Second Quantization

In this chapter we revisit the quantum mechanical description of one-particle systems and
many-particle systems. We highlight the differences between distinguishable and indistin-
guishable, or identical, particles and bring to the front the mathematical complications that
arise when dealing with identical particles. We then introduce the second quantization for-
malism and show how to overcome these complications. The main actors of the second
quantization formalism are the field operators, which can be used to represent states and
quantum observables in the Hilbert space of identical particles.

1.1 Quantum Mechanics of One Particle

In quantum mechanics the physical state of a particle is described in terms of a ket | V).
This ket belongs to a Hilbert space, which is nothing but a vector space endowed with
an inner product. The dimension of the Hilbert space is essentially fixed by our physical
intuition; it is us who decide which kets are relevant to the description of the particle. For
instance, if we want to describe how a laser works we can choose those energy eigenkets
that get populated and depopulated, and discard the rest. This selection of states leads to
the well-known description of a laser in terms of a three-level system, four-level system, etc.
A fundamental property following from the vector nature of the Hilbert space is that any
linear superposition of kets is another ket in the Hilbert space. In other words, we can make
a linear superposition of physical states and the result is another physical state. In quantum
mechanics, however, it is only the “direction” of the ket that matters, so |¥) and C|¥)
represent the same physical state for all complex numbers C. This redundancy prompts us
to work with normalized kets. What do we mean by that? We said before that there is an
inner product in the Hilbert space. Let us denote by (®|¥) = (¥|®)* the inner product
between two kets |¥) and |®) of the Hilbert space. Then every ket has a real positive inner
product with itself,
0 < (T|T) < oco.

A ket is said to be normalized if the inner product with itself is 1. Throughout this
book we always assume that a ket is normalized unless otherwise stated. Every ket can be
normalized by choosing the complex constant C' = €'®/,/(¥|¥) with « an arbitrary real
number. Thus, the normalization fixes the ket of a physical state only modulo a phase factor.
As we see in Section 1.3, this freedom is the basis of a fundamental property about the nature
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Figure 1.1 Histogram of the normalized number of clicks of the detector in x,, = nA. The
height of the bars corresponds to the probabilities |¥,, |2.

of elementary particles. The notion of inner product also allows us to define the dual space

as the vector space of linear operators (®|, which deliver the complex number (®|¥) when

acting on the ket |¥). The elements of the dual space are called bra, and we can think of

the inner product as the action of a bra on a ket. The formulation of quantum mechanics

in terms of bras and kets is due to Dirac [l, 2] and turns out to be extremely useful.
According to the basic principles of quantum mechanics [2],

¢ With every physical observable is associated a Hermitian operator whose eigenvalues
A represent the outcome of an experimental measurement of the observable.

e If the particle is described by the ket |T'), then the probability of measuring A is given
by
P(A) = [(AD) 2,

where |A) is the eigenket of the operator with eigenvalue A.

¢ The experimental measurement is so invasive that just after measurement the particle
collapses in the ket |\).

Let us discuss the implications of these principles with an example.

Discrete formulation Suppose that we want to measure the position of a particle living
in a one-dimensional world. We can construct a detector with the property that it clicks
whenever the particle is no further away than, say, A/2 from the position of the detector.
We distribute these detectors on a uniform grid z,, = nA, with n integers, so as to cover
the entire one-dimensional world. The experiment consists in preparing the particle in a
state |U) and in taking note of which detector clicks. After the click, we know for sure
that the particle is in the interval x,, + A/2, where x,, is the position of the detector that
clicked. Repeating the experiment NV >> 1 times, counting the number of times that a given
detector clicks, and dividing the result by N, we obtain the probability that the particle is
in the interval x,, = A/2, see histogram in Fig. 11. Quantum mechanics tells us that this
probability is

P(n) = [(n|W)[2,
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where |n) is the ket describing the particle in the interval x,, = A/2. The experimental
setup does not allow us to say where exactly the particle is within this interval. In fact, it
does not make sense to speak about the exact position of the particle since it cannot be
measured. From the experimental output we could even argue that the one-dimensional
world is discrete! What we want to say is that in our experiment the “exact position” of the
particle is a mere speculative concept, like the gender, color, or happiness of the particle.
These degrees of freedom may also exist, but if they cannot be measured then we should
not include them in the description of the physical world. As scientists we can only assign
a ket |n) to the state of the particle just after measurement, and we can interpret this ket
as describing the particle in some discrete position. The probability of finding the particle
in |n’) just after the nth detector has clicked is zero for all n’ # n and unity for n’ = n,
and hence,

(n'|n) = 6pn. an

The kets |n) are orthonormal and it is easy to show that they form a basis of our Hilbert
space. Suppose by absurdum that there exists another ket |x) orthogonal to all the |n).
If the particle is described by this ket then the probability that the nth detector clicks is
|(n|x)|? = 0 for all n. This cannot be the case unless the particle is somewhere outside the
one-dimensional world - that is, in a state not included in our original description.

Let us continue to elaborate on the example of the particle in a one-dimensional world.
We said before, that the kets |n) form a basis. Therefore, any ket |¥') can be expanded as

=3 W), (.2)

Since the basis is orthonormal, the coefficient W, is simply
Uy = (n]), (13)

and its square modulus is exactly the probability P(n):

9 probability of finding the particle in
|\Iln| = .
volume element A around z,,

It is important to appreciate the advantage of working with normalized kets. Since (¥|¥) =
1, then
P =1, (.4)

according to which the probability of finding the particle anywhere is unity. The interpreta-
tion of the |¥,,|? as probabilities would not be possible if | ') and |n) were not normalized.

Given an orthonormal basis, the inner product of a normalized ket | V) with a basis
ket gives the probability amplitude of having the particle in that ket.

Inserting (1.3) back into (1.2), we find the interesting relation

n
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This relation is interesting because it is true for all |¥) and hence
> |n)(n| =1, (.5)
n

with 1 the identity operator. Equation (15) is known as the completeness relation and
expresses the fact that the set {|n)} is an orthonormal basis. Vice versa, any orthonormal
basis satisfies the completeness relation.

Continuum formulation We now assume that we can construct more and more precise
detectors and hence reduce the range A. Then we can also refine the description of our
particle by putting the detectors closer and closer. In the limit A — 0, the probability |¥,, |2
approaches zero and it makes more sense to reason in terms of the probability density
|U,,|2/A of finding the particle in x,,. Let us rewrite (1.2) as

Uy =A —_— . (1.6)
=AY UR VA
We now define the continuous function ¥(x,,) and the continuous ket |x,,) as
_ o Yn s n)
U(z,) = ilino A |xn) = ilglo X
In this definition the limiting function ¥(x,,) is well defined, while the limiting ket |z,,)
makes mathematical sense only under an integral sign since the norm (x,|x,) = oo.

However, we can still give to |z,,) a precise physical meaning since in quantum mechanics
only the “direction” of a ket matters.! With these definitions (1.6) can be seen as the Riemann
sum of ¥(zy)|zy). In the limit A — 0 the sum becomes an integral over z, and we can
write

The function ¥(x) is usually called the wavefunction or the probability amplitude, and its
square modulus |¥(x)|? is the probability density of finding the particle in z, or equivalently

in volume element dz around x

0 (2))? de = < probability of finding the particle ) .

In the continuum formulation the orthonormality relation (1.1) becomes
= lim On'm
A—0 A

where 0(x) is the Dirac J-function, see Appendix A. Similarly, the completeness relation

becomes
/dx |z) (x| = 1.

'"The formulation of quantum mechanics using nonnormalizable states requires the extension of Hilbert spaces
to rigged Hilbert spaces. Readers interested in the mathematical foundations of this extension can consult, for
example, Ref. [3]. Here we simply note that in a rigged Hilbert space everything works as in the more familiar
Hilbert space. We simply have to keep in mind that every divergent quantity comes from some continuous limit
and that in all physical quantities the divergency is canceled by an infinitesimally small quantity.

