this appendix we provide a derivation of the classical transport equation of Boltzmann. In this
derivation the the motion of a single particle is described by the three components of its position r and
by the three components of its velocity v. The goal is to find the variations of the distribution function
f(r,v,t). The number of particles which, at the time ¢, are in the infinitesimal volume d¢’ of the six
dimensional phase space described by r and v is given by f(r,v,¢). In other words, is if A is the particle
number, the probability of finding a particle in the volume d¥’ at the time ¢ is given by (1/A) f(r,v,t).

The distribution function defines completely the state of the system. For example, the particle local
density p(r,t), whatever is their velocity, is obtained by integrating on the velocities

p(r,t) = /d3v f(r,v,t) . (D.1)

Let’s consider the case where there are not collisions among the particles. External forces, whose
vector sum, at the time ¢, is given by F(r,t), are acting on the system. The time variation of position
and velocity of the individual particle is given by

v = r(t+dt)=r(t)+v(t)dt, (D.2)
F(r,t)

v/ v(t+dt) =v(t) + dt . (D.3)

The distribution function describing, at the time ¢, the system in a volume d{’ evolves at the time
t—+ dt both because it explicitly depends on time, but also because of the variation of r e v. We can write
the new distribution function as

f v t4dt) = f(x', v/ t)dt + —dt+z dt+Z—vzdt , (D.4)

where the dot on the letter indicates the time partial derivative. We can define the total derivative as

Df af N Of
Dit Z x; + ; 87’01'% s (D5)
or in vector form Df of .
EZEJFV'(VJ)JFEF‘(V\J) ) (D.6)

where the subscripts indicate that the gradients are calculated with respect to the coordinates or to the
velocities.
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In a collisionless situation and for conservative external forces, i.e. independent of the velocities,
there is a conservation of the particle flux in the volume d¢/. This statement can be expressed in terms
of current conservation

of
ot

which in the six-dimensional r v space becomes

+V(fv) =0, (D.7)

SIS
Mw
+
B
P
gl
=
o
S
>

Therefore

and

Since the hamiltonian is conservative, the Hamilton equations are valid

0H o0H

o= O , D.11
v dp;  mov; ( )
OH
P = —m = e D.12
b= i o (D.12)
o 9 [OH ] 1 O*H ] 0 10H] = 0Oy (D.13)
Ox;  Ox; |mov;| ov0x; | Ov; |mox; | v '
Therefore
Df
D= 0 . (D.14)
The presence of collision between the particle modifies Eq. (D.14) as
Df(r7 Vv, t) _ + _
b = A AT (D.15)

where we indicated with A~ the lowering of the value of f because of the particles that, in the physical
volume dV = dr, after the collision have a velocity different from v, and with A™ the increase of the
value of f because of the particle which have initially a value of the velocity different from v, and then,
after collision have a velocity between v and v 4 dv values. All this changes happen in the unit of time.

Let’s make some assumptions to evaluate these two terms.

1. The mean free path of each particle is much larger than its dimensions.

2. Short-range interactions.

3. Binary collisions. Collisions betwee three, or even more particles are negligible.

4. Only elastic collisions.
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We evaluate first A™. Let’s consider a particle with velocity v having a collision with another particle
of initial velocity w. We call v/ and w’ the velocities after the collision. Since we assumed that the
collision is elastic, because of the momentum and kinetic energy conservation we obtain,

viw = v +w (D.16)
viiw? = (V)P (wW)?. (D.17)

The modules of the relative velocities V=v —w e V' = v/ — w’ do not change
[VI=1|V'] . (D.18)

We call 0y w—v w the elastic cross section of this collision which is invariant under time reversal, t — —t,
therefore,

Ov,w—v/,w = Ov/ w —v,w (D].g)

this means that, once the relative velocity value is selected |V| the cross section depends only on the
incoming and outgoing directions, in other words on the solid angle Q2 where the particles are scattered.
In the specific case of unpolarized particles, such as those without spin, the cross section depends only
on the angle 6 between incoming and outgoing directions. Therefore, we have

/dgv’d‘?’w’ov,w_,v/,w/ = /an(Q) ) (D.20)

