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Chapter 1

Review of quantum
mechanics

1.1 Basic concepts of quantum mechanics

Quantum mechanics is all about operators and kets. When an operator acts
on a ket it produces a new ket. For instance, Schrodinger’s equation reads:!

Olip(t)) = —iH |y (1)) (1.1)

If we discretize the time derivative as a finite difference with time step At, then
we may write this equation approximately as

[t + At)) = (1 — iALH)|¢(¢)) (1.2)

When the operator (1 — iAtH) acts on the state of the system at time ¢, it
evolves the system to time ¢ + At. This defines the role of the Hamiltonian in
quantum mechanics as being that operator which propagates a system through
time. We say H is the generator of time evolutions.

The state |1) is usually expressed in terms of a set of basis vectors |i). These
vectors are always chosen so as to be orthonormal:

(ilj) = 6 (1.3)

Orthonormality of any set of basis vectors always implies the completeness re-
lation:
1= Y Jiil (1.4)
i

In this formula 1 is actually the identity operator. But since the identity oper-
ator satisfies all properties of the number one, we use the same symbol for both
(that’s how cool people do it).

n this course we set i = 1.



We may use completeness to decompose any state |¢) into a linear combi-
nation of basis vectors. To do that we insert 1 in a convenient place:

) = 1l¢) = Z [0) (i) = Z%W (1.5)

where
Y = (ilY) (1.6)

is a complex number. The normalization condition (¢|¢)) = 1 implies, using the
orthogonality (1.3) that

Wly => il =1 (1.7)

K2

A particularly important set of basis vectors is the position basis |z). In this
case we write Eq. (1.6) a little differently, as

Y(x) = (z[Y) (1.8)

We usually call ¢(x) the wave-function, but it is simply the component of the
state |1/) in the basis element |x).2

Back to Eq. (1.1), we now multiply it by (i| on the left of both sides and
again insert a convenient 1:

Sil) = —iGHOIY) =~ YA G)

We then define the matrix elements of H as
H;; = (ilH|j) (1.9)
This allows us to write Schodinger’s equation as a linear vector equation

P1 Hiw Hip ... 1

% Yo | = ;| Hex Hap ... 2 (1.10)

This is the same as (1.1), but written in terms of components in a specific basis.
Since the basis is not unique, we prefer to use Eq. (1.1) which is more general.

A particularly important basis set is that of the eigenvectors of H. They are
defined by the equation

Hin) = En|n) (1.11)

2This basis is a bit different in that the x are allowed to vary continuously. Thus, orthonor-
mality and completeness now become

(z]2’) = 6(z — 2'), 1= / da |z)(z|



where F,, are the eigen-energies of the system. In this basis the Hamiltonian is
diagonal:
(n|H|m) = 0nmEy, (1.12)

We may also use completeness twice to write

H = (H(1) = In){nlHlm)m| = 3 [1)50m Ea ()

Thus, we see that in this basis the Hamiltonian becomes

H=> E,|n)n| (1.13)

Returning now to Eq. (1.10) we may choose as a basis set the energy eigen-
kets |n). Since H is diagonal in this basis, the equations become completely
decoupled:

dyn

dit

where ¢, = (n|y(0)) is a constant determined from the initial condition. The
complete ket is then reconstructed from Eq. (1.5) as

(1) = ene”Frtin) (1.15)

= —iE, ), — Vn(t) = cpeEnt (1.14)

We can also write the solution of Schrédinger’s Eq. (1.1) in a basis-independent
way as

() = U®(0),  Ut)=e" (1.16)

The operator U is called the time-evolution operator, or the propagator (because
it propagates the state of the system, from time ¢ = 0 to time ¢). For small
times we may expand the exponential and write U(t) ~ 1 — iHAt, which is
the operator in Eq. (1.2). Computing the exponential of an operator, as in
et can be quite difficult. But if you happen to know all eigenenergies and
eigenvectors, then you can always find it, at least in theory. Start with Eq. (1.13)
and compute H2. You will find that

H? =Y E}|n)(n]

This also holds true for higher powers, such as H® and etc. It therefore follows
that, for any function f(H) that is expressible in a Taylor series, we will have

FOH) =" f(Bn)n)(n] (L.17)

Consequently the propagator may always be written as

e =N " Bt |n) (n) (1.18)

n



This gives you the propagator as a sum of outer products. Incidentally, we
have also shown that the eigenvectors of e~** are also |n), with eigenvalues
e~ *Fnt Whenever an operator is a function of another, the eigenvectors are
the same and the eigenvalues are modified just like the function. For instance,
consider the operator G = (Ey — H)~!. This is called a Green’s function. The
eigenvectors of G are still |n) and the eigenvalues are (Eg — E,)~!.

Once we have a ket, what do we do with it? We compute expectation values
of operators: for an arbitrary operator A, its expectation value in a state |1))
will be

(4) = (¢[Al¢) (1.19)
If |¢) = |n) then (H) = E,. Otherwise, we decompose |¢)) = Y 1, |n) to get
(H) = Eultn|? (1.20)

The quantity |1, |? is the probability of finding the system at |n) given that it
is at [¢). Thus, Eq. (1.20) has the form of a weighted average of the energies
with probabilities |1y, |2.

For a time-dependent state, [1(t)) = e *H¢|+)(0)). Thus, the expectation
value (1.19) becomes

(4) = (W) A[(1)) = (¥(0)]e ™" Ae™*[1(0))

This motivates the definition of the Heisenberg picture operator
Ap(t) = et peiH? (1.21)

In the Heisenberg picture the state is fixed at its initial value and it is the
operator which evolves with time. The equation governing the time-evolution
of the operator is found directly by differentiating (1.21) and reads

dAg
TtH = i[H, Ay] (1.22)

This is called the Heisenberg equation. It is an equation for the operator, which

admittedly can be a bit abstract. If you want you can convert it to an equation

for numbers by taking the average:
d{A
W i) (1.23)

Here I wrote A instead of Ay since, when we take the average, both coincide.

1.2 Spin 1/2

Spin is angular momentum and must therefore be described by three oper-
ators: Sz, Sy and S,. The orientation of the axes are arbitrary, but you need



three of them. The fundamental postulate of angular momentum is that these
operators should satisfy the algebra:

[Sz, Sy] =15, [S2, Sz = 1Sy [Sy,S:] = 1S, (1.24)

If you are ever wondering in the forest and you see 3 operators satisfying these
commutation relations then I guarantee you: they are angular momentum oper-
ators. You can literally take this as the definition of angular momentum. And
every property follows from these simple commutation relations.

In any book on quantum mechanics you learn how to derive all eigenvectors
and eigenvalues of the angular momentum operators. What you learn is that
the operator §? = 52 + Sg + 82 will have eigenvalues

1
eigs(S?) = S(S + 1), S = 5,1,%,27... (1.25)

We use S to define the spin. So when we say spin 1/2 (like an electron), we
mean a system where the eigenvalue of S? is 1(% + 1) = 2. The other thing we
learn is that each operator S; will have 25 + 1 eigenvalues which go from S to
—S in unit steps:

eigs(S;)=S5,5-1,...,-S+1,-S (1.26)

For spin 1/2 we will therefore have a total of 25 + 1 = 2 states with eigenvalues
+1/2 and —1/2. As for the eigenvectors, we usually choose those vectors which
diagonalize S, and then express everything in terms of them. For pedagogical
purposes, we will focus in this section on the case of spin 1/2. The case of more
general spins will be discussed later.

For spin 1/2 we label the eigenvectors as |+) and |—). They satisfy

Sty = gh),  Salh =)

The 1/2’s that appear everywhere are annoying, so we like to get rid of them by
defining a new set of operators o, 0y and o, called the Pauli matrices, as

1
Sl' = 50'1' (127)

The algebra of the Pauli matrices is similar to Eq. (1.24), but now there is a
factor of 2:

[02,0,] = 2i0, [02,04] = 2i0, loy,0:] = 2i0, (1.28)
The eigen-equation for o, also changes to
oil4)=1+),  ol=)=—|-) (1.29)

We can write things even more compactly by defining a variable o which takes
on the values +1:
o = eigs(o,) = +1 (1.30)



Then
o.lo) = olo) (1.31)

We will use this notation throughout the entire text: o, is an operator and
o = #£1 is a number representing the eigenvalues of o, .
We may write the eigenvectors |o) as two-component vectors

H=(p)  =()) (1.32)

The operators o, o, and ¢, when written in the basis |o), then become

Oy = (? (1)) oy = (S _OZ) o <(1) 01) (1.33)

Note that the operator o, is diagonal in this basis, as of course is expected.
When the operator o, acts on |o) it flips the spin:

oult) =1-),  oulm) =1+) (1.34)
Something similar happens to o, but it leaves out a phase factor:
oyl+) =il=),  oyl-) =—il+) (1.35)

Another set of operators that are commonly used are the spin lowering
and raising operators:

(0wt (D) 39

They are related to o, according to
Oy =04 +o0_ and oy = —i(oy —o_) (1.37)
or .
oy Loy
2
As their name implies, o raises the spin value, whereas o_ lowers it:

04 = (138)
orl=) =+, and  o_|+)=[-) (1.39)
If you try to raise a |+) state or lower a |—) state, you get zero:

O'+|+> ZO'_|—> =0 (140)



+)

Figure 1.1: The most general ket for a spin 1/2 particle can be viewed as a point in
a 3-dimensional sphere (know as Bloch’s sphere).

General spin 1/2 states

The most general spin state may be written as a superposition of the up and
down states:

o) =al+)+ - = () (1.41)

where a and b are complex numbers. Normalization implies that |a|? +]b? = 1.
For this reason, it is convenient to parametrize this state as

—i$/2 pog 0
, 9 , 9 e cos 3

lgn) = €72 cos —|+) 4 €¥/2sin —|-) = ‘ (1.42)
" 2 2 e'0/2 sing

I know this sounds weird, but there is actually a cool reason behind it: this state
represents a point in a 3-dimensional unit sphere called the Bloch sphere (see
Fig. 1.1):

n = (sinf cos ¢, sin O sin ¢, cos 0) (1.43)

We can get a glimpse of why this is so if we compute expectation values of the
o operators in the state gy, ). We find:

(05) = sinf cos ¢, (oy) = sinfsin ¢, (04) = cosb (1.44)

Thus, the average of 0, is simply the p-th component of n. People in quantum
information love these ideas. For them |+) = |0) and |—) = |1) are the bits of



a quantum computer. But unlike classical bits, which take on only two values,
qubits can take on a continuous set of values given precisely by the vector |gn).
The vector (1.42) is also sometimes called a spin coherent state.

In order to have a fuller understanding of the connection between a sphere
in 3D and our two-dimensional Hilbert space, we need to think about rotations.
If you start at the north pole (0,0,1) on a sphere and you want to get to an
arbitrary point n as in Eq. (1.43), you need to do two rotations. First you rotate
by an angle 6 around the y axis and then you rotate by an angle ¢ around the
z axis (take a second to imagine this in your head).

In the spin Hilbert space, these rotations are performed by the rotation
operators e 97=/2 and e~"¥7v/2. Let us try to learn how to deal with them.
Consider for now the operator e’®?:. We can find a neat formula for it by
noting that o2 = 1 (the identity operator). If we then expand the exponential
in a Taylor series we get

2
. . 17
e =1+ia0, + —a“cs + ...

Since 02 = 1 the terms in the expansion will be either proportional to o, or
proportional to 1. We can therefore group terms proportional to the identity
and terms proportional to ¢,, which then yields

€' = cosa + io, sin o (1.45)

We showed this formula for o,, but it is actually true for any operator that
satisfies A2 = 1, since that is all we really used. Now that we have this formula,
it is an easy task (which I leave for you to have fun with) to verify that we can
obtain the state (1.42) by starting from |+) and then applying the two rotations
sequentially:

lgn) = 797/ 209 2 ) (1.46)

Note that the order of the operators is essential since they do not commute.
Another way of understanding the state |g,) in Eq. (1.42) is to note that

it is the eigenstate of the operator n - o with eigenvalue +1. This operator

represents the spin component in the direction . The other eigenstate is

—e~ /2 sin g
/
= 1.47
90 = s (1.47)
and it has eigenvalue —1. That the eigenvalues are +1 is, of course, as it must
be. After all, the direction of the spin operator is arbitrary. You may also
check that |gp) and |g,) are orthogonal. More importantly, these two states are

actually the components of the rotation matrix appearing in Eq. (1.46). If you
compute the two matrix exponentials you find

. ‘ e 9/2cosd  —e1/25in ¢
G = ei%0:/2=i00,/2 _ 2 ? 1.48
ei?/2 gin g €19/2 cos g (1.48)



lg)

Figure 1.2: Illustration of the electronic levels of an atom.