<xn/|xn> = 5(xn/ - :Cn)7
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The entire discussion can easily be generalized to particles with spin in three (or any
other) dimension. Let us denote by x = (ro) the collective index for the position r and the
spin projection (say along the z axis) o of the particle. If in every point of space we put a
spin-polarized detector which clicks only if the particle has spin o then |x) is the state of
the particle just after the spin-polarized detector in r has clicked. The position-spin kets
|x) are orthonormal

(X'|X) = 65700(r' — 1) = §(x" — x), 1.7

and form a basis. Hence they satisfy the completeness relation, which in this case reads

/ dx [x) (x| = i 18)

Here and in the remainder of the book we use the symbol

/dx;/dr

to signify a sum over spin and an integral over space. The expansion of a ket in this
continuous Hilbert space follows directly from the completeness relation

hwzimw=/wdw@mx

and the square modulus of the wavefunction ¥U(x) = (x|W) is the probability density of
finding the particle in x = (ro):

probability of finding the particle with spin o
in volume element dr around r '

o ar =

Operators So far we have only discussed the possible states of the particle, and the
physical interpretation of the expansion coefficients. To say something about the dynamics
of the particle, we must know the Hamiltonian operator . The knowledge of the Hamiltonian
in quantum mechanics is analogous to knowledge of the forces in Newtonian mechanics. In
Newtonian mechanics the dynamics of the particle is completely determined by the position
and velocity at a certain time and by the forces. In quantum mechanics the dynamics of the
wavefunction is completely determined by the wavefunction at a certain time and by h. The
Hamiltonian operator h = h(#, p,8) does, in general, depend on the position operator 7,
the momentum operator p, and the spin operator S. An example is the Hamiltonian for a
particle of mass m, charge ¢, and gyromagnetic ratio g moving in an external scalar potential
¢, vector potential A, and whose spin is coupled to the magnetic field B = V x A:

~ 2 R
h = % (f’ - %A(f“)) + qé(?) — gupB(?) - S, 1.9)

with ¢ the speed of light and up the Bohr magneton? Unless otherwise stated in this

book we use atomic units, so i = 1, ¢ ~ 137, electron charge e = —1, and electron mass

20ther relativistic corrections like the spin-orbit interaction can be incorporated without any conceptual com-
plication.
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me = 1. Thus, in (1.9) the Bohr magneton pg = 2m - ~3.649x10™ 3, and charge and mass
of the particles are measured in units of e and m., respectively. To distinguish operators
from scalar or matrix quantities we always put the symbol “ * 7 (read “hat”) on them. The
position-spin kets are eigenstates of the position operator and of the z-component of the
spin operator: R

7x) = r|x), S.|x) = olx),

witho =-S5 —-S+1,...,5—1,5 for spin S particles. The eigenstates of the momentum
operator are instead the momentum-spin kets |po):

plpo) = p|po).

These kets are also eigenstates of S, with eigenvalue 0. The momentum-spin kets form
an orthonormal basis like the position-spin kets. The inner product between |x) = |ro)
and |po’) is proportional to J,,/ times the plane wave eP™. In this book we choose the
constant of proportionality to be unity, so that

(x|po’) = 0,6/ (x|p)  with  (r|p) = €PT (110)

This inner product fixes uniquely the form of the completeness relation for the kets |po).
We have

(00" 1p0) = 8010 (D|D) = S / dr (p/|r)(x|p) = boro / dr P-P)T
= (277)350’05(1)/ - p>7

X/ @

as can easily be verified by acting with (1.11) on the ket |p’c’) or on the bra (p’d’|.

Before moving to the quantum mechanical description of many particles, let us briefly
recall how to calculate the matrix elements of the Hamiltonian % in the position-spin basis.
If |T) is the ket of the particle, then

and therefore

=1 (1.m

(x[p|T) = —iV(x[T) = (Tpx) =i(Tx)V,

where the arrow over the gradient specifies that V acts on the quantity to its left. It follows
from these identities that

(X|DX) = —1670r VE(r — 1) = 16,0:8(x — ')V, (112)

where V' means that the gradient acts on the primed variable. Therefore, the matrix
element (x|h|x’) with h = h(7,p, S) can be written as

XIRJX'Y = hog (v, 1V, S)3(r — 1) = 6(r — ') hoor (', iV, S) (113)
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x (positron)

x (electron)

Figure 1.2 Histogram of the normalized number of simultaneous clicks of the electron and
positron detectors in z,, = nA and x,, = mA, respectively. The height of the paral-
lelepipeds corresponds to the probabilities [¥,,,,, |%.

where S is the matrix of the spin operator with elements (o|S|0’) = S,s. For example,
for the one-particle Hamiltonian in (1.9) we have

50‘0’
hoo (r, =1V, S) = m

. q 2
(ﬂv - EA(r)) + 6501qd(r) — gusB(r) - Spor.

We use (1.13) over and over in the following chapters to recognize the matrix structure of
several equations.

1.2 Quantum Mechanics of Many Particles

We want to generalize the concepts of the previous section to many particles. Let us first
discuss the case of distinguishable particles. Particles are called distinguishable if one or
more of their properties, such as mass, charge, spin, etc., are different. Let us consider, for
instance, an electron and a positron in one dimension. These particles are distinguishable
since the charge of the positron is opposite to the charge of the electron.

Discrete formulation for two particles To measure the position of the electron and
the position of the positron at a certain time, we put an electron detector and a positron
detector at every point x,, = nA of the real axis and perform a coincidence experiment.
This means that we take note of the position of the electron detector and of the positron
detector only if they click at the same time. The result of the experiment is the pair of
points (%, T ), Where x,, refers to the electron and x,,, refers to the positron. Performing
the experiment N > 1 times, counting the number of times that the pair (2,,z.,) is
measured and dividing the result by N, we obtain the probability that the electron is in z,,
and the positron in x,,, see the histogram in Fig. 1.2. According to quantum mechanics,
the electron-positron pair collapses in the ket |n)|m) just after measurement. This ket
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describes an electron in the interval z,, + A/2 and a positron in the interval z,, + A/2.
Therefore, the probability of finding the electron-positron pair in |n')|m') is zero unless
n’ =mn and m’ = m; that is,

(' [m]) (n)lm) ) = bnndumm.

The kets |n)|m) are orthonormal and form a basis since if there was a ket |x) orthogonal
to all of them then the electron-positron pair described by |x) would not be on the real
axis. The orthonormality of the basis is expressed by the completeness relation

nm

This relation can be used to expand any ket as

0) =1[W) = ([n)|m) ) ((nl(m])[¥),

nm

and if |¥) is normalized then the square modulus of the coefficients U,,,,, = ((n|{(m|) |¥)
is the probability represented in the histogram.

Continuum formulation for two particles As in the previous section, we could refine
the experiment by putting the detectors closer and closer. We could also rethink the entire
experiment in three (or any other) dimensions and use spin-polarized detectors. We then
arrive at the position-spin kets |x1)|x2) for the electron-positron pair with inner product

((xal{xa] ) (|xa)lx2) ) = 6(x) — x1)d(x — x2),

from which we deduce the completeness relation

[z (i) ) (Galxel) = 1.

The expansion of a generic ket is

@) = /dxldX2 (Pxifx2) ) ( (alxe| ) [¥),

and if |¥) is normalized then the square modulus of the wavefunction ¥(x;,x2) =
( (x1]|(x2] ) |P) yields the probability density of finding the electron in x; = (r101)
and the positron in xo = (r202):

probability of finding the electron with spin o
|¥(x1,X2)|? dridry = | in volume element dr; around r; and the positron
with spin o2 in volume element dry around ro

Continuum formulation for N particles The generalization to N distinguishable par-
ticles is straightforward. The position-spin ket |x1) ... |xx) describes the physical state in
which the first particle is in x;, the second particle is in |x3), etc. These kets form an
orthonormal basis with inner product

(G N Clxa) e x) ) = 0(x) — x1) ... 0(Xy — xn), (1.14)
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and therefore the completeness relation reads

/dxl...de(|x1>...\xN>)(<x1|...(xN\):i.

Operators Having discussed the Hilbert space for N distinguishable particles, we now
consider the operators acting on the N-particle kets. We start with an example and consider
again the electron-positron pair. Suppose that there is an electric field E(r) = —V¢(r)
extending across all of space and that we are interested in measuring the total potential
energy. This is an observable quantity and, hence, associated with it there exists an operator
7:lp0t. By definition the eigenstates of this operator are the position-spin kets |x1)|x2) and
the corresponding eigenvalues are —¢(r;) + ¢(r2), independent of the spin of the particles
(in atomic units the charge of the electron is ¢ = —1 and hence the charge of the positron
is ¢ = +1). The operator H,; is then the sum of the electrostatic potential operator acting
on the first particle and doing nothing to the second particle and the electrostatic potential
operator acting on the second particle and doing nothing to the first particle:

Hpot = () @ 1+ 1@ o(7). 115)
The symbol ® denotes the tensor product of operators acting on different particles:

Hpou|x1)[x2) = =(#)[x1) Lxz) + Lx1)d(#)[x2) = [ = d(r1) + d(r2)] Ix1)[x2).