The number of molecules that, because of the collisions, in the unit of time, goes from (v,w) to
(v',w') is proportional to the cross section and also the flux, therefore to the relative speed v —w, and to
the joint probability of finding a particle with velocity v and another one with velocity w. We make now
a new assumption: the joint probability is the product of the two individual probabilities. This means
to neglect the correlations, i.e. to consider the motion of each particle independent of the presence of the
other particles. This probability is, therefore, the product of f(r,v,t) times f(r,w,t) wich we write as
fvfw-. Putting together all the assumptions we obtain

AT = /dsw v P |V — W0y wosvw fofw - (D.21)
The path to obtain A* is similar. One has to substitute v and w with v/ and w’ respectively
AT = /d?’w ' P |V — W oy sy w o fwr (D.22)

By considering the invariance of the relative velocity module (D.18) the time reversal invariance
(D.19), the relation (D.20) between cross section, we can write the transport equation (D.15) as

D= [ Puda B - wlow o fur = fu)
= /d3w dQ v —wlo(Q)(fv fw — fvlw) (D.23)
and in the more extended expression
af 1 3
B +v-(Vef)+ EF Vyf= [ @wdQ|v —w|o(Q)(fv fw — fvTw) - (D.24)

The right hand side of this equation is usually called collision integral, J(f).
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Appendix E

Acronyms
AFDMC Auxilary Field Diffusion Monte Carlo (Sect. 4.4)
CCM Coupled Cluster Method (Chapter 15)
CBF Correlated Basis Function (Chapter 13)
DFT Density Functional Theory (Sect. 9.3)
FG Fermi Gas (Chapter 2.3)
FHNC Fermi Hypernetted Chain (Sect. 13.3)
GFMC Green Function Monte Carlo (Chapter 4.3)
HF Hartree-Fock (Sect. 12.3 e 9.2)
HNC Hypernetted Chain (Sect. 13.2)
IPM Independent Particle Model (Chapter 2)
KS Khon-Sham (Sect. 9.3.2)
MF Mean-Field (Chapter 2)
QBA Quasi Boson Approximation (Sect. 10.3.2)
OBDM  One-body density matrix (Sect. 13.3)
ONR Occupation number representation (Chapter 5)
QBA Quasi Boson Approximation (Sect. 10.3)
QCD Quantum Chromodynamics
QED Quantum Electrodynamics
RPA Random Phase Approximation (Sect. 12.5 e Cap. 10)
TBDF Two-body distribution function (Sect. 13.2)
TDA Tamm Dankoff Approximation (Sect. 10.2)
VMC Variational Monte Carlo (Chapter 4.2)
UCOM  Unitary Correlation Operator Method (Chapter 14)
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Appendix F

Symbols

This is a list of symbols whose meaning is the same in all the chapters of the book
a,at  Creation and destruction operators (Chapter 5)
Number of particles
Energy of the interacting particles system
Energy of the non-interacting particles system
Green’s function (Chapters 8 and 11 )
Effecttive interaction from Brueckner’s theory (Chapter 8)

Q>

Single-particle hamiltonian (Chapter 2)

Total hamiltoniana (Chapter 2)

One-body hamiltonian, of mean-field (Chapter 2)

Perturbative term, interaction term, of the hamiltonian H (Chapter 2)

IS Q) o o

The identity operator.
Normal ordered product operator (Chapter 5)
Kinetic energy operator of the hamiltonian (Chapter 2)
Time ordered product operator (Chapter 5)
Interaction Potential (Chapter 2)
Volume of the system (Chapter 2)
Yim  Spherical harmonics (Chapter 2)
Yijm  Spin spherical harmonics (Chapter 2)
i) Eigenstate of Hy, mean-field state, Slater determinant for fermions (Chapter 2)
i Single-particle wave function eigenstate of h (Chapter 2)
v Eigenstate of H (Chapter 2)
¥, T Field operators (Chapter 5)
P Number density of the particles (Chapter 2)
Pe Density of states (Chapter 2)
2 Self-energy (Chapter 12).
Q
Z

< <> = ﬂ) Z) =

Polar angular coordinates (Chapter 2)
atomic number
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Adiabatic continuity, 205