The columns of G are precisely the eigenvectors |g,) and |g},). It then follows
that
n-o=Go.G (1.49)

So G is the rotation matrix that takes the spin operator from z to n.

Two-state systems

The framework for spin 1/2 may be conveniently used when studying any
system with only two states. In practice, such two-state systems appear often
as an approximation to atomic systems. The electronic energy levels of an atom
may look something like Fig. 1.2. But in certain applications, the probability of
occupying highly excited states is negligible, so we may focus only on the first
two states. Then, effectively, the electronic levels may be considered as having
only two states, the ground-state |g) and the excited state |e). If we identify

lg) = 1-), and  le) = |+) (1.50)

then we may use the entire framework of spin 1/2 systems to describe any two-
level system (Please note that sometimes people make the correspondence the
other way around; it is simply a matter of convenience). The spin lowering and
raising operators o4 then acquire a simple physical meaning. Since o raises
the spin, we have o4 |g) = |e), so o4 is the operator that excites the electron.

Eq. (1.49) can also be used as a very convenient trick to diagonalize arbi-
trary 2 x 2 matrices, which do not need to have anything to do with spin or
with physics, actually. The convenience is related to the way you write down
the eigenvectors. Finding the eigenvalues of a 2 x 2 matrix is trivial, but the
eigenvectors are sometimes clumsy to write down. With this trick, you can re-
late the eigenvectors with points in the Bloch sphere. Here is how it goes. Let
A be a 2 x 2 matrix. Since it has only four entries, it may be written as

A=ay+a-o (1.51)

for a certain set of four numbers ag, a4, a, and a,. Next define ¢ = |a| and
n = a/a. That is, write your matrix A as

A=ag+aln-o) (1.52)



The eigenvalues and eigenvectors of A can now be related to those of n - o.
First, since the eigenvalues of n - o are +1, the eigenvalues of A will be

A =apta (1.53)

Moreover, since A is simply the identity plus n - o, both will share the same
eigenvectors. These are precisely the vectors |g,) and |g,,) in Egs. (1.42) and
(1.47) respectively, but with n determined as n = a/a. That is

Algn) = Atlgn),  and  Algn) = A_|gn) (1.54)
You can also write down the diagonal decomposition of A in matrix form.
Namely,
A=G (aO“L“ 0 )GT (1.55)
0 apg —a

Interaction with a magnetic field

When a spin 1/2 particle is subject to a magnetic field B in the z direction,
the interaction Hamiltonian is

H = —pBo, = —ho, (1.56)

where p is the magnetic moment of the particle (it is a constant that depends
on the type of particle you have; for electrons it is called the Bohr magneton).
It is easier to just work with h = puB. You may think of h as a field in energy
units.

The Hamiltonian (1.56) is already diagonal in the |o) basis since o, is di-
agonal (of course, we are very smart physicists, so we conveniently choose the
field in the z direction precisely for this reason). Thus, the energy eigenvalues
will be

E, =—ho (1.57)

Or, more explicitly,
E+ - —h7 E_ == +h

We will learn as we go along that we should always keep an eye at the ground-
state; i.e., the state of lowest energy. If h > 0 the ground state is F, cor-
responding to the quantum number ¢ = +1. Physically this means that the
energy is smaller when the spin points parallel to the field.

We may compute the propagator U(t) = e~ *#t quite easily in this case, using
Eq. (1.18):

‘ ‘ . e B+t 0
e—lHt _ e—zE+t|+><+| + €_1E7t|_><_| = 0 oiBt (158)

Suppose now that the system started at [1)(0)) = (cos §,sin &), which is like our

|gn) in Eq. (1.42), but with ¢ = 0. Applying the time-evolution operator then

10



Figure 1.3: Illustration of a spin precessing around a magnetic field. Left: the predic-
tion from unitary dynamics, Eq. (1.59). The spin just keeps on precessing
indefinitely. Right: what happens in real systems. There is a damping
which causes the spin to slowly align itself with the magnetic field.

gives us the state at time ¢:
et cos §
(0 = UOBO) = |

This is just like the state |gn ), but with a time-dependent angle ¢ = —ht. Thus,
our operators will evolve in time according to

(04) = sin 6 cos(ht), (oy) = —sin B sin(ht), (0,) = cosb (1.59)

This is the phenomenon of spin precession. The spin just keeps circling around
the magnetic field, as illustrated on the left image of Fig. 1.3. In practice, how-
ever, we know there are losses in the system, which cause the spin to eventually
align itself in the same direction as the field. This damping is due to the contact
of the spin with an external environment and is illustrated by the image on the
right. It cannot be described by Hamiltonian dynamics. We need something
else.

We can also analyze our problem in terms of Heisenberg’s equation (1.23).
Using the commutation relation of the Pauli matrices, Eq. (1.28), we get

d<;1> = 2h(oy) (1.60)
% = —2h{oy) (1.61)
d{o.)

9l —o (1.62)

You may verify that Eq. (1.59) is indeed a solution of these equations. These
formulas become more transparent if we consider a more general magnetic field

11



h pointing in an arbitrary dimension. Then they may be written simply as

d{o)

2L =2() xh (1.63)

where o = (04,0y,0,). This is just like Euler’s equation for a symmetric top,
which makes sense since spin is angular momentum.

1.3 Heisenberg, Ising and the almighty Kron

Now I want to show you how to work with systems composed of many
particles. And to do that, I will use as an example the two most important
spin interactions, named after Heisenberg and Ising. These interactions form
the basis for our understanding of ferromagnetism and we will come back to
them several times again.

For simplicity we start assuming that we have two spin 1/2 particles. We
attribute a set of spin operators to each particle. Thus, particle number one
will be described by the operators of, o} and o}, whereas particle 2 will be
described by the operators 3, o3 and 03. The algebra of operators concerning
the same particle is the same as before. For instance, just like in Eq. (1.28),
we continue to have [o¥,0Y] = 2ic%. But, in addition, we now also make the
assumption that operators pertaining to different particles commute.
Thus,

[ai, ag] =0, 1,] =T,Y,2 (1.64)

Stuff related to particle 1 always commute with stuff related to particle 2.
Now let’s talk about states. In total, there must be four possible configura-

tions: (1,1), (1,4), (I, 1), (4,1). We may therefore label these states as |01, 02)

where 0; = £1. These states are constructed to be eigenstates of o7 and o3:

oiloy,09) = o1lo71,09), o3lo1,02) = 03lo1, 09) (1.65)

When determining the action of other operators on these states, all you need
to remember is that “1” operators only act on the first component of |1, 09)
and “2” operators only act on the second component. For instance, we learned
above that o, flips the sign of a spin. Thus,

o+ +) =] = )
of|—+) =1 - -)

and so on.

The Heisenberg interaction

The Heisenberg exchange interaction between two spins is given by

H=—-Jo,-09=—J(0705 +0{cy +cjo3) (1.66)

12



where J is called the exchange constant. What is interesting about it is that it is
isotropic: since it is the scalar product of two “vectors”, it does not depend on
any particular reference frame. We can determine the matrix elements of this
interaction using the above rules for operating with two-particle states. This is
one of those things that have to be done slowly. We start with:

otog|++) = |- -)
ofogl+ =) = |- +)
ofofl = +) = |+ -)
ofofl = =) = | ++)

Now we take the product with all possible bras (o1, 02|. This will give us all 16
matrix elements. Hopefully most of them are zero. What we get in the end is

0 0 01
« 2z |0 0 1 0
7195=10 1 0 0 (1.67)
1000
When we write matrix elements like this, we always order the states as | + +),
|+ =), | —+) and | — —=). Then we associate with each of these elements the
vectors
1 0 0 0
0 1 0 0
|++>_ 0 ‘+_>_ 0 |_+>_ 1 |__>_ 0 (168)
0 0 0 1

This is called lexicographic order: for each value of the first, you run through
all values of the second. If we had 3 particles, we would fix each value of the
first two and then run over all values of the third. The order would then be

|+++>’|++_>7‘+_+>7|+__>7‘_++>’|_+_>7| __+>7|___>

I will leave for you as an exercise to find the matrix elements of ¢¥o) and
ojo} (you can also just keep on reading. In a few paragraphs I will teach you
a much easier way to do this). The final result is that the Hamiltonian (1.66)
becomes

1 0 0 O

0O -1 2 0
H:7J0'1'0'2:7J 0 9 1 0 (169)

0 0 0 1

Now let us see if we can figure out the eigenvalues and eigenvectors of this
Hamiltonian. Lucky for us, two eigenvectors are already starring at our face:
they are represented by the two lonely 1’s in the first and last entries, which
mean that

H|++)=—Jl++), Hl-—-)=—J--)

13



Thus the first two eigenvectors are |1) = |++) and |2) = |——), with eigenvalues
Ey=FEy=—J.

Now we need to look for the remaining two. If we look at the matrix (1.69)
we see that these remaining two eigenvectors will be related to the block in the
middle. So all we need to do is diagonalize a 2 x 2 matrix. Whenever I need to
do that, I always like to write it in terms of Pauli matrices:

-1 2
1

For some reason I memorized that the eigenvectors of o, are \/5(1, 1) and

%(1, —1), with eigenvalues 1 and —1. The eigenvectors of —1 + 20, will be
the same as those of o,:
B e NP Ea R s
\/5 9 \/i )

Moreover, the eigenvalues will be —1 + 2(£1). Multiplying by —J then gives
us the corresponding energies: B35 = —J[—-142(1)] = —J and By = —J[-1 +
2(—1)] = 3J. We see that, out of the four states, three are degenerate with
energy —J and the other has energy 3J.

It is customary to relabel these eigenvectors and eigenvalues a little differ-
ently:

3)

L) =[++)
|1’0>:|+_>\g_+>7 By =—J

L,-1)=|--) (1.70)
|070>:|+7>77‘7+>, Ey=3J

V2

You may have seen these states before in quantum mechanics. The first 3 are
called the triplet states and the last one is the singlet. The reason behind this
change in notation is the following. Define two operators:

1
S, = §(Uf +03) (1.71)
2 1 2 1
S 21(0'14-0'2) 25(1+U1'Ug) (172)

where, in the last line, I used the fact that o? = 1. These are the total spin
component in the z direction and the total spin operator of the composite sys-
tem.

The eigenvectors of H are the same as those of o7 - 05. We therefore see
that these will also diagonalize S2. The first numbers 1 and 0 in Eq. (1.70)
are related to the allowed eigenvalues of S§2 which, from Eq. (1.25), are of the

14



form S(S + 1), with S being 1 or 0. Thus, in the states |1,m) the total spin
of the system is 1 and in the state |0, 0) it is zero. The second set of numbers
in Eq. (1.70) are the eigenvalues of S, the total z component of the spin. For
S =1 the S, component may have eigenvalues m = 1,0, —1 corresponding to
the three states |1,1), |1,0) and |1, —1). For S = 0, the only eigenvalue of S,
will be 0, which gives |0, 0). The state |1,0) is perhaps the weirdest of them all:
it has spins pointing in opposite directions, one up and one down. Yet, it still
has a total spin S = 1. This illustrates the difference between S% and 5,.

Let us analyze the physics of Eq. (1.70). Suppose first that J > 0. In this
case the state of smallest energy will be £; = —J. This corresponds to a state
of spin 1, which we associate with the spins being aligned in the same direction,
either both up or both down (plus the weirdo |1,0)). We will learn later in
life that J > 0 corresponds to the ferromagnetic case, where the spins tend to
align with each other. On the other hand, when J < 0 the ground-state will be
Ey = 3J. It is a state of spin 0 corresponding to the spins anti-parallel to each
other. It will later give rise to antiferromagnetism.