The generalization of the potential energy operator to N particles of charge ¢1,...,qN is
rather voluminous

Hoot = 10(M)@1® ... 01 +¢le¢()®... 01 +.. +qvi®l®...@¢#), 016
pot = q19(7) @l®o(r) qn é(), (116)
N—1 times N —2 times N—1 times

and it is typically shortened to

pot ZQJ¢ T‘]

where 7; is the position operator acting on the jth particle and doing nothing to the other
particles. Similarly, the noninteracting part of the Hamiltonian of N particles is typically

written as
N N
= b Z 75 0;,8)). 1)
Jj=1 j=1

while the interaction part is written as

1 N
Hine = 5 > v(s, #5), (118)
%5

with v(r1, r2) the interparticle interaction. We observe that these operators depend explicitly
on the number of particles and are therefore difficult to manipulate in problems where the
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number of particles can fluctuate, such as in systems at finite temperature. As we see
later in this chapter, another disadvantage is that the evaluation of their action on kets
describing identical particles is very lengthy. Fortunately, an incredible simplification occurs
for identical particles and the expressions for operators and kets become much lighter and
easier to manipulate. To appreciate this simplification, however, we first have to understand
how the quantum-mechanical formulation changes when the particles are identical.

1.3 Quantum Mechanics of Many Identical Particles

Two particles are called identical particles or indistinguishable particles if they have the
same internal properties (i.e., the same mass, charge, spin etc.). For example, two electrons
are two identical particles. To understand the qualitative difference between distinguishable
and identical particles, let us perform the coincidence experiment of the previous section
for two electrons both with spin projection 1/2 and again in one dimension.

Discrete formulation for two particles At every point z,, = nA we put a spin-
polarized electron detector and since the particles are identical we need only one kind of
detector. If the detectors in x,, and z,, click at the same time, then we can be sure that
just after this time there is one electron around x,, and another electron around x,,. Let
us denote by |[nm) with n > m the ket describing the physical state in which the two
electrons collapse after measurement. For mathematical convenience we also define the
ket [nm) with n < m as the ket describing the same physical state as |mn). Notice the
different notation with respect to the previous section, where we have used the ket |n)|m)
to describe the first particle around x,, and the second particle around x,,. In the case of
the electron-positron pair we could make the positron-click louder than the electron-click
and hence distinguish the state |n)|m) from the state |m)|n). However, in this case we only
have electron detectors and it is impossible to distinguish which electron has made a given
detector click.

In Section 1.1 we observed that the normalized ket of a physical state is uniquely defined
up to a phase factor. For our mathematical description to make sense, we then must impose
that

|nm) = e'*|mn) for all n, m.

Using the above relation twice, we find that €% = 1, or equivalently e!® = +1. Conse-

quently, the ket
[nm) = £|mn) (1.19)

is either symmetric or antisymmetric under the interchange of the electron positions. This is
a fundamental property of nature: All particles can be grouped in two main classes. Particles
described by a symmetric ket are called bosons, while those described by an antisymmetric
ket are called fermions. The electrons of our example are fermions. Here and in the rest of
the book the upper sign always refers to bosons and the lower sign to fermions. In the case
of fermions (119) implies |nn) = —|nn) and hence |nn) must be the null ket |() - that is,
it is not possible to create two fermions in the same position and with the same spin. This
peculiarity of fermions is known as the Pauli exclusion principle.

https://doi.org/10.1017/9781009536776.003 Published online by Cambridge University Press


https://doi.org/10.1017/9781009536776.003

1.3 Quantum Mechanics of Many Identical Particles mn

Figure 1.3 Histogram of the normalized number of simultaneous clicks of the detector in
Tn, = nA and in z,, = mA for (a) two bosons and (b) two fermions. The height of the
parallelepipeds corresponds to the probabilities |U,,,,|>.

If we now repeat the coincidence experiment N > 1 times, count the number of times
that the detectors click simultaneously in z,, and x,,, and divide the result by N we can
draw the histograms of Fig. 1.3 for bosons and fermions. The probability is symmetric under
the interchange n <> m due to property (1.19). The fermions are easily recognizable since
the probability of finding them in the same place is zero.

In this book we learn how to deal with systems of many identical particles, such as
molecules or solids, and therefore we do not always repeat that the particles are identical:
by particles we mean identical particles unless otherwise stated. Unlike the case of the
electron-positron pair, the probability of measuring a particle in z,, and the other in z,,
just after the detectors in x,, and x,,, have simultaneously clicked is zero unless n = n’ and
m=m' orn=m' and m = n/, and hence

(n'm’|nm) = 16 0mim + C20mmOnrm. (1.20)
To fix the constants ¢; and ¢y we observe that
(n'm/|nm) = £(n'm/|mn) = *c10m0mn £ C20mrmbnin,

from which it follows that ¢; = 4c5. Furthermore, since the kets are normalized we must
have for all n # m
1= {(nm|nm) = ¢;.

For n = m the ket |nn) exists only for bosons, and one finds (nn|nn) = 2¢;. It is therefore
more convenient to work with a nonnormalized ket |nn) so that ¢; = 1 in all cases. We
choose the normalization of the bosonic ket [nn) to be 2:

(nnlnn) = 2. (1.21)
Putting everything together we can rewrite the inner product (1.20) as

(n'm’Inm) = 8pnOmrm £ SminOnrm.
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The inner product for the fermionic ket [nn) is automatically zero, in agreement with the
fact that |nn) = |0).

Let us now come to the completeness relation in the Hilbert space of two particles.
Since |nm) = £|mn), a basis in this space is given by the set {|nm)} with n > m. In
other words the basis comprises only inequivalent configurations, meaning configurations
not related by a permutation of the coordinates. The elements of this set are orthogonal
and normalized except for the bosonic ket |nn), whose normalization is 2. Therefore, the
completeness relation reads

1 -
S fnm) (m] + 3 fm) (o] = 1,
n>m n
where the second sum does not contribute in the fermionic case. We can rewrite the
completeness relation as an unrestricted sum over all n and m using the (anti)symmetry
property (1.19). The resulting expression is

1 N
3 Z |[nm){nm| =1,

which is much more elegant. The completeness relation can be used to expand any other
ket in the same Hilbert space:

o) =1|v) = %Z [nm) (nm| ), (1.22)

nm

and if |¥) is normalized then the square moduli of the coefficients of the expansion ¥,,,,, =
(nm|¥) have the standard probabilistic interpretation:

probability of finding one particle in volume
|U,m|?> = | element A around z,, and the other particle
in volume element A around z,,

for all n # m. For n = m we must remember that the normalization of the ket |nn) is 2
and therefore |V,,,,|? gives twice the probability of finding two particles in the same place
(since the proper normalized ket is |nn>/\/§) Consequently,

|| __( probability of finding two particles in
2 volume element A around z,, ’

Continuum formulation for two particles We can now refine the experiment by putting
the detectors closer and closer. The continuum limit works exactly in the same manner as
in the previous two sections. We rewrite the expansion (1.22) as

1, |[nm) U,
) =5 A% =, (1.23)

and define the continuous wavefunction ¥(x,,, x,,) and the continuous ket |z, x,,) accord-
ing to
. . |nm)
)\ =1 =1 —_—
(@n, m) ASOTA [#nm) AS0 A

nm
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The expansion (1.23) can then be seen as the Riemann sum of U(x,,, ., )|Tn 2z ) and in the
limit A — 0 the sum becomes the integral

1
W) = §/dxdx’ U(z,2)|xz’).

We can also derive the continuous representation of the completeness relation and the
continuous representation of the inner product between two basis kets. We have

1 1 .
iiglo §A2 ngm %% =3 /dxd:v’|mx'><xm’| =1 (1.24)
and
. (n'm/|nm)
Alglo A2 = <$n’517m’ |=’1771,xm,>

= 0(xp — 2p)0 (T — Tpn) £ (T — )0 (Tyy — Th). (1.25)

The generalization to higher dimensions and to particles with different spin projections
is straightforward. We define the position-spin ket |x1x3) as the ket of the physical state
in which the particles collapse after the simultaneous clicking of a spin-polarized detector
for particles of spin projection o; placed in r; and a spin-polarized detector for particles
of spin projection o9 placed in ro. The set of inequivalent configurations |x;x5) forms a
basis of the Hilbert space of two identical particles. In the following we refer to this space
as Hs. In analogy with (1.25) the continuous kets have inner product

(x1x5]x1%2) = (%] — x1)d(xy — Xa) & 0(x] — X2)d(x5 — x1)

— Z(:I:)Pé(x'l —Xp(1))8(X5 — Xp(2)), (1.26)
P

where the upper/lower sign refers to bosons/fermions. The second line of this equation is an
equivalent way of rewriting the (anti)symmetric product of §-functions. The sum runs over
the permutations P of (1,2), which are the identity permutation (P(1), P(2)) = (1,2) and
the interchange (P(1), P(2)) = (2,1). The quantity (£)% is equal to +1 if the permutation
requires an even number of interchanges and +1 if the permutation requires an odd number
of interchanges. In the fermionic case, all position-spin kets have the same norm since (1.26)
implies
(x1Xa|x1%2) = §(0)? for fermions.