Bessel functions, 10

Bethe-Goldstone equation, 78
Bethe-Salpeter equation, 154
Boltzmann transport equation, 233
Born-Oppenheimer approximation, 29
Brueckner theory, 77

Chemical potential, 18, 131

Chiral symmetry, 27

Collective states, 111

Collision integral, 235
Compressibility in Fermi gas, 17
Compressiblity, 210

Configuration space, 119
Continuity equation, 229
Contraction, 63

Convective derivative, 230
Correlated Basis Function, 106, 163
Correlation function, 38
Correlations, long-range, 94
Correlations. short-range, 94
Coupled Cluster Method (CCM), 193
Current, drag, 218

Density Functional Theory (DFT), 99
Density of states, 15

Deuteron, 22

Dyson’s equation, 147

Effective mass, 209

Effective theories, 203

Electron gas, 21

Equations of motion method, 107

Fermi energy, 15
Fermi gas, 14, 98, 207

Fermi HyperNetted Chain (FHNC), 173, 178
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Fermi liquid, 205
Feynman diagrams, 67
FHNC/SOC theory, 179
Fock-Dirac term, 96

Gell-Mann and Low, theorem, 65
Giant resonance, 121

Goldstone diagrams, 67
Goldstone theorem, 69

Green’s function, 123

Green’s function as resolvent, 85
Green’s function, advanced, 133
Green’s function, one-body, 123
Green’s function, retarded, 133
Green’s function, two-body, 132

h-function, 165

Hartree term, 96

Hartree-Fock, 92, 150

Hoenberg-Khon theorem, 99

Hole state, 17

Hubbard-Stratonovich transformation, 43
HyperNetted Chain (HNC), 171

Independent Particle Model, 8

Jastrow’s anstaz, 38, 163
Jellium, 21

Khon and Sham equations, 102
Koopmans’ theorem, 96

Ladder diagrams, 79

Landau, L. V., 205

Lehmann representation, 129
Lennard-Jones potential, 30
Lippmann-Schwinger equation, 85

Mass formula, semi-empirical, 87
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Mesons, 26

Monte Carlo, Auxiliary Field, 43
Monte Carlo, Green Function, 40
Monte Carlo, integration technique, 35
Monte Carlo, Variational, 37

Neumann functions, 10
Normal order product, 62
Nuclear matter, 87
Nucleon-nucleon potential, 22

Occupation Number Representation (ONR), 50

One-body density matrix (OBDM), 173
Operator, time-evolution, 59

Operator, time-ordering, 61, 62
Operators, creation and destruction, 50
Operators, field, 54

Operators, one- and two-body, 53

Pairwise additivity approximation, 31
Particle state, 17

Phase shift, 23

Picture, Heisenberg, 57

Picture, interaction, 58

Picture, Schrodinger, 57

Points, external, 167

Points, internal, 166

Polarization, operator, 148

Quantum Chromodynamics, QCD, 22
Quantum Electrodynamics, QED, 22
Quasi-boson approximation (QBA), 113
Quasi-hole, 207

Quasi-particle, 206, 207

Random Phase Approximation (RPA), 107,
112, 155

Real system, 207

Relative densities, 31

Residual interaction, 8, 94

INDEX

Response, linear, 134
RPA amplitudes, 112
RPA ground state, 112, 118
RPA, continuum, 120

Self-energy, 145

Self-energy, proper, 146
Short-range interaction, 23
Slater determinant, 8, 49
Sound speed, 210

Sound zero, 220

Sound, first, 220

Specific heat, 209

Specific heat in Fermi gas, 17
Speed of sound in classical fluid, 230
Spin-orbit potential, 12

Step function, 18, 128
Sub-determinants, 173
Susceptibility, magnetic, 213

Tamm-Dankoff approximation, 108
Tensor term of the nuclear interaction, 23
Tensor, irreducible spherical, 227
Theorem of the central limit, 37
Three-body forces, 27

Transition probabilities in RPA, 117
Transport equation, 215

Trotter-Suzuki formula, 41

Unitary Correlation Operator Method
(UCOM), 183

Variational principle, 225
Volume integral of the interaction, 99

Wick, theorem, 63
Woods-Saxon, 8

Yukawa potentials, 26