Behold, the kron

With what we have discussed above, you have essentially all ingredients to
write down matrix elements of many-particle systems. But before we move on,
I want to show you another way of working with these states. I will introduce
the idea of a Kronecker product, or tensor product, or kron for the intimate.
The Kronecker product between two objects A and B is written as A® B. It is
defined such that it satisfies the fundamental property

(A® B)(C ® D) = (AC) ® (BD) (1.73)

The kron separates two universes. Everything that is to the left of ® only
interacts with stuff that is on the left and everything to the right only interacts
with stuff on the right. With the kron in hand, we may now rewrite our spin
operators as

ol =0,®1, o =1®0, (1.74)

Particle 1 stays on the left and particle 2 stays on the right. An operator like
o{o5 is now written as

0103 = (0 ®1)(1®0,) =0, ® 0y (1.75)
We do the exact same thing for states:
o1, 02) = |01) @ [02) (1.76)
Then the action of of03 onto |07, 03) becomes
010301, 02) = (02 ® 05)(|01) ® |02)) = (02]01)) @ (02]02)) (L.77)

The final result is the operator o, (just a 2 x 2 matrix) acting on a single-particle
state.
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In a sense, there is nothing fundamentally new about the kron. It does
make things a bit more formal, specially if you like linear algebra [Then what
we are doing is essentially constructing the many-particle Hilbert space as a
direct product of single-particle states.] But, to be honest, from a conceptional
point of view what the kron does most is that it introduces a new notation
where you can separate more clearly stuff from one side and the other. The
biggest advantage of the kron is actually computational: it gives an automated
way to construct many-particle matrices.

If A and B are two matrices, then in order to satisfy Eq. (1.73), the compo-
nents of the Kronecker product must be given by

aLlB aLNB
A®B = : : (1.78)
aM,lB aM7NB

This is one of those things that you sort of just have to convince yourself that
is true. At each entry a, ; you introduce the full matrix B (and then get rid of
the parenthesis lying around). For instance

(1) 1)
(1) o)

This is exactly Eq. (1.67) and, you must admit, the calculation was much easier.
We can also do the same for vectors:
0
()

+-) = H |- = (0 -

This is the second vector in Eq. (1.68). You can proceed similarly to find the
others. Note also how the kron naturally uses lexicographic order.

Also have in mind that the Kronecker product is implemented in all numer-
ical libraries. So there are really no excuse for finding these matrix elements:
just let the electrons in your computer do the work for you!

(1.79)

_ o o o
o= O O
o O = O
S O O

(1.80)

oSO = O

Ising vs. Heisenberg

Now that we are pros at dealing with two particles, we can easily generalize
to a system of N particles. The operators will be labeled o' where u = z,y, 2
and ¢ =1,..., N. The states will have the form |o1,...,0x), which gives a total
of 2V different states. The size of the Hilbert space grows exponentially with
the number of particles, which is why working with many-body systems is so
difficult.
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The general Heisenberg Hamiltonian can be written as

2%

where J; ; is the interaction between spin ¢ and spin j. Usually we choose the
Ji,; so that only nearest neighbors interact, but at this stage it is best to leave
things general. Surprising as it may sound, in general we do not know what
are the eigenvalues and eigenvectors of (1.81). The only exception is a one-
dimensional chain with nearest-neighbor interactions (where this problem can
be diagonalized using something called the Bethe ansatz). Otherwise, in general
we do not know (or maybe it is not possible) to diagonalize it exactly. There
are, though, several approximation schemes to get some rough properties out of
this model. We will go through some of them later on. My favorite one is the
Holstein-Primakkoff approximation, which will lead us to the idea of magnons.?
Another very popular model is the Ising model:

H=-Y Joio; (1.82)
.

It looks similar to Eq. (1.81), but it has one fundamental difference: we already
know all its eigenvalues and eigenvectors. The Ising Hamiltonian is written only

in terms of 0% operators and these are all diagonal in the basis |o1,...,0n).
Thus, this basis diagonalizes H. The eigenvalues are then simply
E=— Z JiJ’O'in (183)
,J

There are in total 2V eigenvectors and eigenvalues. The funny thing is that,
even though we know all eigenvalues and eigenvectors, that still does not help
us much since we still have to deal with 2V of everything. So even though
we know how to diagonalize the Ising model, that does not mean we know
how to extract the physics out of it. That is the real challenge of statistical
mechanics and many-body physics: diagonalization is just the first step. Even
if we diagonalize a model, we still need to learn what to do with it. And, indeed,
the physics of the Ising model is extremely rich.
Lastly, I want to compare the Ising model with a longitudinal field,

H=-) Jijoioc; —hY o} (1.84)
i, %

with the Ising model in a transverse field:

H=- Z Jijoio; — hZaf (1.85)
i, i

3 You must admit, physicists are awesome at naming things. I mean, magnon, kron...
These all sound like the name of villains in a Transformers movie.
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At first they seem similar. But they are not. Oh boy they are not. Eq. (1.84)
only contains o.’s so we know how to diagonalize it (the eigenvectors con-
tinue to be the |o1,...,0n)). But Eq. (1.85) contains o,’s, which means that
|o1,...,0n) will no longer be an eigenvector. In fact, the physics of the trans-
verse field Ising model is quite rich since the field term will compete with the
Ising term. One makes the spin point in the x direction and the other in the z
direction. This competition will, as we will learn one day, lead to a quantum
phase transition, which is similar to a phase transition, but occurs at zero
temperature. But before we can get to all these exciting models, we still have a
lot of fundamental concepts to cover. So hang on.

1.4 The quantum harmonic oscillator

The Hamiltonian of the quantum harmonic oscillator is given by

p2 1 2.2

where x and p are operators satisfying
[z,p] = ih (1.87)

I will plug & back for now but soon I will throw it away again. I know this is
going to sound dramatic but I assure you: this is by far the most important
example in all of quantum mechanics. The reason for this will only become
clear later when we learn about second quantization. But trust me on this:
what you will learn in this section you will carry with you for the rest of your
life. Thus, even though you have probably seen this before, I will redo all the
calculations anyway, simply because they are so important.
The characteristic scales of position and momentum are given by

h h
ZTo =1/ —, po = — = Vhmw (1.88)
mw i)
Apart from numerical factors, theses are the only quantities with dimension of
position and momentum that we can construct with 4, m and w. To diagonalize
Eq. (1.86) we define a non-Hermitian operator a and its adjoint a' as

Tt 1 < T .p )
r=—4(a"+ta a=—=|—+1—
ﬁ( ) V2 \zo  po
— (1.89)
=—(a'"—a al'=———i—
P ﬂ( ) \/5 Zo Do
you may verify that Eq. (1.87) implies
[a,al] =1 (1.90)
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Moreover, the Hamiltonian (1.86) becomes

H = hw(a'a +1/2) (1.91)
If you have never worked out the steps leading to these last two results, then
please do it. This is one of those things that you need to do once in your life.

An algebraic problem

Looking at Eqgs. (1.90) and (1.91), we see that we have essentially reduced the
problem to the diagonalization of the operator afa. We can frame the problem
as follows:

What are the eigenthings of a'a given that [a,a!] =1 (1.92)

Note that a’a is Hermitian, even though a is not. Thus, its eigenvalues must
be real and its eigenvectors can be chosen to form an orthonormal basis. Let us
write them as

a‘aln) = n|n) (1.93)

My goal is to show you that the eigenvalues n can be all natural numbers (non-
negative integers):

eigs(a’a) =n € {0,1,2,3,...} (1.94)

One thing we can say out front: n cannot be negative because a'a is a
positive semi-definite operator. What this means is the following: start with
Eq. (1.93) and multiply on both sides by (n|. We get

(nlataln) =n

But the left-hand side is the absolute value of the ket a|n), which is always
non-negative. Consequently we must have n > 0.4

To prove Eq. (1.94) we first work out some commutators. The following
formulas are useful to remember:

[A, BC] = B[A,C] + A, BIC
(1.95)
[AB,C] = A[B,C] + [A,C)B

4If you want to be rigorous: an operator is said to be positive definite when its eigenvalues

are strictly positive and positive semi-definite when they are either zero or positive. Many
people don’t care about this subtlety and call both types “positive definite”. So watch out.
le don’t bout this subtlet; d call both t “positive definite”. S tch out
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There is an easy way to remember them. For instance, in [A, BC| you first take
B out to the left and then C' out to the right. Now let’s use this to compute:

[aTa,a] = a'[a,a] + [a,ala = —a

where T used Eq. (1.90). We can obtain a similar result for af, either using
the same procedure or by taking the dagger of this result. In any case, let me
summarize the results as

[a'a,a] = —a, [afa,a'] =a (1.96)

This type of result also appears in other situations and it immediately implies
that the eigenvalues will form a ladder of equally spaced values.
To see why, we use this result to compute

(aTa)a|n) = [a(aTa) — a]|n) = a(aTa — 1)|n) = (n — 1)a|n)

From this we conclude that if |n) is an eigenvector with eigenvalue n, then a|n)
is also an eigenvector, but with eigenvalue (n — 1) [read this sentence again; it
is very important]. However, I wouldn’t call this |[n — 1) just yet because a|n)
is not normalized. Thus we need to write

[n — 1) = aaln)
where « is a normalization constant. To find it we simply write
(n—1ln—1) = |a|*(nlataln) = |a*n

Thus |a|?| = 1/n. The actual sign of « is arbitrary so we choose it for simplicity
as being real and positive. We then get
a

\/ﬁlm

From this analysis we conclude that a reduces the eigenvalues by unity:
aln) = v/njn — 1)

We can do a similar analysis with a'. We again use Eq. (1.96) to compute

In—1) =

(afa)atn) = (n + L)al|n)

Thus a' raises the eigenvalue by unity. Its normalization factor is found by a
similar procedure: we write |n + 1) = Ba'|n), for some constant 3, and then
compute

(n+1ln +1) = 8[*(nlaa’|n) = |B]*(n|(1 + ala)|n) = B|*(n + 1)
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Thus
a'ln) = vn +1jn+1)

These results are important, so let me summarize them in a boxed equation:

aln) = v/nn — 1), alln) = vn+1|n+1) (1.97)

Now start with some state |n) and keep on applying a a bunch of times. At
each application you will lower the eigenvalue by one tick:

a‘ln)y = /n(n—1)...(n — €+ 1)|n —0)

But this party cannot continue forever because, as we have just discussed, the
eigenvalues of afa cannot be negative. They can, at most, be zero. The only
way for this to happen is if there exists a certain integer ¢ for which a‘|n) # 0
but a‘*'jn) = 0. And this can only happen if £ = n because, then

adny =vnn—-1)...n—L+1)(n—0On—-£—-1)=0

Since £ is an integer, we therefore conclude that n must also be an integer. This
analysis also serves to define the state with n = 0, which we call the vacuum,
|0). Tt is defined by

al0) =0 (1.98)

We therefore emerge from this analysis with the conclusion that, as anticipated
in Eq. (1.94), the eigenvalues of afa can be all non-negative integers. The
operator a is the annihilation operator and a' is the creation operator.
Moreover, a’a is the number operator because it counts the number of quanta
in the system. What this analysis taught us is that, if you want to count how
many people are there in a room, you first need to annihilate them and then
create fresh new humans. Quantum mechanics is indeed strange.

We can build all states starting from the vacuum and applying a' succes-

sively:
(ah)"

Jal

Using this and the algebra of a and a' it then follows that the states |n) form
an orthonormal basis, as expected:

10) (1.99)

In) =

(nm) = dp.m (1.100)

Back to the Hamiltonian

Since H in Eq. (1.91) is a function of a'a, it will share the same eigenvectors.
We therefore get

Hn) = En|n),  E, = hw(n+1/2) (1.101)
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The energies of the harmonic oscillator are equally spaced, AE = hw. This is
a signature of harmonic motion. It is found, for instance, in the vibrational
spectra of molecules.

We can also look at wavefunctions, which are defined as

Un(z) = (x[n) (1.102)

But wavefunctions are boring, so we will not look at them.

1.5 Coherent states

For the harmonic oscillator, there is a very special set of states which appear
frequently in condensed matter, quantum field theory and quantum optics.’
They are called coherent states. We begin by defining the displacement op-
erator

s

D(a) = e —"@ (1.103)

where « is an arbitrary complex number and o is its complex conjugate. The
reason why it is called a “displacement” operator will become clear soon. A
coherent state is defined as the action of D(«) into the vacuum state:

la) = D()|0) (1.104)

We sometimes say that “a coherent state is a displaced vacuum”. This
sounds like a typical Star Trek sentence: “Oh no! He displaced the vacuum.
Now the entire planet will be annihilated!”