Due to the possibility in the bosonic case that two coordinates are identical, the norms of
the position-spin kets are instead not all the same since

1 ifX1 #Xg

(x1Xa|x1X2) = §(0)% x { 9 if x| = xy for bosons,

in agreement with (1.21).
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In complete analogy with (1.24) we can also write the completeness relation according to
1 A
5 XmdX2|X1X2><X1X2| =1 (]27)

Then, any ket |¥) € Hy can be expanded in the position-spin basis as

A 1
|[T) =1|0) = = /dxlde |x1x2) (x1%2|P) . (1.28)
2 —_———
U (x1,x2)

If |¥) is normalized, we can give a probability interpretation to the square modulus of the
wavefunction ¥(x1,X2):

probability of finding one particle with spin o7 in
| W (x1, xz)|2dr1dr2 = | volume element dr; around ry and the other particle with
spin o9 in volume element dry around a different point ro

However, in the case x; = x5 the above formula needs to be replaced by

probability of finding one particle with spin o7 in
|\I’(X1,X1)|2d dro — volume element dr; around r; and the other particle
2 fidhz = with the same spin in volume element drs around
the same point ry

due to the different normalization of the diagonal kets. We stress again that the above
probability interpretation follows from the normalization (¥|¥) = 1, which in the continuum
case reads [see (1.28)]

1
1= i/dxldXQ |\IJ(X1,X2)|2.

Continuum formulation for N particles It should now be clear how to extend the
above relations to the case of IV identical particles. We say that if the detector for a particle
of spin projection o1 placed in ry, the detector for a particle of spin projection o2 placed
in ry, etc. all click at the same time then the NN-particle state collapses in the position-spin
ket |x1...xx). Due to the nature of identical particles this ket must have the symmetry
property (as usual, upper/lower sign refers to bosons/fermions):

Ixpa) - xpav)) = () ]x1...xn) (1.29)

where P is a permutation of the labels (1,...,N), and (&) = 1 for even permutations
and +1 for odd permutations (thus for bosons is always 1). A permutation is even/odd if the
number of interchanges is even/odd.® Therefore, given the ket |x; ...xy) with all different
coordinates there are N! equivalent configurations that represent the same physical state.
More generally, if the ket |x; ...xy) has m; coordinates equal to y1, ms coordinates equal
to y2 # y1, - .., myy coordinates equal to yas # y1,...,ym—1, Wwithmy+...+mpy = N,

3The reader can learn more on how to calculate the sign of a permutation in Appendix B.
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1.3 Quantum Mechanics of Many Identical Particles 15

then the number of equivalent configurations is N!/(mq!...mp!). In the fermionic case,
if two or more coordinates are the same then the ket |x;...xy) is the null ket |#). The
set of position-spin kets corresponding to inequivalent configurations form a basis in the
Hilbert space of N identical particles; we refer to this space as Hy.

The inner product between two position-spin kets is

N
(x] . Xylx1 .. xN) = ZCP H 8(x; —xp(j)),
P =1

where the cps are numbers depending on the permutation P. As in the two-particle case,
the (anti)jsymmetry (1.29) of the position-spin kets requires that cp = c(£)*, and the
normalization of |x; ...xy) with all different coordinates fixes the constant ¢ = 1. Hence,

N

(x . xyxxy) =Y () [] 6 — xpi) (1.30)

P j=1

This is the familiar expression for the permanent/determinant |A |1 of a N x N matrix A
(see Appendix B):

‘A |i = Z(i)PAIP(l) .. ANP(N)
P

Choosing the matrix elements of A to be A;; = §(x; — x;), we can rewrite (1.30) as

0(x) —x1) ... O(x] —=xn)
(x) . Xylx1.oxy) = ' ' . (1.31)

d(xly —x1) ... O(xly —xn) n

As in the two-particle case, these formulas are so elegant because we take the bosonic
kets at equal coordinates with a slightly different normalization. Consider N bosons in M
different coordinates of which m; have coordinate y1, ..., mjs have coordinate yj; (hence
my + ...+ my = N). Then the norm is given by

mi mm mi mn

— T /N N Lo 1 |
G1ooyr- oY YMAYL Y YY) = 0(0) Y matma! L mapy!

as follows directly from (1.30).* In the case of fermions, instead, all position-spin kets have
norm §(0)? since it is not possible for two or more fermions to have the same coordinate.

Given the norm of the position-spin kets, the completeness relation for IV particles is a
straightforward generalization of (1.27) and reads

1
NI

/dxl...de |x1...xN><x1...xN|:i (1.32)

4According to (1.29), the order of the arguments in the inner product does not matter.
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Therefore the expansion of a ket |¥) € Hy can be written as

A 1
|[T) = 1|P) = ﬁ/dxl...de\xl...xN> (x1...xn(|7),
! —_———

W(x1,...,XN)

which generalizes the expansion (1.28) to the case of IV particles. The wavefunction
U(x1,...,xy) is totally symmetric for bosons and totally antisymmetric for fermions due
to (1.29). If |¥) is normalized then the normalization of the wavefunction reads

1
1= (U|¥) = ﬁ/dxl...dxm U(xy,...,xn)|% (1.33)

The probabilistic interpretation of the square modulus of the wavefunction can be extracted
using the same line of reasoning as for the two-particle case:

m mar probability of finding
(Y1 .. yr..Yar...ym))? M my particles in dR4 around y;
T | dR; = . , (1.34)
miy:...Mmpyrt =1 .

myy particles in dR ), around y s

where dR; is the product of volume elements,

mi+...+m;

dR; = 11 dr;.
i:m1+.“+m]‘,1+1

When all coordinates are different, (1.34) tells us that the quantity |¥(x1,...,xy)|?dr; ... dry
is the probability of finding one particle in volume element dr; around x3, ..., and one
particle in volume element dry around xp. We could have absorbed the prefactor 1/N! in
(1.33) in the wavefunction (as is commonly done) but then we could not interpret the quantity
|W(x1,...,xx5)[%dr; ... dry as the right-hand side (r.h.s.) of (1.34) since this would amount
to regarding equivalent configurations as distinguishable and consequently the probability
would be overestimated by a factor of N!.

The reader might wonder why we have been so punctilious about the possibility of having
more than one boson with the same position-spin coordinate, since these configurations
are of zero measure in the space of all configurations. However, such configurations are
the physically most relevant in bosonic systems at low temperature. Indeed, bosons can
condense in states in which certain (continuum) quantum numbers are macroscopically
occupied and hence have a finite probability. A common example is the zero momentum
state of a free boson gas in three dimensions.

First quantization We close this section by illustrating a practical way to construct
the N -particle position-spin kets using the N-particle position-spin kets of distinguishable
particles. The procedure simply consists in forming (anti)symmetrized products of one-
particle position-spin kets. For instance, we have for the case of two particles

Ix1x2) = [X1)x2) £ [x2)[x1) 135)

V2
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and more generally for N particles

X1...%N) F Z Plxpay) - [xpvy)- (1.36)

Using the inner product (1.14), one can check directly that these states have inner prod-
uct (1.30). We refer to the above representation of the position-spin kets as kets in first
quantization since it is the representation usually found in basic quantum mechanics books.
Using (1.36) we could proceed to calculate matrix elements of operators such as the potential
energy, total energy, spin, angular momentum, density, etc. However, this involves rather
cumbersome expressions with a large number of terms differing only in the sign and the
order of the coordinates. In the next section we describe a formalism, known as second
quantization, that makes it easy to do such calculations efficiently, as the position-spin ket
is represented by a single ket rather than by N! products of one-particle kets as in (1.36). As
we see, the merits of second quantization are the compactness of the expressions and an
enormous simplification in the calculation of the action of operators over states in H . This
formalism further treats systems with different numbers of identical particles on the same
footing and it is therefore well suited to study of ionization processes, transport phenomena,
and finite temperature effects within the grand canonical ensemble of quantum statistical
physics.

1.4 Field Operators

The advantage of the bra-and-ket notation invented by Dirac is twofold. First of all, it
provides a geometric interpretation of the physical states in Hilbert space as abstract kets
independent of the basis in which they are expanded. For example, it does not matter
whether we expand |¥) in terms of the position-spin kets or momentum-spin kets; |¥)
remains the same although the expansion coefficients in the two bases are different. The
second advantage is that the abstract kets can be systematically generated by repeated
applications of a creation operator on the empty or zero-particle state. This approach forms
the basis of an elegant formalism known as second quantization, which we describe in detail
in this section.

Fock space To deal with arbitrary many identical particles we define a collection F of
Hilbert spaces, also known as Fock space, according to

FZ{HOlea"'vHNa"'}v

with H the Hilbert space for IV identical particles. An arbitrary element of the Fock space
is a ket that can be written as

U) = > en|Uy), (1.37)

where |¥ ) belongs to Hy. The inner product between the ket (1.37) and another element

in the Fock space,
X) =Y dnlxw),
N=0
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is defined as

x|¥) = Z dyen(xn|¥n),
N=0

where (xn|¥ ) is the inner product in Hy. This definition is dictated by common sense:
The probability of having M # N particles in an N-particle ket is zero and therefore kets
with a different number of particles are orthogonal (i.e., have zero overlap).

The Hilbert space Hy is the space with zero particles. Since an empty system has
no degrees of freedom, Hj is a one-dimensional space and we denote by |0) the only
normalized ket in H,

(0]0) = 1.

According to the expansion (1.37), the ket |0) has all ¢y = 0 except for ¢y. This state should
not be confused with the null ket |(), which is defined as the state in Fock space with all
en = 0 and, therefore, is not a physical state. The empty ket |0) is a physical state; indeed
the normalization (0|0) = 1 means that the probability of finding nothing in an empty space
is 1.

Field operators The goal of this section is to find a clever way to construct a basis
for each Hilbert space Hy, Hs,.... To accomplish this goal the central idea of the second
quantization formalism is to define a field operator 1'(x) = ¢ (rc) that generates the
position-spin kets by repeated action on the empty ket:

|x1) = 7 (x1)[0)
[x1x2) = T (x2)[x1) = 9T (x2)9" (x1)0) (1.38)
x1...xn) =¥ (xn) %1 xvo1) = 9T (xw) - T (x1)]0)

Since an operator is uniquely defined from its action on a complete set of states in the
Hilbert space (the Fock space in our case), the above relations define the field operator
)t (x) for all x. The field operator ¢t (x) transforms a ket of Hy into a ket of Hy 1 for all
N, see Fig. 1.4a). We may say that the field operator ¥ (x) creates a particle in x and it is
therefore called the creation operator. Since the position-spin kets change a plus or minus
sign under interchange of any two particles, it follows that

P ¥ oxw) =[xy yx) = £ xy xy)
— :I:q[)T(y)QZJT(XNXl S XN,

where we recall that the upper sign in + refers to bosons and the lower sign to fermions.
This identity is true for all x1,...,xy5 and for all N (i.e., for all states in F), and hence

TP (y) = 0T ()¢ ().
If we define the (anti)commutator between two generic operators A and B according to

{A,BL = AB F BA,
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14 Field Operators 19

Figure 1.4 Schematic action of the creation operator ¥ in (a) and of the annihilation operator

¥ in ().

we can rewrite the above relation as

[JJT (x), zﬁf(y)} =0 (139)

F

Corresponding to the operator 9T (x) there is the adjoint operator 7)(x) [or equivalently
Y1 (x) is the adjoint of @(x)]. Let us remind the reader about the definition of adjoint
operators. An operator O with the superscript “I” (read dagger) is the adjoint of the
operator O if . R
(x|O]¥) = (¥|0T )"

for all |x) and |®), which implies (OT)T = O. In particular, when O = 1)(x) we have
(X9 (x)| ) = (W[ () x) "

Since for any |W) € Hy 1 the quantity (¥]¢)f(x)|x) is zero for all |x) with no components
in Hy, the above equation implies that ¢)(x)|¥) € Hy - that is, the operator (x) maps
the elements of Hy 1 into elements of Hy, see Fig. 1.4(b). Thus, whereas the operator
{1 (x) adds a particle, its adjoint operator 9)(x) removes a particle and, for this reason,
is called the annihilation operator. Below we study its properties and how it acts on the
position-spin kets.

By taking the adjoint of the identity (1.39), we immediately obtain the (anti)commutation
relation

[&(X), @Z(y)] =0 (1.40)

:F

The action of 9)(x) on any state can be deduced from its definition as the adjoint of 9T (x)
together with the inner product (1.31) between the position-spin kets. Let us illustrate this
first for the action on the empty ket |0). For any |¥) € F,

{¥[$(x)|0) = (0" (x)|¥)* =0,
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since 91 (x)| W) contains at least one particle and is therefore orthogonal to |0). We conclude
that ¢(x)|0) is orthogonal to all |¥) in F and hence it must be equal to the null ket

W (x)[0) = |0). (1.47)

The action of )(x) on the one-particle ket |y) can be inferred from (1.30) and (1.38); we
have

Sy —x) = (ylx) = (y[¥"(x)|0) = (Od(x)]y)".
Since ¢ (x)]y) € Ho, it follows that

D(x)]y) = d(y — x)|0). (142)

We see from this relation that the operator ¢)(x) removes a particle from the state |y) when
x =y and otherwise yields zero.

The derivation of the action of 1/3(x) on the empty ket and on the one-particle ket was
rather elementary. Let us now derive the action of 1)(x) on the general N-particle ket
|y1...yn). For this purpose we consider the matrix element

(x1... xN_1|1/AJ(xN)|y1 yNy = (X1 XNy YN (1.43)

The overlap on the r.h.s. is given in (1.31); expanding the permanent/determinant along row
N (see Appendix B), we get

(X1...%XN- 1|¢(XN)|Y1~-~YN>
N

Z E)YVTFS (XN — yE) (X1 - XN1 Y1 YR 1Ykt - - YN
k=1

This expression is valid for any |x; ...xx_1) and since ﬁ(x) maps from Hy only to Hy_1,
we conclude that

2

PE)y1-yn) =Y (VX —yi) Iy1- Ve 1Yre1 YN (1.44)
k=1

We have just derived an important equation for the action of the annihilation operator on
a position-spin ket. It correctly reduces to (1.42) when N = 1 and for N > 1 yields, for
example,

D(x)|y1y2) = 8(x — yo)ly1) £ 8(x — y1)|y2),
1&(X)|}’1}’2}’3> = 5(X - YB)|Y1Y2> + 5(X - Y2)|Y1YS> + 5(X - Y1)|Y2YS>~

So the annihilation operator removes subsequently a particle from every position-spin co-
ordinate while keeping the final result totally symmetric or antisymmetric in all y variables
by adjusting the signs of the prefactors.
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(Anti)commutation rule With the help of (1.44) we can derive a fundamental (anti)com-
mutation relation between the annihilation and creation operators. Acting on both sides of
(1.44) with 1 (y) and denoting by |R) the ket on the r.h.s., we have

D))y - yn) =D ()|R). (1.45)

Exchanging the order of the field operators in the left-hand side (L.h.s.) of the above identity
and using (1.44), we find

”QZ(X)W(YN}H L YN) = (X)) YL yNY) =X —y) YL YN

N
Y (BN (x — yi) [y1- - Yro1Yke1 - YNY)
k=1

S(x—y)|yi-..yn) £ 0T (y)|R). (1.46)

Subtraction and addition of (1.45) and (1.46) for bosons and fermions respectively then gives

960 )] _yr e yw) = Sk =¥y v,

:F

which must be valid for all position-spin kets and for all N, and therefore

(960,01 )]_ =36~ y) 147

The (anti)commutation relations (1.39), (1.40), and (1.47) are the main results of this section and
form the basis of most derivations in this book. As we see in Section 1.6, all many-particle
operators, such as total energy, density, current, spin, etc., consist of simple expressions in
terms of the field operators ) and 9T, and the calculation of their averages can easily be

performed with the help of the (anti)commutation relations. It is similar to the harmonic
oscillator of quantum mechanics: Both the eigenstates and the operators are expressed in
terms of the raising and lowering operators af and @, and to calculate all sorts of averages
it is enough to know the commutation relations [a,a] = [af,af]_ = 0 and [¢,af]_ = 1.
The difference with second quantization is that we have a “harmonic oscillator” for every x.
Using the (anti)commutation properties we can manipulate directly the kets and never have
to deal with the rather cumbersome expressions of the wavefunctions; the field operators
take care of the symmetry of the kets automatically. The great achievement of second
quantization is comparable to that of a programming language. When we program we use
a nice, friendly text editor to write code that tells the computer what operations to do, and
we do not worry about whether the instructions given through the text editor are correctly
executed by the machine. A bug in the code is an error in the text of the program (the way
we manipulate the field operators) and not an erroneous functioning of some logic gate (the
violation of the symmetry properties of the many-particle kets).