D(«) displaces a and af

Let us first try to understand why D(«) is a displacement operator. First,
one may verify directly from Eq. (1.103) that

D(a)D(a) = D(a)DT(a) =1 (it is unitary) (1.105)
Df(a) = D(—a) (1.106)

This means that if you displace by a given a and then displace back by —a, you
return to where you started. Next I want to compute Df(a)aD(a). To do that

5 If you ever need more advanced properties of coherent states, the best source is the paper
by K. Cahill and R. Glauber entitled “‘Ordered expansions in boson amplitude operators”
Phys. Rev. 177, 1857-1881 (1969). Another comprehensive source is chapter 4 of the book
by Gardiner and Zoller called “Quantum Noise”.
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we use the BCH formula®

eABeA = B+ [A, B+ g4, [A B + A AAB] +... (1107

with B = a and A = a*a — aa'. Using Eq. (1.90) we get
[0*a — aal,d] = a

This is a c-number so that all higher order commutators are zero. We therefore
conclude that

Df(a)aD(a) = a+ « (1.108)

This is why we call D the displacement operator: it displacements the operator
by an amount a. Since Df(a) = D(—a) it follows that

D(a)aD' (o) =a -« (1.109)
The action on a' is similar: you just need to take the adjoint: For instance

D(a)a'D(a) = af + a* (1.110)

The coherent state is an eigenstate of a

What I want to do now is apply a to the coherent state |a) in Eq. (1.104).
Start with Eq. (1.108) and multiply by D on the left. Since D is unitary we get
aD = D(a + «). Thus

ale) = aD|0) = D(a + a)|0) = D()|0) = afa)

where T used the fact that a|0) = 0. Hence we conclude that the coherent
state is the eigenvector of the annihilation operator:

ala) = o|a) (1.111)

The annihilation operator is not Hermitian so its eigenvalues do not have to
be real. In fact, this equation shows that the eigenvalues of a are all complex
numbers.

Alternative way of writing D

It is possible to express D in a different way, which may be more convenient
for some computations. To do that we use another BCH formula: if it happens
that [A, B] commute with both A and B, then

A+B A_B 1[A,B] (1.112)

e =e“e’e 2

6There is no magic behind this formula: you simply need to expand the exponentials in a
Taylor series and organize the multiple terms.
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Since [a, a'] = 1, we may write

D(a) = elof?/2gaa’ g—a”a _ clal*/2g—a"agaal (1.113)

This result is useful because now the exponentials of ¢ and a' are completely
separated.
From this result it follows that

D(a)D(B) = P =" B2 D(a + B) (1.114)

This means that if you do two displacements in a sequence, it is almost the same
as doing just a single displacement; the only thing you get is a phase factor (the
quantity in the exponential is purely imaginary).

Poisson statistics

Let us use Eq. (1.113) to write the coherent state a little differently. Since
al0) = 0 it follows that e~**|0) = |0). Hence we may also write Eq. (1.104) as

o) = e~ lel*/2¢aa" |y (1.115)

Now we may expand the exponential and use Eq. (1.99) to write (a)"|0) in
terms of the number states. We get

la) = e*“"'z/?; ﬁ|n> (1.116)

Thus we find that
(nla) = e~lal*/2. 2 (1.117)
nla) =e — .
Vvn!
The probability of finding it in a given state |n), given that it is in a coherent
state, is therefore
2 2 (la*)"
[(n|a)|? = e~lol X2 (1.118)
n!
This is a Poisson distribution with parameter A = |a|?. The photons in a laser
are usually in a coherent state and the Poisson statistics of photon counts can
be measured experimentally. If you measure this statistics for thermal light
you will find that it is not Poisson (usually it follows a geometric distribution).
Hence, Poisson statistics is a signature of coherent states.
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Orthogonality

Coherent states are not orthogonal. To figure out the overlap between two
coherent states |«) and |8) we use Eq. (1.115):

(Bla) = e71P 2112 0 e o)

We need to exchange the two operators because we know how a acts on |0) and
how a' acts on (0. To do that we use Eq. (1.112):

ePragaal — gaal Brapra (1.119)
We therefore conclude that
2 2
(Bla) = exp {ﬁ*a— |B2|—b;|} (1.120)
The overlap of the two states, squared, can be simplified to read:
(3lap = exp{ ~la - 5P (1121)
If 3 = «a then
(aa) =1 (1.122)

which we already knew from Eq. (1.104) and the fact that D is unitary.

We therefore conclude that, in general, two coherent states are not orthog-
onal. However, they become roughly orthogonal when both « and S are very
big (because then the exponential overlap becomes very small). Coherent states
therefore do not form an orthonormal basis. In fact, they form an overcomplete
basis in the sense that there is more states than actually needed.

Completeness

Even though the coherent states do not form an orthonormal basis, we can
still write down a completeness relation for them. However, it looks a little
different:

/% la)(a] =1 (1.123)

where integral is over the entire complex plane and d?« = dag doy. The proof
of Eq. (1.123) is a little bit cumbersome, so you may skip it if you want.

It goes as follows. Consider an arbitrary state |¢) and expand it in the
number basis |n):
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Now write
/ S labale) =3 v / T2 a)aln)

To compute the integral we use Eq. (1.117) to write (a|n) and Eq. (1.116) to
expand |a). We then get, in addition to the a-integral, a double sum over the
number states:

/7|0¢ (afy) = Z /d;aeIQQOcm(a*)m (1.124)

To compute the integral we change variables to polar coordinates:

a=re?, d®a=rdrd
The integral over § will give us a 9y, ,:

2
d o 7\a|2am(a*)m _ / rdr derm+nei9(m7n)677‘2
™ m

o0

2
:26n7m/ dr r?"tle”
0

= 0p,mn!

Substituting this back into Eq. (1.124) finally gives

/—|oz (alyy = anm
This shows that Eq. (1.123) is indeed true.

Expectation values of normal-ordered operators

We say an operator is normal ordered when we have arranged all creation
operators to the left. For instance (a + a')? is not normal ordered because

(a+a")? =aa+a'a" +a'a+ aal

In the last term we have a dagger on the right. To normal order this operator,
we use the commutation relation (1.90) to write aa’ = afa + 1. Thus, if we
express this as

(a+a")? =aa+a'a’ +2aTa+1 (1.125)

then this operator is normal ordered.

The reason why normal ordering is useful is because, if we compute the
expectation value in any coherent states, we know how a acts on |a) and we
know how a' acts on (a|. Thus, for instance,

(al(a+a"?la) =a® +a*? +20"a+ 1 (1.126)
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This looks identical to Eq. (1.125), except that the operators a and a' are re-
placed by the numbers a and a*. Coherent states are the basis for several
approximate techniques that we will learn later. And, in this sense, it is use-
ful to remember the following rule: let H(af,a) be some operator (usually a
Hamiltonian, but it can be other operators as well) which are written in normal
order. It then follows that

(a|H(a',a)|a) = H(a*, ) (1.127)

1.6 The Schrodinger Lagrangian

It is possible to cast the Schrodinger equation as a consequence of the princi-
ple of least action, similar to what we do in classical mechanics. This method
has several advantages. First, it will introduce us to ideas of field theory. Sec-
ond, it is the starting point for a variational principle that can be used to
study approximations to the dynamics of a system.

Do you remember the usual variational principle? It says that if |¢) is an
arbitrary wave-function then

By < WIHY) (1.128)

- (W)

In words it says that the energy of the ground-state Egyq is always a lower bound
to the sandwich of the Hamiltonian H. In practice, we use the variational
principle by choosing a trial state |1) which has some free parameters. We then
try to minimize the sandwich in the right-hand side of Eq. (1.128) with respect
to these parameters, which will give us an estimate of the ground-state energy.
The larger is the number of free parameters the better the estimate is (and
the more complicated the calculation becomes). The Schrodinger Lagrangian
does exactly this, but for the dynamics. Unlike the previous sections, this
theory is likely new to you and perhaps a little bit more advanced for this level.
Notwithstanding, I think it is really cute. So here it goes.”

The principle of least action in classical mechanics

Before we start with the quantum stuff, we need a brief review of classical
mechanics. Consider a system described by a set of generalized coordinates g;
and characterized by a Lagrangian L(g;, 0rq;). Also, define the action as

ta
5= / La, ras) dt (1.129)
t1

The motion of the system is then generated by the principle of least action;
ie, by requiring that the actual path should be an extremum of S. We can

"Since this is the last section in the chapter, you should interpret it as a boss fight. It is
definitely harder, but the loot is also better.
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find the equations of motion (the Euler-Lagrange equations) by performing a
tiny variation in S and requiring that 65 = 0 (which is the condition on any
extremum point; maximum or minimum). To do that we write ¢; — ¢; + 7;,
where 7;(t) is supposed to be an infinitesimal distortion of the original trajectory.
We then compute

65 = S[g;(t) + mi(t)] — S[a (t)]

oL
dt i + =0
/ Z {a%n at(h) t }

/dtz{aL ( (35qu)>}7%

where, in the last line, I integrated by parts the second term. Setting each term
proportional to 7; to zero then gives us the Euler-Lagrange equations

oL oL
— - —1=0 1.130
dg (8@%)) (1.130)

The example you are probably mostly familiar with is the case when

1
L= tm(da)® - V(o) (1.131)
with V'(¢) being some potential. In this case Eq. (1.130) gives Newton’s law
ov
molq = ~%0 (1.132)

Another example, which you may not have seen before, but which will be in-
teresting for us, is the case when we write L as a function of coordinates ¢ and
momenta p; , ie L(q, Oq, p, O0:p). For instance,

L = poiq — H(q,p) (1.133)

where H is the Hamiltonian function. In this case there will be two Euler-
Lagrange equations:

oL < OL >3Ha _0
dq 9(9q) ag "
oL oL OH
5 (o) ~ 0= 55 =0
Rearranging, this gives us Hamilton’s equations
OH OH
- = 1.134
Orp g Orq ap (1.134)
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Another thing we will need is the conjugated momentum 7; associated
to a generalized coordinate g;. It is always defined as

oL
m = 1.135
= 50 (1459
For the Lagrangian (1.131) we get @ = md;q. For the Lagrangian (1.133)
we have two variables, ¢y = ¢ and ¢o = p. The corresponding conjugated

momenta are 7(g) = p and 7(p) = 0 (there is no momentum associated with the
momentum!). Once we have the momentum we may construct the Hamiltonian
from the Lagrangian using the Legendre transform:

H = Zpiatqi - L (1.136)

For the Lagrangian (1.131) we get
2
p
H=2 v
5y TV
whereas for the Lagrangian (1.133) we get
H =n(q)0iq + n(p)Op — L = pOq +0 —pdiq+ H = H

as of course expected.

The principle of least action for Schrodinger’s equation

Now consider the Schrédinger equation (1.1)

i0:(t)) = H[(t)) (1.137)

and let us write it in terms of the components 1), in some basis, as in Eq. (1.10):

iaﬂl’n = ZHn,mwnL (1138)

We now ask the following question: can we cook up a Lagrangian and an action
such that the corresponding Euler-Lagrange equations give Eq. (1.138)7 The
answer, of course, is yes.® The “variables” in this case are all components
1. But since they are complex variables, we actually have v,, and v as an
independent set. That is, L = L(¢n,, Ostbn, ¥}, 0p1y;). and the action is

to

ﬂ%mm:/iwmw%w;wﬁMt (1.139)

t1

8If the answer was no, I would be a completely crazy person, because I just spent more
than one page describing Lagrangian mechanics, which would have all been for nothing.
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I will now tell you what is the correct Lagrangian we should use and then
we will verify that it indeed works. The correct Lagrangian is:

L= Z iw:;atwn - Z Hn,m¢2¢m (1140)

where 1, and v are to be interpreted as independent variables. Please take
notice of the similarity with Eq. (1.133): 1), plays the role of ¢ and ¢ plays the
role of p. To check that this works we use the FEuler-Lagrange equations with

q1 = vy, and gz = Pp:
oL oL
— = 0| =—=— ] =0
o, t(@«%wz))
The second term is zero since 0y does not appear in Eq. (1.140). The first
term then gives
oL

oy,

which is precisely Eq. (1.138). Thus, we have just cast Schrédinger’s equation as
a principle of least action for a weird action that depends on the quantum state
[¢). T will leave to you as an exercise to compute the Euler-Lagrange equation
for 1,,; you will simply find the complex conjugate of Eq. (1.138).

Eq. (1.140) is written in terms of the components 1, of a certain basis. We
can also write it in a basis independent way, as

= Zaﬂzjn - Z Hn,m'l/)m =0

L = (/(i0, — H)|) (1.141)

This is what I call the Schrodinger Lagrangian. Isn’t it beautiful? If this abstract
version ever confuse you, simply refer back to Eq. (1.140).

Let us now ask what is the conjugated momentum associated with the vari-
able 1, for the Lagrangian (1.140). Using Eq. (1.135) we get, as you may have

anticipated,
() = oo i, () =0 (114
() = =——— =i}, w(Yr) = .
8<8t¢n)
This means that 1,, and i1} are conjugated variables. As a sanity check, we
can now find the Hamiltonian using the definition (1.136):

H=> ith;0in — L (1.143)

which is, of course, just the actual Hamiltonian H.

The idea of using Eq. (1.141) [or Eq. (1.140)] is as follows. Suppose, just for
the sake of argument, that the dimension of your Hilbert space is d. This means
that there are in total d coefficients v,, which will completely describe your
quantum state. If you extremize the action with respect to all these coefficients
your Euler-Lagrange equations will be the exact Schrodinger equation. But in
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some problems that may be a complicated task. Instead, we may use only a
smaller set d’ < d of parameters. This will still give you some equation of
motion, but this equation will be approximate because we are focusing only on
a sub-space of the full Hilbert space. This is how we implement a variational
principle for the dynamics. The larger is the number of parameters d’, the better
will the approximation be, until d’ = d, in which case the calculation becomes
exact.

Position representation

Things get even naughtier if we look at the position representation. Assume

that )
P

H:
2m

+V(x) (1.144)

Then we know that, in the position representation,

S A v
wial) = [ @ |- 54 via)v (1.145)
The Schrodinger Lagrangian (1.141) then becomes
v2
L= / Bz v (z,t) [z’@t + o + V(w)]w(:ﬂ, t) (1.146)
m
We may also define a Lagrangian density L as
L= / ddx L (1.147)
Then
V2
L :1/)*(:13,15) |:Zat+ % +V((IJ):|’I/J(ZI},t) (1148)

This is interesting because now we can write the action not as an integral in
time, but as an integral over space-time:

S:/dtL:/d4x£ (1.149)

where d*z = dtd3z. Before S and L depended on a set of variables 1, (t) and
¥ (t). Now they depend on a set of continuous variables 9 (x,t) and ¥*(x, t).
This is perhaps your first encounter of a field theory. We have just shown
that a quantum system is described by a field ¢(x,t) (which is just the wave-
function of course). The system is governed by an action/Lagrangian and
Schrédinger’s equation is simply the corresponding Euler-Lagrange equation.
This is very similar to electromagnetism, which is also characterized by a field
and by a Lagrangian (you will learn about the electromagnetic Lagrangian in
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field theory courses). The Euler-Lagrange equations for the electromagnetic
Lagrangian are Maxwell’s equations. In this sense Schrodinger’s equation is
therefore a classical field theory. 1 know this sounds weird, but it is classical in
the sense that the field (in this case 1) is a classical object; ie a complex num-
ber. To obtain a quantum field theory we must promote the fields themselves
to operators, a procedure called second quantization. In electromagnetism,
quantization leads to the idea of photons as the elementary excitations. We
may also think about quantizing the Schrodinger Lagrangian and this will lead
to a similar idea, with the actual particles interpreted as excitations out of the
field. We will learn how to do this on later chapters.

The momentum conjugated to i (x,t) is again i*(x,t) (which is also a
field). From the Lagrangian density we then obtain the Hamiltonian density

" —w*atw—c—w*{— V2+V(m)]w (1.150)

2m

The total energy is then the integral of this quantity over all space
v2
H:/d%%:/d% w*[—QerV(m)}w (1.151)

As expected, this is nothing but Eq. (1.145).

In the position representation £ will depend not only on v and 0;v, but also
on 0;3. Thus, when constructing the equations of motion, we need to consider
the dependence on these derivatives as well. Actually, the Lagrangian (1.148)
also depends on 9?9, which is a bit messy. But we can get rid of that by inte-
grating by parts and transferring one of the V’s to act on ¥* (two Lagrangians
differing only by an integration by parts are physically equivalent since boundary
terms always vanish). We then get

L= i — 5 (V9") - (Vi) + Vi@)yy (1.152)

This is absolutely equivalent to Eq. (1.148), but it is more convenient to work
with.

The general structure of the Euler-Lagrange equations is almost identical to
Eq. (1.130); you just need to sum the derivatives with respect to the position
coordinates.” That is, they become

) _g@' (sta0) = e

And similarly for *. As before, the Euler-Lagrange equation for ¥* will give
an equation of motion for ¢ and vice-versa.

9This can be demonstrated exactly as in Eq. (1.130), by adding to the field +(zx,t) a small
perturbative field n(x,t) and analyzing the corresponding variation in the action.
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Chapter 2

Density matrix theory

2.1 Trace and partial trace

The concept of a trace will be used extensively in this course, starting in the
next section. So I want to take a second to explain it in detail. The trace of an
operator is defined as the sum of its diagonal entries:

tr(A) = (i Ali) (2.1)

%

It does not matter which basis you use: it turns out that the trace is always the
same. You can see that using completeness: for instance, if |a) is some other
basis then

> (ilAl) = Z > (ila)(alAli) = Z > (alAfi)ila) = (alAla)

% a

Thus, we conclude that

tr(A) = (i|Ali) = (alAla) (2.2)

(3 a

The trace is a property of the operator, not of the basis you choose.

Since it does not matter which basis you use, let us choose the basis which
diagonalizes the operator A. If |a) happens to be that basis, then (a|A|a) = A,
will be an eigenvalue of A. Thus, we also see that

tr(A) = Z A = sum of all eigenvalues of A (2.3)

For instance, tr(H) =), E, is the sum of all energies. Or we can also look at
the operator e~*7*. We have seen before that the eigenvalues of this operator
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—iEnt  Thus, we conclude that

tr(e ) =) "emiPnt (2.4)

n

are e

Perhaps the most useful property of the trace is that it is cyclic:
tr(AB) = tr(BA) (2.5)

I will leave it for you to demonstrate this. You can do it, as with all demonstra-
tions in quantum mechanics, by inserting a convenient completeness relation in
the middle of AB. Using the cyclic property (2.5) you can also move around an
arbitrary number of operators, but only in cyclic permutations. For instance:

tr(ABC) = tr(CAB) = tr(BC A) (2.6)

Note how I am moving them around in a specific order: tr(ABC) # tr(BAC).
An example that appears often is a trace of the form tr(UAU'), where U is a
unitary operator; i.e., UUT = UTU = 1. In this case, it follows from the cyclic
property that

tr(UAUT) = tr(AUTU) = tr(A)

Finally, let |¢) and |¢) be arbitrary kets and let us compute the trace of the
outer product [1){¢|:

tr([Y)(g) = > (i) (@li) = > (i) (i)

K2 2

The sum over |i) becomes a 1 due to completeness and we conclude that

tr([y)(¢]) = (dl¥) (2.7)

Notice how this follows the same logic as Eq. (2.5), so you can pretend you just
used the cyclic property. As an example, consider the coherent states of the
harmonic oscillator discussed in Sec. 1.5. Using the completeness relation (1.123)
together with Eq. (2.7) we may write the trace of any operator as

trOztr/%|a><oz|(’):/%<a|(9|a> (2.8)

This is similar to a sum over the diagonal entries, except that now we are using
an overcomplete basis.

The partial trace

The trace is an operation which starts with an operator and spits out a
number. It is also possible to do a partial trace, which eliminates only part of
a Hilbert space. Why this is useful will only become clear in Sec. 2.3, but the
mathematical procedure can be outlined here.
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Suppose you have a system composed of two parts, A and B. They may
be, for instance, two particles. Or each part may be a set of particles. It does
not matter. When a system is divided in two, we call it a bipartite system.
Suppose system A has a certain basis set |a) spanning a Hilbert space 54,
whereas B has a basis |b) for the Hilbert space 5. As we learned in Sec. 1.3,
when we work with the two systems combined, we can use as basis kets the
Kronecker product

|a,b) = |a) ® |b) (2.9)

This is just like the |o1,02) in Sec. 1.3, only a bit more general. The state |a, b)
lives in the product space Jup = H4 Q@ H 3.

Now let us study the trace of operators that act on 4. The most general
such operator may always be written as

O=) Aa® B, (2.10)

for some index « and some set of operators A, and B,. For instance, in Sec. 1.3
we saw the operator o4 - o, which had exactly this form. In order not to
complicate things, we start with an operator of the form O = A ® B. To find
its trace, we may use the |a, b) basis:

tr(0) =Y (a,b|0|a,b) (2.11)
a,b

Expanding out the krons we get

t(0) = ({al ® (b))(A® B)(la) @ b))

a,b

= (alAla) ® (b|BJb)
a,b

= (alAla) Y (0|BIb)

I got rid of the ® in the last line because the kron of two numbers is a number.
The two terms in this formula are simply the trace of the operators A and B in
their respective Hilbert spaces. Whence, we conclude that

tr(A® B) = tr(A) tr(B) (2.12)

Now we can imagine an operation where we only trace over a part of the
system. This is what we call the partial trace. It is defined as

tra(A® B) = tr(A)B, trg(A® B) = Atr(B) (2.13)
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When you “trace over A”, you eliminate the variables pertaining to A and what
you get left is an operator acting only on ##%. This is something we often forget,
so please pay attention: the result of a partial trace is still an operator. More
generally, for an arbitrary operator O as defined in Eq. (2.10), we have

traO =Y tr(Aa)Ba  trpO =) Aqtr(Ba) (2.14)

As an example, suppose we have two spins, with Pauli operators o and o’.
Then we would have, for instance,

tra(c%og) =tr(o.)oh

Note how in the right-hand side I write o, instead of 0. The partial trace acts
only on the single-spin subspace, so it does not matter which notation I use.
Of course, this example I just gave is a bit silly because tr(o,) = 0. But still,
you get the idea. As another example, consider the partial trace of o4 -op. To
compute it we need to use the linearity of the trace:

tra(oa-op) =tr(og)of + tr(oy)o% +tr(o.)op

Again, all terms are zero in the end. In principle every operator may be written
in the form (2.10) so linearity solves all problems. However, that does not mean
that writing down such an expansion is easy. For instance, suppose you want
to compute the partial trace of e“4°?5. This turns out to be a quite clumsy
calculation. For two spin 1/2 particles the matrices will be 4 x 4, so albeit
clumsy, this is something a computer can readily do. For N spin 1/2 particles
things become more difficult.

We can also write down the partial trace in terms of components. For in-
stance, the partial trace over B reads:

trg O =Y (b|O[b) (2.15)
b

This notation may be a bit confusing at first. Actually, when we write |b) here,
what we really mean is 1 ® |b). So the full formula would be

trg 0 =Y (1@ ()01 ® b)) (2.16)
b
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We can check that this works using O = A ® B. We then get

trp 0= (1@ (0)(A B)(1® b))
b
= (1A1) @ ((b|Bb))
b

=AY (bIBlb)

b
= Atr(B)

Eq. (2.15) with 1 ® |b) is a convenient way to implement the partial trace in a
computer.

Finally we could also write down a general formula for the partial trace in
terms of the components of O in a basis. To do that, note that we may always
insert two identities to decompose O as

O= % la,b){a,bOld,¥')(d',V/| (2.17)

a,b,a’ b’

To perform the partial trace over B, for instance, we sum over the diagonal
entries of the B part (b’ =) :

trp O = Z |a){a,blO|a’, b){a’| (2.18)

a,b,a’

The result is an operator acting on 7, , which we can see from the fact that this
is a sum of outer products of the form |a){a’|. To make that more transparent,
we can factor the sum over b and write

trpO0 = [Zm, elrs b>} |la)(d’| (2.19)
a,a’ b

An example that is often encountered is the partial trace of some outer
product, such as |a,b)(a’,b’'|. To take the partial trace, remember that this can

be written as
|a,b)(a’, V| = |a){a’| @ [b) (V|

The partial trace over B, for instance, will simply go right through the first part
and act only on the second part; i.e.,

trp o, B)(a, | = |a><a/|tr{b><b/|}

~la@i{ @}
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Thus, we conclude that

trala,b)(a’,b'| = dq,qa|b) (V'] trp |a,b)(a’,b'| = |a){a’|0p (2.20)

2.2 The density matrix

A ket |¢) is actually not the most general way of defining a quantum state.
To motivate this, consider the state |g,) in Eq. (1.42) and the corresponding
expectation values computed in Eq. (1.44). The spin in this state always points
somewhere: it points at the direction n of the Bloch sphere. It is never possible
to find a quantum ket [1)) where all spin components are zero on average; ie,
where the spin is isotropic. That sounds strange since, if we put the spin in a
high temperature oven without any magnetic fields, then we certainly expect
that it will never have a preferred magnetization direction. The solution to
this paradox is that, when we put a spin in an oven, we are actually adding a
classical uncertainty to the problem, whereas kets are only able to encompass
quantum uncertainty.