Exercise 1.1 We define the density operator
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Using the identities [AB,C]_ = A[B,C]_ + [A,C]_B = A[B,C], — [A,C], B, prove
the following relations for fermionic and bosonic field operators:

[A(x), (x')] = = —d(x — x')h(x), (1.48)

(1), B ()] = 8(x — x )T (x). .49)

1.5 General Basis States

In the previous section we learned how to construct states of many identical particles with a
given spin and position. The position-spin is, however, just one possible choice of quantum
numbers to characterize every single particle. We now show how the field operators can
be used to construct states of many identical particles in which every particle is labeled by
general quantum numbers, such as momentum, energy, etc.

Let us consider a normalized one-particle ket |n). The quantum number n = (s71)
comprises an orbital quantum number s and the spin projection 7 along some quantization
axis. Choosing the quantization axis of the spin to be the same as that of the position-spin
ket |x) = |ro), the overlap between |n) and |x) is

(x|n) = n(x) = Ps(r)0r0- (1.50)

The one-particle ket [n) can be expanded in the position-spin kets using the completeness
relation (1.8):

W:/ﬁ@@mz/ﬁ%me/w%®W®m. (151)
One can easily check that the normalization (n|n) = 1 is equivalent to saying that

[ dx|on(x)[* = 1. From (151) we see that |n) is obtained by applying to the empty
ket |0) the operator

df = /dxgon(x)ﬁT(x) (1.52)

that is, df|0) = |n). We may say that df creates a particle with quantum number n.
Similarly, if we take the adjoint of (1.52),

d, = / dx % (%) (x) (1.53)

we obtain an operator that destroys a particle with quantum number n since
duln) = dud}|0) = /dXdX/@Z(X)%(X/)@(X)W(X/)lm = /dx [¢on (x)[7]0) = 10).-
—_—
6(x—x')|0)

The operators d, and Lf};, being linear combinations of field operators at different x, can
act on states with arbitrary many particles. Below we derive some important relations for
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1.5 General Basis States 23

the d-operators when the set {|n)} forms an orthonormal basis in the one-particle Hilbert
space.

We can easily derive the important (anti)commutation relations using the corresponding
relations for the field operators,

[duvdl,] = [ dxax’ g 00) [0, 61 )]_ = (alm) =G 050
F ¥
S(x—x')

and the more obvious ones,
[Jn,dm} - [d;,din} =0, (1.55)
¥ ¥

that follow similarly. It is worth noticing that the cz-operators obey the same (anti)com-
mutation relations as the field operators, with the index n playing the role of x. This is
a very important observation since the results of the previous section rely only on the
(anti)commutation relations of ¢ and 9T, and hence remain valid in this more general basis.
To convince the reader of this fact, we derive some of the results of the previous section
directly from the (anti)commutation relations. We define the N-particle ket

ni...nn) =dl, ... dl [0y =df 0. onyoa) (1.56)
which has the symmetry property
Inp@) - nppy) = ()01 onw),

as follows immediately from (1.55). Like the position-spin kets, the kets |n1...nx) span
the N-particle Hilbert space Hy. The action of d,, on |y ...nx) is similar to the action
of 9(x) on |x;...xy). Using the (antijcommutation relation (1.54), we can move the d,,-
operator through the string of df-operators:®

cin|n1 . ..nN> = ([dn,dLNLF + JILNJN) |n1 . ..nN,1>

= Sy ny_t) £ L ([czn,cz;N_lL iczw_lczn> s .. mv_a)
= 6,mN|n1 .. .ﬂN71> + 5nnN,1 |n1 .. .angnN>

(@2dl di ([Czn,ci;ML + czj,mczn> n1 ... riy_a)

N
= Z(:I:)N+k5nnk Ny .. ng—1Nkg1 .. NN 1.57)
k=1
This result can also be used to calculate directly the overlap between two states of the
general basis. For example, for the case of two particles we have

<nlln/2|n1n2> = <nll|CZn’2|n1n2 > = <n/1‘ (5n’2n2|n1> + §n§n1|n2>)

= 5n/1n15n’2n2 + 5n’1n25n’2n17

SAlternatively (1.57) can be derived from (1.44) together with the definitions of the cZ—operators.
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which is the analog of (1.26). More generally, for IV particles we have

N
(nhonlylna o) =D (@) T 0w n) s (1.58)
P j=1

which should be compared with the overlap (x] ... xy|x1...xx) in (1.30).

The states |ny ...ny) are orthonormal (with the exception of the bosonic kets with two
or more equal quantum numbers) and can be used to construct a basis. In analogy with
(1.32), the completeness relation is

1 N
N1 Z [ny...nn){ny...nN| =1,

N1, ;NN

and hence the expansion of a ket |¥) belonging to H reads

A 1

) =11w) = > dn..ony) (n.ony ) (1.59)

Lo TN \P(nl,...,nN)
If |¥) is normalized, then the coefficients W(nq,...,ny) have the following probabilistic
interpretation
ma _— probability of finding
(T iy Tar o) |2 m particles with quantum number n;

ml' .. mM! o

myy particles with quantum number ny,

We already observed that the a?/-operators obey the same (anti)lcommutation relations
as the field operators provided that {|n)} is an orthonormal basis in H;. Likewise, we
can construct linear combinations of the cz-operators that preserve the (anti)commutation
relations. It is left as an exercise for the reader to prove that the operators

Ca = Z Uom.dnv é]; = Z U:m.djl

obey
N
|:Cou 0/3} - = 504[3»
provided that
Uan = {a|n)

is the inner product between the elements of the original orthonormal basis {|n)} and the
elements of another orthonormal basis {|a)}. Indeed, in this case the Uy, are the matrix
elements of a unitary matrix since

D UanlUSy = (aln)(nlB) = (alB) = bap,

n
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1.5 General Basis States 25

where we use the completeness relation. In particular, when oz = x we have Uy,, = (x|n) =
©n(x), and we find that éx = ¥ (x). We thus recover the field operators as

b(x) =D paX)dn,  PT(x) =D @h(x)d] (1.60)

These relations tell us that the expansion of the position-spin kets in terms of the kets
|ng...ny) is simply

X1.xN) = D (1) (XN ) (1.61)

ny..nN

Conversely, using (1.52) we can expand the general basis kets in terms of the position-spin
kets as

[ny...nN) = /dx1 e dXN Py (X1) o Py (XN XD XN (1.62)

Slater determinants If we are given a state |U) that is expanded in a general basis
and we subsequently want to calculate properties in position-spin space, such as the par-
ticle density or the current density, we need to calculate the overlap between |nj ...ny)
and |x;...xy). This overlap is the wavefunction for IV particles with quantum numbers
ny,...,NN:

Uy (X1, XN) = (X1 ... XN N7 ... nN).

The explicit form of the wavefunction follows directly from the inner product (1.30) and from
the expansion (1.62), and reads

Voy oy (X150, XN) = Z(i)P@m (XP(I)) <Py (XP(N))

P
Py (Xl) cee Pmy (XN)
= ' o ' . (1.63)
Prn (Xl) cor Py (XN) +
Since for any matrix A we have |A |z = |AT |¢ with AT the transpose of A, we can
equivalently write
Py (Xl) oo Pny (Xl)
\Ijnl...nN (Xla oo 7XN) -
Py (XN) <o Py (XN) +

In the case of fermions, the determinant is also known as the Slater determinant. For those
readers already familiar with Slater determinants we note that the absence on the r.h.s. of the
prefactor 1/4/N! is a consequence of forcing on the square modulus of the wavefunction
a probability interpretation, as discussed in detail in Section 13. The action of the d-
operators has a simple algebraic interpretation in terms of permanents or determinants.
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26 1 Second Quantization

The action of the creation operator CZL on |ny...ny) in the position-spin representation,
(x1 . ..xN+1|cZIL|n1 ...ny), simply amounts to adding a column with coordinate xy11
and a row with wavefunction ¢,, in (1.63). For the annihilation operator we have a similar
algebraic interpretation. Taking the inner product with (x; ...xy_1]| of both sides of (1.57),
we get

N
(x1... Xy aldnlny . onn) = (E)N TG,

k=1
Pny (Xl) Spnl(XNfl) Py XN)
Prg_1 (Xl) s s Pngg (XN—l) Prg_{ (XN)
X (52 (s, A 5, )
PR PR XN =T ¥y (X
Prri1 (Xl) v cee Pngig (XN—l) Prgs (XN)
SDHN(Xl) <)OﬂN(XN*l) Pnn XN) +

That is, the action of the (fn-operator amounts to deleting the last column and, if present,
the row with quantum number n from the permanent/determinant of (1.63), and otherwise
yields zero. Already at this stage the reader can appreciate how powerful it is to work with
the field operators and not to have anything to do with Slater determinants.

Exercise 1.2 Prove the inverse relations (1.60).

Exercise 1.3 Let [n) = |p7) be a momentum-spin ket so that (x|p7) = ¢'P*§,,, see (110).
Show that the (anti)commutation relation in (1.54) then reads

(o] = (2m)°6(p ~ )60, 1.64)

and that the expansion (1.60) of the field operators in terms of the d-operators is

. dp .- . d o
w(X)Z/(Q;))Be‘PpoU, wT(x)z/(Q:)Se“p'rdfm. (1.65)

1.6 Hamiltonian in Second Quantization

The field operators are useful not only to construct the kets of NV identical particles but also
the operators acting on them. Let us consider again two identical particles and the total
potential energy (1.16), with N = 2 and ¢; = g2 = ¢. In first quantization the ket |x;x2)
is represented by the (anti)symmetrized product (1.35) of one-particle kets. It is instructive
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1.6 Hamiltonian in Second Quantization 27

to calculate the action of 7:Lp0t on |x1X2) to later appreciate the advantages of second
quantization. We have

o X [x2) £ [x2)[x1)
Hpot \/i
B(r1)|x1)[x2) & d(ra)|x2)[x1) + d(ra)[x1)|x2) £ P(r1)|x2)[x1)
V2
|x1)[x2) £ |X2>|X1>.

V2

Throughout this book we use calligraphic letters for operators acting on kets written in first
quantization as opposed to operators (such as the field operators) acting on kets written in
second quantization (e.g, ¥ (xy)...¥T(x1)|0). We refer to the former as operators in
first quantization and to the latter as operators in second quantization. We now show that
the very same result (1.66) can be obtained if we write the potential energy operator as

= q[p(r1) + B(r2)] (1.66)

Flpos = / dx p(x) (),

where

f(x) = ¥T (x)(x) (1.67)

is the so-called density operator already introduced in Exercise 11. The origin of this
name for the operator 72(x) stems from the fact that |x;...xy) is an eigenket of the
density operator whose eigenvalue is exactly the density of IV particles in the position-spin
coordinates x1,...,Xxy. Indeed,

() $F a6 (1) B Ge)]0) = [0, 6 (x)| b Ge-) - (xa)0)

[%x1...xN)

+ 9 (e) [0, B (ey-1)| BT Gx)(0)

+ D)6 ey 1) - (%), )| 10)

N
_ (Z §(x—xi)> X1 ... %n), (.68)

density of N particles

inxi,..., XN

where we repeatedly use (1.49). This result tells us that any ket with IV particles is an
eigenket of the operator

N = /dxﬁ(x)
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28 1 Second Quantization

with eigenvalue N. For this reason N is called the operator of the total number of particles.
By acting with Hpop on |x1X2) = T (x2)1T(x1)|0) and taking into account (1.68), we
find

2

Hpot|x1%2) = Q/dX¢(1”) D 0(x = xi)[x1x2) = q[(r1 + B(ra)][x1%2).

i=1

Simple and elegant! Both the operator and the ket are easy to manipulate and their ex-
pressions are undoubtedly shorter than the corresponding expressions in first quantization.
A further advantage of second quantization is that the operator ffpot keeps the very same
form independently of the number of particles; using (1.68) it is straightforward to verify that

flpot|xl... —q(Z(b r; ) [x1...%xN).

To the contrary, 7:[p0t in (116) acts only on kets belonging to Hy. Thus, when working in
Fock space it would be more rigorous to specify on which Hilbert space H . acts. Denoting
by Hpot (V) the operator in (1.16), we can write down the relation between operators in first
and second quantization as

pot Z 7'Lpot

with the extra rule that 0 (V) yields the null ket when acting on a state of Hp/.x. In
this book, however, we are not so meticulous with the notation. The Hilbert space on which
operators in first quantization act is clear from the context.

The goal of this section is to extend the above example to general operators and in
particular to derive an expression for the many-particle Hamiltonian H = Hy + Hiy.
According to (117), the matrix element of the noninteracting Hamiltonian Hy between a
position-spin ket and a generic ket |¥) is

N
<X1 N .XN|]:I()|\I’> = ZZ hgjg/(rj, —iVj, S) \I/(Xl7 e X1, I‘jO'/7Xj+1, PN 7XN).
j=1 o’
(1.69)
It is worth observing that for NV = 1 this expression reduces to

(X[Hol¥) = hoor(r,~iV,8)F(ra"),

which agrees with (1.13) when |¥) = |x”) since in this case U(ro’) = (ro’|r"¢”)

8(r — r"")0515. Similarly, we see from (1.18) that the matrix element of the interaction
Hamiltonian Hi,; between a position-spin ket and a generic ket |U) is

N
- 1
(1 x| Bt | ) = > w(xix;) U(x, .. XN). (1.70)
i#]
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1.6 Hamiltonian in Second Quantization 29

In (1.70) we consider the more general case of spin-dependent interactions v(x1,x2), ac-
cording to which the interaction energy between a particle in r; and a particle in ro depends
also on the spin orientation o1 and o2 of these particles. Now the question is: How do we
express Hy and H,y in terms of field operators?

Noninteracting Hamiltonian We start our discussion with the noninteracting Hamilto-
nian. For pedagogical purposes we derive the operator Hy in second quantization in two
different ways.

Derivation I In first quantization the noninteracting Hamiltonian Ho of a system of N
particles each described by £ is given in (117). The first quantization eigenkets of 7, are
obtained by forming (anti)symmetrized products of one-particle eigenkets of h, and look like

1 P
Iny...ny) = 7 ;(i) Inp@)) - - npy)s (1.71)
with
iL\n> = en|n).

We leave it as an exercise for the reader to show that

7:[0|n1...nN> =(€n, +...F€ny)|n1...00N).

The proof of this identity involves the same kind of manipulations used to derive (1.66). To
carry them out is useful to appreciate the simplicity of second quantization. We show below
that in second quantization the noninteracting Hamiltonian Hy takes the compact form

Hy = /dxdx'qw(x)<x\ﬁ|x’>z[}(x') (1.72)

independently of the number of particles. We prove (1.72) by showing that the second
quantization ket |nq ...ny) is an eigenket of H,y with eigenvalue €,, +...+¢€,,. In second
quantization |nj ...ny) = CZILN . CZLI |0), with the d-operators defined in (1.52) and (1.53). It
is then natural to express Hy in terms of the J-operators. Inserting a completeness relation
between h and |x), we find

=3 [ s 340 ) 'y )
= Zen/dwa X\n)/dx (n|x') P(x') = ZGnJLdAn7 (1.73)

on(x) o (x')

where we use h|n) = e,|n). The d-operators bring the Hamiltonian into a diagonal form
- that is, none of the off-diagonal combinations df d,, with m # n appear in Hy. The
occupation operator

fin =dld, (1.74)
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is the analog of the density operator 7i(x) in the position-spin basis; it counts how many
particles have quantum number n. Using the (anti)commutation relations (1.54) and (1.55), it
is easy to prove that

] = Oumdlys [insdi| = ~bumdim, 1.75)

which should be compared with the relations (148) and (1.49). The action of Hy on
[ny...ny) is then

Hod i, . dl o) =Y e ([ﬁn,cﬁw} dt..dl o)

n

[n1..nN)

+dt [ﬁn,cﬁ ] _.d 10)

NMN-—-1

N Ay, [imdl,] |o>)

= (e, + . Feny)dh dl . ...df |0). (1.76)

NN "NMN-1

This is exactly the result we wanted to prove: The Hamiltonian Hy is the correct second
quqntized form of Hg. We can write Hy in different ways using the matrix elements (1.13)
of h. For instance,

=3 / dr 9 (£0) s (1, —iV, S)(ra”), 1.77)

or, equivalently,

Hy=>" / dr )t (20 ) hoe (1,19, 8)i (ro). (1.78)

In these expressions the action of the gradient V on a field operator is a formal expression
which makes sense only when we sandwich Hy with a bra and a ket. For instance,

(X[ (ro) Vi (ro")| ) = lim V' (x|¢)! (ro)i(x'0")| D), 1.79)

where V' is the gradient with respect to the primed variable. It is important to observe
that for any arbitrary large but finite system the physical states have no particles at infinity.
Therefore, if |x) and |¥) are physical states, then (1.79) vanishes when |r| — co. More gen-
erally, the sandwich of a string of field operators ¥t (x1) ... ¥t (xn)0(y1) - .. 1 (yar) with
two physical states vanishes when one of the coordinates of the field operators approaches
infinity. The equivalence between (1.77) and (1.78) has to be understood as an equivalence
between the sandwich of the corresponding r.h.s. with physical states. Consider, for example,
h = p2/2m. Equating the r.h.s. of (1.77) and (1.78) we get

Z/dmﬁ ro) [—zp ro} Z/dr [— )} P(ro).
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This is an equality only provided that the integration by parts produces a vanishing boundary
term - that is, only provided that for any two physical states |x) and |¥) the quantity in
(1.79) vanishes when |r| — oo.