The most general representation of a quantum system is written in terms of
an operator p called the density operator, or density matriz. It is built in such
a way that it naturally encompasses both quantum and classical probabilities.
This is very important for quantum statistical mechanics since finite tempera-
ture states mix both. The need for a density operator is also closely related to
the notion of entanglement, as will be discussed below.

The density matrix from classical probabilities

Suppose we have an apparatus which prepares quantum systems in certain
states. For instance, this could be an oven producing spin 1/2 particles, or a
quantum optics setup producing photons. But suppose that this apparatus is
imperfect, so it does not always produces the same state. That is, suppose that
it produces a state |¢)1) with a certian probability ¢; or a state |io) with a
certain probability g2 and so on. Notice how we are introducing here a classical
uncertainty. We can have as many ¢’s as we want. All we assume is that they
behave like classical probabilities:

g €01, and Y g=1 (2.21)

Now let A be an observable. If the state is [11), then the expectation value of
A will be (11| Al11). But if it is |1)2) then it will be (12| Alt2). To compute the
actual expectation value of A we must therefore perform an average of quantum
averages:

() =D astwil i) (2.22)
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What is important to realize is that this type of average cannot be writen as
(p|A|@) for some ket |¢). If we want to attribute a “state” to our system, then
we must generalize the idea of ket. To do that, we use Eq. (2.7) to write

(wilAlwn) = o | Al ol

Then Eq. (2.22) may be written as

=S A - tr{A;qiw»w}

This motivates us to define the density matrix as

p= Z @i |a) (Wi (2.23)

Then we may finally write Eq. (2.22) as

(A) = tr(Ap) (2.24)

which, by the way, is the same as tr(pA) since the trace is cyclic [Eq. (2.5)].

Instead of working with kets, we may now start to work only with den-
sity matrices. In fact, the density matrix is the actual general quantum state.
Whenever a density matrix can be writte as p = |1) (1|, we say we have a pure
state. In this case Eq. (2.24) reduces to the usual result: (A) = (¢¥|A|Y). A
state which is not pure is usually called a mixed state.

The density matrix and entanglement

We will discuss entanglement in more detail in the next section. For now,
a short introduction will suffice. Suppose we have a bipartite system and, for
simplicity, assume that the two parts are identical. Let |i) denote a basis for
any such part and assume that the composite system is in a state of the form

) = eli) @ |d) (2.25)

K3

for certain coefficients ¢;.! If ¢; = 1 and all other ¢; = 0 then [¢)) = |i) ® |i)
becomes a product state. When more than one ¢; is non-zero, then the state
can never be written as a product. Whenever a state of a bipartite system
cannot be written as a product state, we say it is entangled.

LAt first this may seem like a restrictive choice. However, as we will discuss in the next
section, it turns out that any state of the composite system can always be written in this way.
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The expectation value of some operator A that acts only on the first system
is, by definition,
(4) = Wl(A® 1Y) (2.26)

where, just for caution, I wrote A ® 1 to emphasize that [1) is actually a state
in s, p. Carrying out the calculation we get:

(A) =) ciesliil(A® )], 5)

2%

- chcj<i\Alj><i|j>

= 3 lePilAl)

This result is quite remarkable. Note how it has ezxactly the same form as
Eq. (2.22), even though we have no classical probabilities at play here (we
started with a pure state). We could then define a density matrix, exactly as

before:
p=>_leil?li) il (2.27)

In general, therefore, we find that the reduced state of a bipartite system will
be a mixed state. The only exception is when the state is a product state; ie,
when the two systems are not entangled. In this case p = |i)(i|]. We thus reach
the following important conclusion: when a bipartite system is entangled, the
reduced states of each sub-systems will be mized states.

Examples

Consider again spin 1/2 systems. Suppose that the system is in a pure state
characterized by the ket |zy) = %(1, 1), which is the eigenvector of o, with

eigenvalue +1. The corresponding density matrix will be

p_mg@q_;G>O U—;G D

We may now use Eq. (2.24) to compute some expectation values (of course,
in this case, we could also use (x1|O|zy)). We will find that tr(o,p) = 1
and tr(oy .p) = 0, which makes sense. Similarly, if we consider the state
lz_) = %(1, —1), which is the eigenstate of o, with eigenvalue —1, then the
corresponding density matrix will be

p:m4@4=;(j>@ —U=§($.1§

In this state we have (o,) = —1.
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Now consider a 50-50 mixture of these two states:
1 1 1/1 0
p=slenel+ gl =3 (5 1)

This state has (0,) = (0y) = (0.) = 0. It is fully isotropic, with no preferred
spin direction. We may also reach the same state if we consider a 50-50 mixture
of |[4+) and |—) (the o, eigenstates):

1 1 1/1 0
=g+ gi-1=5 (6 9)

Even though the states we started with are different, the final density matrix
is the same: a 50-50 mixture of |z4) gives the same quantum state as a 50-50
mixture of |£). This example shows us that there is more than one way to
decompose a certain p in the form (2.23) (actually, there are an infinte number
of ways).

Properties of the density matrix

The density matrix satisfies a bunch of very special properties. We can
figure them out using only the definition (2.23) and recalling that ¢; € [0, 1] and
> ;¢ =1 [Eq. (2.21)]. First, the density matrix is a Hermitian operator:

pl=p (2.28)

Second,

qu i) (i) Zqz (iltpi) =D ai =1 (2.29)

This is the normalization condition of the density matrix. You can also see this
directly from Eq. (2.24) by choosing A = 1 (the identity operator). Then, since
(1) = 1 we get again tr(p) = 1. Third, p is positive semi-definite. What this
means is that the sandwich of p in any quantum state is always non-negative.
In symbols, if |¢) is an arbitrary quantum state then

(dlplg) = qu (Bli)]2 >0 (2.30)

These are the two defining properties of a density operator: it normalizes to one
and is positive semi-definite. We usually write the latter symbolically as p > 0.
Thus:

Defining properties of a density matrix: tr(p) =1 and p>0

(2.31)
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We also see from Eq. (2.30) that (¢|p|¢) is a sum of quantum probabili-
ties |(¢|1;)|? averaged by classical probabilities ¢;. This entails the following
interpretation: for an arbitrary state |¢),

(p|p|p) = Prob. of finding the system at state |¢) given that it’s state is p

(2.32)

Now let’s talk about eigenvalues and eigenvectors. In Eq. (2.23) it already
looks as if p is in diagonal form [cf. Eq. (1.13)]. However, we need to be a bit
careful because the |¢;) are arbitrary states and do not necessarily form a basis.
Thus, in general, the diagonal structure of p will be different. Notwithstanding,

p is Hermitian and may therefore be diagonalized by some orthonormal basis
|k) as

o= pulk) (k] (2.33)
k

for certain eigenvalues py. Since Eq. (2.30) must be true for any state |¢) we
may choose, in particular, |¢) = |k), which gives

P = (klplk) = 0

This is another way of stating that an operator is positive semi-definite: its
eigenvalues are non-negative. In addition to this, we also have that tr(p) = 1,
which implies that ), pr = 1. Thus we conclude that the eigenvalues of p
behave like probabilities:

prel01, Y om=1 (2.34)
k

Next let us look at p?. The eigenvalues of this matrix are pi SO

tr(p?) = Y _pi <1 (2.35)
k

The only case when tr(p?) = 1 is when p is a pure state. In that case it can
be written as p = |¢)(¥| so it will have one eigenvalue p; = 1 and all other
eigenvalues equal to zero. Hence, the quantity tr(p?) represents the purity of
the quantum state. When it is 1 the state is pure. Otherwise, it will be smaller
than 1:

Purity := tr(p?) < 1 (2.36)

There are three absolutely equivalent ways of determining whether a state is
pure: (i) p = |¥)(¥|; (ii) p? = p (which is a direct consequence of (i)) and (iii)
tr(p?) = 1. The last one is, perhaps, the most practical one.
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As a side note, when the dimension of the Hilbert space d is finite, it also
follows that tr(p?) will have a lower bound:

<tr(p*) <1 (2.37)

SO

This lower bound occurs when p is the maximally disordered state

_la

P= (2.38)

where I is the identity matrix of dimension d.

Two-state systems

For a spin 1/2 or two-state system, the most general density matrix may be
written as

1

p:;(1+s-a):2<

Sy +isy, 1—s;

where s = (s, Sy, 8,) is a vector. The physical interpration of s becomes evident
from the following relation, which I leave for you to check:

s; = tr(oip) (2.40)

Looking at Eq. (2.39) we can see that tr(p) = 1 since we just need to sum the
diagonal entries. Moreover, a straightforward calculation shows that

1
tr(p?) = S+ s?) (2.41)
Thus, due to Eq. (2.35), it also follows that
s =52+ 33 +s2<1 (2.42)

When s2 = 1 we are in a pure state. In this case the vector s lays on the surface
of the Bloch sphere. For mixed states s> < 1 and the vector is inside the Bloch
sphere. The maximally disordered state occurs when s = 0.

The von Neumann equation

The time evolution of any ket [¢) under unitary dynamics is given by
Eq. (1.16): [|¢(t)) = e *Ht3)(0)). Any density operator may be written in
the form (2.23) so its time evolution will be

p(t) = Zqz‘e_thWi(O»<¢i(0)|€mt = e Hip(0)eH?t
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Differentiating with respect to ¢ we then get

o _

T (—iH)e "M p(0)e ™! 4 e™ p(0)e™ ! (iH) = —iHp(t) +ip(t)H

Thus, we reach von Neumann’s equation:

dp _

3 = el p(t) = e p(0)e ! (2.43)

This is somewhat similar to Heisenberg’s equation (1.22), except for a minus
sign.

We can still define the Heisenberg picture for density matrices. For instance,
the expectation value of an operator is (A), = tr(Ap(t)). Using the cyclic
property of the trace we may write this in two ways:

(A), = tr {Ae—thp(O)eth} =tr {ethAe—thp(O)} (2.44)

The first way is Ap(t) and the second is Ay (t)p(0).

2.3 Reduced density matrices and entanglement

Consider again a bipartite system AB with a certain density matrix p (which
can be either pure or mixed). If we want, we can trace out one of the sub-systems
to obtain a reduced density matriz for the other system. To do that, we simply
take the partial trace (Sec. 2.1) over the system we don’t want anymore:

pA =trpp, p =trap (2.45)

To see where this may come in, let A be an operator acting only on 4. Its
expectation value in the state p is, by definition (4) = tr(Ap). But this is a
trace over the full Hilbert space ##4p. Using the reduced density matrix, on
the other hand, we can write down the expectation value as a trace only over
I

(A) = tr(Ap) =tra(Apa) (2.46)

The reduction operation in Eq. (2.45) can always be performed and, when deal-
ing with operators that act only on J#4 or %, it is always possible to use
the reduced density matrices to compute expectation values, as in Eq. (2.46).
However, please bear in mind that in general p4 ® pp # p, so when computing
expectation values of operators in S5 (such as, e.g., A® B), we must use the
full density matrix p.
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The test of whether p4s®pp # p is also what we use to define the correlation
between two systems:

If po®pp=p then A and B are uncorrelated (2.47)

This follows a logic similar to classical probability theory. However, unlike classi-
cal probability theory, correlation for quantum systems may be either of classical
or quantum origin. Quantum correlations is what we call entanglement. Below
we will learn how to distinguish the two. Another thing that you should bear
in mind is that taking the partial trace is, in general, an irreversible operation
in the sense that in general you cannot reconstruct p from p4 and pp. Putting
it differently, information is generally lost when taking the partial trace.

Example

As an example suppose that we have two spin 1/2 particles in a singlet state

Ry
V2

In this state we have (o%) = 0 for « € {A, B} and i € {z,y,z}. However,
one may verify that, for instance, (c%0%) = —1. This immediately means
that the two particles are correlated. For, if they were not, we would have
(c40%) = (04)(c%). Since the state (2.48) is a pure state, all correlation must
be of quantum origin; ie, entanglement.