Derivation 2. The second derivation consists in showing that the matrix elements of
(1.77) or (1.78) are given by (1.69). Using (1.44), we find

(x1 ... x§ 0T (x0) hger (v, =iV, S)(ra”)| W)

(Vx5 — %) (x1 - x5 1% 41 - xn[(X)|0)

Mz

= lim hyo (v, —iV', S)

r’'—r
j=1
N
= rl/igr ho'o'/ (I‘/, —iV’, S) Z (S(X]‘ — X)\I/(Xl, cee X1, XI,X]‘+1, . ,X]\[)7
j=1

where we use that it requires N — j interchanges to put x’ at the position between x;_;
and x;1. Summing over 0,0’ and integrating over r we get

(x1...xn|Ho|¥) = hm g (x =iV S)W (X, ., X1, X X1, XN ),

(1.80)
which coincides with the matrix element (1.69). Here and in the following we call one-body
operators those operators in second quantization that can be written as a quadratic form
of the field operators. The Hamiltonian Hy and the potential energy operator Hpot are
one-body operators.

Interacting Hamiltonian From (1.76) it is evident that one-body Hamiltonians can only
describe noninteracting systems since the eigenvalues are the sum of one-particle eigen-
values, and the latter do not depend on the position of the other particles. If there
is an interaction v(x,X2) between one particle in x; and another particle in x3, the
corresponding interaction energy operator Hiy,, cannot be a one-body operator. The en-
ergy to put a particle in a given point depends on where the other particles are located.
Suppose that there is a particle in x;. Then if we want to put a particle in x3 we
must pay an energy v(xy,X2). The addition of another particle in x3 costs an energy
v(x1,X3) + v(X2,X3). In general, if we have N particles in x1,...,xy the total interaction
energy is >, v(xXi, X;) = %Zi# v(xi,%;). To derive the form of Hi,; in second quan-

tization we simply notice that the ket |x;...xy) is an eigenket of Hipe with eigenvalue

% Zi;ﬁj v(xi,X;):

N 1
Hinglx1...xn) = §ZU(X17XJ') |x1...%XN). (1.81)
i#5

Equivalently, (1.81) follows directly from the matrix element (L?O), which is valid for all | ).
Due to the presence of a double sum in (1.81) the operator Hj,; must be a quartic form in
the field operators. In (1.68) we proved that |x; ...xx) is an eigenket of the density operator
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n(x) with eigenvalue ). 0(x — x;). This implies that |x; ...xy) is also an eigenket of the
operator 7(x)n(x’) with eigenvalue >, . d(x — x;)6(x" — x;). Thus, taking into account
that the double sum in (1.81) does not contain terms with ¢ = j, the interaction energy
operator is given by

Hypy = = /dxdxvxx) x)7(x —f/dxvxx X)
= 5 [ axax vex) (F 05008 ()) = x— X (5)
5 [ o) (0 B D0). .82

In the last equality we first use the (anticommutation relation (1.47) to cancel the term
proportional to d(x — x'), and then (1.40) to exchange the operators )(x) and ¥ (x’). It
is easy to verify that the action of Hie on |x1...xn) yields (1.81). Like the one-body
Hamiltonian H, the interaction energy operator keeps the very same form independently
of the number of particles. We call two-body operators those operators that can be written
as a quartic form of the field operators and, in general, n-body operators those operators
that contain a string of n field operators 1" followed by a string of n field operators ).

Total Hamiltonian The total Hamiltonian of a system of interacting identical particles is
the sum of ﬁo and H;,; and reads

I;I:/dxdx’l/ﬁ(x) (x|h|x"Y)(x") + % /dx dx'v(x, x" )T (x)T (x"))(x'))(x) | (1.83)

Equation (1.83) is the main result of this section. To calculate the action of H on a ket | T)
we only need to know the (anti)commutation relations since |¥) can always be expanded in
terms of ¥ (x,).. QZJT(XN)|0> Equivalently, given a convenient one-body basis {|n)} we
may work with the d- operators. This is done by expressing H in terms of the d-operators,
expanding |¥) on the basis dTn1 ...d;le|0>, and then using the (anti)commutation relations
(1.54) and (1.55). To express H in terms of the d-operators, we simply substitute the expansion
(1.60) in (1.83) and find

H= Zh”d dj + = Z Vijmnd) ' dd, (1.84)
'ijn
I:I() I:Iint
with
= (i|hlj) = Z/dr @i (ro)hgo (r, =iV, S)p;(ro’) = h};, (1.85)

and the so-called Coulomb integrals®

Vijmn = / dx dx' ¢} (x)] (x")0(x, X)m (X)pn (%) (1.86)

6In fact, the nomenclature Coulomb integral is appropriate only if v is the Coulomb interaction.
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In the new basis the single-particle Hamiltonian in first quantization can be written in the

ket-bra form R
h=""hi D), (1.87)
iJ

as can easily be checked by taking the matrix element (i|h|j) and comparing with (1.85).

We recall that the quantum numbers of the general basis comprise an orbital and a spin
quantum number. For later purposes it is instructive to highlight the spin structure in (1.84).
We write the quantum numbers i, j, m, n as

1= 8101, J= 8202, M = 8303, N = 5404.

Then the one-body part reads

HU = Z h’510'1 52U2d£10'1d520'2'
5182
0102
In the absence of magnetic fields or spin-orbit coupling, & does not depend on S and hence
its matrix elements are diagonal in spin space h;; = 04,0, M5, s,. In this case Hy takes the

simpler form
Ho = Z Z hsls?dlwd&m (1.88)

S182 O

where hg, s, is the spatial integral in (1.85) with the functions ¢, (r) defined in (1.50). For
interparticle interactions v(x1,X2) = v(r1,r2) which are independent of spin the interac-
tion Hamiltonian can be manipulated in a similar manner. From (1.86) we see that v;jmp
vanishes if 7 and m have different spin projection (o2 # o3) or if ¢ and n have different
spin projection (01 # 04):

Vijmn = 50’20350104’0515253547 (1.89)

where vg, 5,555, is the spatial integral in (1.86) with the functions ¢s(r). Inserting this form
of the interaction into Hj,, we find

~ 1 N ~ ~
Hint = 5 Z Usl823354dllgd,\120-1d830’d840'- (1.90)
51828384

We propose below a few simple exercises to practice with operators in second quanti-
zation. In the next chapter we illustrate physically relevant examples and use some of the
identities from the exercises to acquire familiarity with the formalism of second quantization.

Exercise 1.4 Let n,, = &Ldn be the occupation operator for particles with quantum number
n, see (1.74). Prove that in the fermionic case

N2 =, (1.91)

and hence that the eigenvalues of 7, are either 0 or 1 - that is, it is not possible to create
two fermions in the same state |n). This is a direct consequence of the Pauli exclusion
principle.
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Exercise 1.5 Prove that the total number of particle operators N = Jdx Ut (x)1h(x) can

also be written as N = 3 dl d,, for any orthonormal basis |n). Calculate the action of N
on a generic ket | ¥ ) with N particles (V) € Hy) and prove that

N[¥y) = N[Ty).
Exercise 1.6 Prove that N commutes with I;TO and H,,; - that is,
[N, Ho]_ = [N, Hy]— = 0. (1.92)
This means that the eigenkets of H can be chosen as kets with a fixed number of particles.

Exercise 1.7 Let n = so and o =%, be the spin projection for fermions of spin 1/2. We
consider the operators

~ 1 ~ A ~ oA A
i =5 —fa), ST = diidey, 87 =dlde=(SH. (1.93)

Using the anticommutation relations, prove that the action of the above operators on the
kets |so) = dI_|0) is

Silsty=glst,  SHst=10),  Slst) =1s D),

and

N 1 A &—
Silshy=—35lsd),  Sllsdy=ls1),  S7lsd) =0).
To what operators do 5%, SF, S7 correspond?

Exercise 1.8 Let us define the spin operators along the = and y directions as

N N N N 1 .
Se=5(85+87), St =S -850,

DN | =

and the spin operator SZ along the z direction as in (1.93). Prove that these operators can
also be written as

-1 N
S? = 3 Zdigaig,dsgr, j=x, Y, 2 1.94)

oo’

. (01 , [0 —i . (1 0
T=\10) 2= (i o) 29 o -1 )

the Pauli matrices. Using the anticommutation relations, verify that

[S“i,ﬁg,],:iéss/ Z Eijkgf,

k=z,y,z

with

where ¢, , is the Levi-Civita tensor.”

"The Levi-Civita tensor is zero if at least two indices are equal and otherwise

EP(1)P(2)P(3) — (*)P7

where P is an arbitrary permutation of the indices 1, 2, 3.
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