Let us compute the reduced density of system A. To do that we first write

the full density matrix

) (2.48)

p= 190001 = {1+ ) =11 =+ 1= [+ )+ ==+ - 1

Now we use Eq. (2.20) to get

]

5 (2.49)

pa=trmp= {0+ 1)1 =

By symmetry, pp will be exactly the same. We can therefore readily see that
pa® pp will be a diagonal operator, whereas p is clearly not diagonal. Whence,
pA®pB # p, as expected. Also note that, if we use p4 ® pp to compute (650%)
we will get zero, even though the actual result is —1.

Entanglement

The most general pure state of a bipartite system may be written as

) =Y Capla) ® [b) (2.50)
a,b
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for certain coefficients Cy, 5. A particular case of this state is when the coefficients
Co,p can be written as a product: Cy,p = fogp. In this case the state [¢) will
factor as

w{;mﬂ@;mﬂAW®w (251)

which is a product state. It is what you expect to happen when sub-system
1 is in Tokyo and sub-system 2 is in Aruba (specially if they are on vacation).
When a state cannot be written as a product state (ie, when C,; cannot be
factored as a product) we say the two sub-systems are entangled. This is how
we define entanglement for pure states. The definition for mixed states will be
discussed below.

Now let us compute the reduced density matrix of system A:

pa = trp([P)(¢])

— a3 Y oo [l 9] ] 0

a,b a’ b’
:ZZ%MwWM®hWW@
a,b a’b’ | ——
6b,b’

= {Z CZ‘,bCaxb} |a){a| (2.52)
a,a’ b

This is in general a mixed state. The only exception is again when C,, = fo0p.
Due to normalization we must have Y, [g5|> = 1 so, in this case, p4 becomes

m§ﬁMMM§me;mm]wmw

Thus, entanglement means that the reduced density matrices will be in mixed
states. We of course already seen this from the previous section. This is just a
different way to do the same calculation.

The Schmidt decomposition

The Schmidt decomposition is a way of writing the general state (2.50) in
a cleaner way, which will make the physics of entanglement more transparent
[the final result will have the form (2.25)]. The basic idea is to note that the
coefficients C, ;, may be interpreted as forming a matrix (which will be rectan-
gular if J#4 and % are of different dimensions). Any rectangular matrix may
be decomposed in the so-called Singular Value Decomposition (SVD):

C=UxVvT (2.53)
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where U and V' are unitary matrices and
¥ = diag(o1,09,...,04,0,0,...)

The quantities o; are called the singular values of the matrix and they are
always non-negative: o; > 0.2 The number of non-zero o;, which I denoted
by r, is called the Schmidt rank. 1 will not discuss here how to compute the
SVD in practice. It is an operation that is seldom done analytically, but it is
implemented in any linear algebra library you can imagine.

Inserting the SVD (2.53) into Eq. (2.50) we get

[9) =D (UaioiVi)la) @ [b)
ab 1

Now define
lia) = > Uaila), lig) =>  Viiilb)
a b

Moreover (just for convenience) define the Schmidt coefficients \; = 2. Then
we may finally write the state (2.50) as

DEDY Vi lia) ® lip) (2.54)

The vectors |i4) and |ig) are orthonormal due to the unitarity of U and V.
Moreover, since the state |¢)) must be normalized, it follows that

d =1 (2.55)

3

If the Schmidt rank is » = 1 (i.e., if there is only one non-zero A;) then the
state is a product state (no entanglement). Otherwise, the two systems are
entangled. The Schmidt rank therefore characterizes entanglement. We used
this in the previous section in the context of Eq. (2.25).

Now let us compute the reduced density matrix of sub-systems A and B.
Following the exact same procedure as above, we get

pa =trp [Y) (Y] = Z Ailia)(ial (2.56)
pp = tra ) (Y| = Z)\z‘|iB><iB\ (2.57)

We see that the Schmidt coefficients play the role of the probabilities for the
two reduced density matrices. Moreover, the purity of these reduced density

2In general the singular value decomposition has no relation whatsoever with the eigende-
composition of a matrix. The only exception is for Hermitian positive semi-definite matrices
(like density matrices) for which the two coincide.

47



matrices turn out to be equal and have the value:

purity = trp% = tr ph = Z A (2.58)

7

They therefore serve as a way to characterize the degree of entanglement: if
the two systems are not entangled then A\; = 1 and all other A\; = 0. In this
case the purity is 1. The distance from 1 therefore quantifies the degree of
entanglement. Highly entangled states lead to highly impure reduced density
matrices. The maximally entangled state is obtained by making the purity as
small as possible. For simplicity assume both systems have dimension d. Then
the maximally entangled state will occur when r = d and A\; = 1/d. In this case
the purity will be 1/d. The state (2.48) is an example of a maximally entangled
state.

The purity is not the only measure of entanglement. Usually, entanglement
is quantified using entropies, as we will discuss in the next section. But it turns
out that the purity is related to the so-called Rényi-2 entropy so in essence,
characterizing the entanglement by the purity is the same as characterizing by
an entropy.

State purification

The Schmidt decomposition is also closely related to the idea of state pu-
rification. Consider a physical system A described by a general mixed state p4

with diagonal form
p=2> pala)a|

Purification is a method to write this mixed state as a pure state in a larger
Hilbert space. That is, we expand the Hilbert space and in this larger space we
have more room to work with, so we can write a mixed state as a pure state.
There is more than one way of purifying a state. The simplest is to introduce
an auxiliary system R which is an exact copy of A. We then define the pure

state
W) = > Vpala) ® [a) (2.59)

Then, tracing over R we get

trr [P) (Y] = p (2.60)

Thus, |¢) is a purified version of p, which lives in a doubled Hilbert space. Notice
how the probabilities p, appear naturally here as the Schmidt coefficients.

As an example, consider the general two-state density matrix in Eq. (2.39).
Let |s| = s and write s = sn, where n is a unit vector. Recall that s < 1,
with s = 1 for a pure state. As we have seen in Eq. (1.49), the matrix n - o
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can be diagonalized by the matrix G defined in Eq. (1.48). Thus we may write
Eq. (2.39) as
1
p=G (BSUZ) el (2.61)

This shows that the eigenvalues of p are p; = (1+5)/2 and pa = (1 —s)/2, with
eigenvectors |g,) and |g),), as defined in Egs. (1.42) and (1.47). That is

(1+s) (1—-13s)
p =5 1gn){gnl + 519} {(9n] (2.62)
When s = 1 the state becomes pure and p = |gp)(gn|- Otherwise, the state is
mixed. This density matrix is already in Schmidt form, so the corresponding
purified state is readily found to be

90 = 1/ 2 lgn) © ) + 1/ Tl © 16} (263)

Classical correlations

We have just learned that there is a concrete recipe for quantifying the en-
tanglement between two systems when they are in a pure state. Things become
much more difficult if their state is mixed. For, in that case, they may also have
some degree of classical correlation and separating the classical and quantum
contributions is usually very difficult.®> The total degree of correlation (irrespec-
tive of whether it is quantum or classical) can be quantified by something called
the quantum mutual information, that will be introduced in Sec. 2.4. But
separating the two is not at all trivial.

A density matrix is termed separable if it can be written as

p=>_ Prldr) bkl ® [n) (Wr] (2.64)
k

for certain probabilities p; adding up to 1. A separable density matrix is a
linear combination of product states and hence is not entangled. Putting it
differently, for a separable density matriz, all correlation is classical. We have
therefore seen two particular cases of a general density matrix: when it is a
pure state, all the correlation is quantum (entanglement). When it is separable,
all the correlation is classical. In between there will be a messy mixture of the
two. Quantifying the degree of entanglement of a bipartite system in a mixed
state is not at all trivial. Different criteria are used in different contexts and the
calculations are usually quite difficult. We will not discuss this further here.

3In quantum information processing, there is a discussion that even for pure state only half
of the correlations are quantum, with the other half being classical. Here I will not make this
distinction and simply call “quantum correlations” the entanglement of pure states.
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2.4 Entropies and mutual information

A quantity which appears throughout all of statistical mechanics and quan-
tum information is the von Neumann entropy, defined as

S=—tr(plnp) (2.65)

It is a little bit awkward to work with the log of an operator. The best way
to operate with it is by working in a basis where p is diagonal. Recall that if
f(p) is an arbitrary function of p and if py are the eigenvalues of p, then the
eigenvalues of f(p) will be f(py). Thus, using the basis |k) to take the trace in
(2.65) gives

§==) peIn(p) (2.66)
k

In information theory this is also called the Shannon entropy (they usually
use the log in base 2, but the idea is the same).

The entropy is seen to be a sum of functions of the form —pln(p), where
p € [0,1]. The behavior of this function is shown in Fig. 2.1. It tends to zero
both when p — 0 and p — 1, and it has a maximum at p = 1/e. Hence, any
state which has pr, = 0 or pr = 1 will not contribute to the entropy. The entropy
does not like certainty. It feeds on randomness.

Since each —plIn(p) is always non-negative, the same must be true for S:

5>0 (2.67)

Moreover, if the system is in a pure state (p = |)(¥|) then it will have one
eigenvalue p; = 1 and all others zero. Consequently, in a pure state the entropy
will be zero:

The entropy of a pure state is zero (2.68)

In information theory the quantity —In(py) is sometimes called the surprise.
When an “event” is rare (prp ~ 0) this quantity is big and when an event is
common (pr ~ 1) this quantity is small. The entropy is then interpreted as
the average surprise of the system. I think this is funny. But maybe I am just
immature.

As we have just seen, the entropy is bounded below from 0. Now we will
show that when the dimension d of the Hilbert space is finite, the entropy will
also be bounded above by In(d). To show this we need to maximize Eq. (2.66)
with respect to the pg. But that must be done carefully since the maximization
must always be subject to the constraint ), pr = 1. Thus, we should introduce
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Figure 2.1: The function —pln(p), corresponding to each term in the von Neumann
entropy (2.66).

a Lagrange multiplier and redefine

S = — zk:pk In(py) + a<1 — Xk:pk)

Then the condition 05’/0a = 0 guarantees that ), pr = 1. As for the other
derivatives, we get
05’
Opk
This shows that all p, must be equal to a constant. By normalization, this
constant must be 1/d; that is we will have all p, = 1/d. The corresponding
entropy will then be

=—ln(pg) —1—-a=0

S = _é n(1/d) $°(1) = In(d)

k

Thus, we conclude that

max(S) = In(d). Occurs when pg = é (2.69)

The entropy is maximum for the maximally disordered state. Whence, we con-
clude that the entropy varies between 0 for pure states and In(d) for maximally
disordered states. It therefore serves as a measure of how disordered (mixed) is
a state.

Another special property of the von Neumann entropy is that it is invariant
under unitary transformations p — UpU*. To see this note that, since UUT = 1,
it follows that Up?UT = (UpU")(UpU') and similarly for higher powers of p.
This means that, for any function that can be written as a power series in p,
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we will have f(UpU') = Uf(p)UT. Thus, using also the cyclic property of the
trace, we get

tr {UpUT 1n(UpUT)] =tr {UpUT U(ln p)UT:| = tr(plnp)

which shows that

SUpUT) = S(p) (2.70)

The most important such transformation is unitary time-evolution with U =
e~ "t [Eq. (2.43)]. Our result then shows that in any closed system, the entropy
is a constant of the motion. This may sound weird to you at first, because you
probably heard that the entropy of a closed system can only increase. We will
get to that in the next chapter.

Quantum relative entropy

Given two density matrices p and o, we define their relative entropy or
Kullback-Leibler divergence as

S(pllo) = tr {plnp - plna} (2.71)

Even though it is called a relative entropy, we will learn in the next chapter
that in quantum statistical mechanics this quantity is related to the relative
free energy. The relative entropy is always non-negative and is zero only
when p = o:

S(plle) =0, S(pllo) =0iff p=o (2.72)

The proof of this inequality is really boring. I will give it in the end of this
section but you can skip it if you want (or you can look it up on Wikipedia).
This property of the relative entropy gives us the idea that we could use the
relative entropy as a measure of the distance between two density matrices. But
that is not actually true since the relative entropy does not satisfy the triangle
inequality, something a true measure of distance must always satisfy.

Quantum mutual information

Consider again a bipartite system AB. Let pap be the total density matrix
and p4 and pp the reduced density matrices of each sub-systems. We have seen
in the previous section that, in general p4 ® pg # pap. In fact, when there is
an equality we say the two systems are uncorrelated. The question I want to
answer now is how to quantify the degree of correlation between two systems.
This is done using the quantum mutual information.
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The starting point is the so-called subadditivity condition of the von
Neumann entropy, which states that

S(pap) < S(pa) + S(pB) (2.73)

with the equality holding only when pap = pa ® pp. Saying it differently, if
the two systems are independent (pap = pa ® pp) the entropy will be additive:
S(pap) = S(pa) + S(pp). But when they have some correlation, S(pa) +
S(pp) > S(pap). We can also write this as S(pa ® pg) > S(pap), which
has a clear physical interpretation: when we take the partial trace we loose
information, hence increasing the entropy.

Another related result, which is straightforward to check, is that

S(pasllpa @ pp) = S(pa) + S(pp) — S(pan) (2.74)

This quantity therefore measures the relative information lost when taking the
partial trace. The quantum mutual information is defined precisely as this
quantity:

I(A: B) == S(pllpa ® pi) = S(pa) + S(pz) — S(pan) (2.75)

Since it is simply a relative entropy, it follows from Eq. (2.72) that
I(A:B)>0 (2.76)

with the equality holding only when the two sub-systems are uncorrelated
(paB = pa ® pp). The mutual information therefore measures the degree of
correlation between two systems, be it of quantum or classical origin.

Rényi entropy

A generalization of the von Neumann entropy that is being used more and
more each day is the so-called Rényi entropy, defined as

1
Sa(p) = 1 In tr p® (2.77)

-«

where « is a tunable parameter in the range [0,00). I particularly like o = 2,
which is simply minus the logarithm of the purity:

Sa(p) = — Intr p? (2.78)
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Figure 2.2: The Rényi entropies for a 2-state system, computed using Eq. (2.80) for
different values of a.

But, by far, the most important case is a = 1, where we recover the von Neu-
mann entropy. To see this, what I like to do is expand z® in a Taylor series in
« around « = 1. We have the following result from introductory calculus:

« «
e = l
T % In(x)
Thus, expanding z® around o = 1 we get:

z® ~ 2! + 2 In(z)(a — 1)

Now we substitute this into Eq. (2.77) to get

1_a1n{trp+(a—1)tr(p1np)}

—

- 1 ln{l—i—(a—l)tr(plnp)}

Since we want the limit o — 1, we my expand the logarithm above using the
formula In(1 4+ ) ~ z. The terms o — 1 will then cancel out, leaving us with

lim S, (p) = —tr(plnp) (2.79)
a—1

which is the von Neumann entropy. The Rényi entropy therefore forms a family
of entropies which contains the von Neumann entropy as a particular case.

To get a feeling of what we are dealing with, suppose we have a 2-state
system. Since the eigenvalues of a density matrix must behave like probabilities,
we may parametrize them by p; = p and po = 1 — p, where p € [0,1]. We then
get tr(p®) = p* + (1 — p)® so that Eq. (2.77) becomes

1

5u(0) = T {p + (107} (2.80)
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This result is plotted in Fig. 2.2 for several values of a. As can be seen, except
for a — 0, which is crazy, the behavior of all curves is qualitatively similar.

In Eq. (2.58) we saw how to use the purity of the reduced density matrix
as a measure of the entanglement of a bipartite system. But in practice, most
researchers quantify entanglement using the entropy of the reduced state. The
most common choice is the von Neumann entropy but, based on Fig. 2.2 we can
anticipate that most Rényi entropies will give similar measures of entanglement.
I like to use the Rényi-2 entropy since it is directly related to the purity and
hence is very easy to calculate.

Proof that S(p|loc) >0

Now let me prove Eq. (2.72) to you. This proof is really boring so please try
not to fall asleep. We will need two inequalities. The first is very easy:

In(z) > 1 - % (2.81)

L_1.

x

This follows from the fact that y > Iny, by making y =
) be a convex function.* Tt

The second inequality is due to Jensen. Let f(z
the follows that if A € [0, 1],

FI =Nz + Azg) < (1= A)f(z1) + Af(x2) (2.82)

The usual way of understanding this result is through a figure like Fig. 2.3.
Changing A from 0 to 1 takes (1 — A)xy + Azo linearly from z7 to x2. The
right-hand side of Eq. (2.83) is therefore the straight dashed line in the figure,
whereas the left-hand side is the function itself. Since f(x) is convex, the line
is always above the real curve. Conversely, if g(x) is a concave function, the
picture is reversed and we obtain:

g((1 =Ny + Axg) > (1= Ng(a1) + Ag(az) (2.83)

Eq. (2.83) can be generalized to combinations of the form Ajxz; + Aoxo +
A3x3 + ..., provided that > A, =1 and each A, € [0,1]. That is, for a convex

function f(x),
f(z Anxn) < Ak () (2.84)

which is Jensen’s inequality. For a concave function

9(%3%%) > Zﬂ:kng(xn) (2.85)

This formula has many uses, an important one being in probability theory. For
instance, it states that

f(0)) < (£(0)) (2.86)

4 Prof. Mario José de Oliveira taught me a neat mnemonic to remember the difference
between convex and concave. You just need to remember that e” is conve®.
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Figure 2.3: The graphical motivation for Jensen’s inequality.

An example which appears in quantum thermodynamics is that of (e*). Since
e*Fr is a convex function we must have

<eaH> < ea(H)

To prove Eq. (2.72) we must be a bit careful since we have to work with the
logarithm of a matrix. Let us then introduce the eigendecomposition of the two
density matrices:

p=> paln)(n
o= quﬁ)(ﬁ
4

The states |n) and |¢) form two different set of basis states, with no relation
whatsoever to one another. With this decomposition we may write

np=> In(p,)n)(n
Ino = Zln(qg)w(f
¢

which gives

r(plnp) Z pnInp,
tr(plno) = an (n|Inoln) =" pal(n|f)* Ing
The relative entropy may therefore be written in components as

S(pllo) = an{ inpn 3 ) |21nqn} (2.87)
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The quantity |(n|f)|? satisfies

Sl =S |y (En) = (nln) = 1

14 14

Hence, it has the same properties as the X’s in Jensen’s inequality (2.85). Since
In(z) is a concave function we must then have

> lnl6)Png <o (Z |<n|€>|2qe>
4

L

Consequently,

S(pllo) = an{ Inp, —In <Z |<nf>2qe> }
n )4

Let us call this sum over ¢ inside the parenthesis as a,, = >, [(n|€)|*qe. It
follows that ) a, =1 so we may write

Stollr) 2 S (22)

Using Eq. (2.81) gives
pn p?’l
anhl <an) > an (1 - an) =0
This is zero because both p, and a, add up to 1. Combining this with our
previous inequality finally shows that
S(plle) =0

which is what we wanted to show in the first place. That S = 0 only when p = o
follows from Eq. (2.87). The right-hand side will only be zero if |¢) and |n) form
an orthonormal basis and if ¢¢ = py. These two requirements are tantamount
to saying that o = p. I just spent 3 pages on a really boring proof that can be
found on Wikipedia. Should I really have done that?
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Chapter 3

The Gibbs formalism

3.1 Introduction

Here is the most important result in all of equilibrium statistical mechanics:
if a system with Hamiltonian H is in thermal equilibrium with a heat bath at
a certain temperature T', then its density matrix will be

Z = tr(e PH), B=-—— (3.1)

This is called the Gibbs formula or the canonical ensemble. When I say it
is the most important result, trust me: I am not exaggerating. The quantity Z
is called the partition function:!

Z =tr(e Py = e Fbn (3.2)

and
kp = 8.6173324 x 107° eV/K (3.3)
=138x107% J/K

is Boltzmann’s constant. Pieces of these results were already contemplated
by Maxwell and Boltzmann, but it was Josiah Willard Gibbs, a professor at Yale,
around 1902, who really saw its enormous potential and scope.? This chapter
and the next contains the essential ingredients for dealing with and understand-
ing these thermal states. We will go back and forth between applications and

L The use of the letter Z stems from the German word for it, “Zustandssumme”, which
literally means “Sum over states”.

2If you want, you can read his results straight from the source: J. W. Gibbs, Elementary
Principles in Statistical Mechanics. This book was republished by Dover so you can purchase
it cheaply.
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formal results which will help us justify the correctness of Eq. (3.1). Please
make sure you thoroughly understand the contents of these two chapters. They
will be the basis for much that follows.

The state (3.1) is the state a system will relax to when it is weakly coupled
to a very large heat bath. It contains no information about how the system
relaxes toward the thermal state (3.1), which is a much more difficult question.
Moreover, the size of the system is not important (it can even be a single
electron), but the bath is always a macroscopic body. If the system itself is
macroscopically large then it does not really need a heat bath: you can just
divide it in multiple parts and one part will play the role of the heat bath for
the other part. In either case, T always represent the temperature of the bath,
not the system. The system may be a single electron and you cannot define
temperature for a single electron.

Eq. (3.1) holds quites generally but, of course, there are situations where it
fails. Most notably, it requires the system to be weakly coupled to the bath. This
means that the typical interaction energies be much smaller than the energies of
the system. A typical example where we may run into trouble is systems with
long-range interactions, like gravitational systems. The validity of Eq. (3.1) also
relies on the assumption that the bath is a macroscopically large and highly
complex body. This is true if your bath is a bucket of water. Sometimes, when
very special baths are used, the system may relax to a so-called Generalized
Gibbs State, which are the subject of intensive theoretical research nowadays.
We won’t be discussing these anytime soon.

Another comment I must make right from the start is this: Boltzmann’s
constant simply converts temperature units (Kelvin) into energy units (Joules
or eV). If you set kg = 1 you are simply measuring temperature in energy units.
For instance T' = 300K is the same as 7' = 0.026 eV. Throughout these notes
we will adopt this convention and set kp = 1:

In these notes kg =1

I guarantee that doing this will never lead to any confusion. All you need to
remember is that 7" is measured in eV. If you ever want to get kp back, simply
replace T' by kT everywhere:

Since p in Eq. (3.1) is an exponential of H, both are diagonalized by the
same basis. That is, if

Hn) = E,|n) (3.4)
then
e Mn) = e P n)

Whence, we may write

p:;Pn |n><n|7 P, = 7 (35)
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The quantities P, = (n|p|n) are the eigenvalues of p and represent the proba-
bilities of finding the system in the energy eigenstates |n).
Expectation values of operators are written as usual, with Eq. (2.24):

r(Oe BH
(©) = 1(0p) = g = SOl P, (35

n

The most important expectation value is that of the energy. For historical
reasons it is called the internal energy and receives the special symbol U:

U= (H)=tr(Hp) =Y EnP, (3.7)

Tt is possible to relate the internal energy to the partition function Z in Eq. (3.2)
as

0 , 0
U =552 =T 55 (2) (3.8)

which I leave for you as an exercise. This formula is very useful, specially in more
sophisticated problems. Finding Z can already be a terribly difficult task and
to find U would require the computation of an even more difficult sum. With
this formula we avoid that entirely and obtain U from a simple differentiation.
It also shows that Z is more than simply a “normalization constant”. You will
be amazed by how much information is hidden inside it.

Another important quantity that will appear often, starting on the next
section, is the von Neumann entropy:

S=—tr(plnp) (3.9)

It measures the degree of disorder of the distribution. If you work with kp # 1,
then the entropy is usually defined to have units of kp; ie, S = —kp tr(pln p).
Since the thermal density matrix is already diagonal in the energy basis, we
may also write

S=-> PP, (3.10)

The physics behind entropy will be discussed in more detail on the next section.

Example: 2-state system

To practice, let us consider the simplest example: a two-state system with
eigenstates |0) and |1). Since energy is only defined up to a constant we may
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parametrize the energy eigenvalues as Fy = 0 and Fy; = e¢. The Hamiltonian
may then be written as

€

H = e1)(1] = <8 0> (3.11)

The state of this system when it is in thermal equilibrium will be given by the
Gibbs formula (3.1). To compute the exponential of an operator that is already
diagonal, we simply exponentiate its diagonal entries:

= oy + e = (5, %) (312)

The |0)(0] term sometimes confuses people. But it is there since ¢® = 1.
The partition function is the trace of e ## and hence reads

Z=1+ePe (3.13)
If you are feeling a little insecure, you can also do it step by step:
Z = tr(e PH)
= (0~ 710) + (1]e~7H|1)
— ¢—BEo | ,—BE:

which is the same as (3.13). The density matrix will then be

P, 0
p=ro)o+ Pl = (9 ) (3.14)

1

where
Py— — (3.15)
07 T4ebe '
—Be 1

p=-° = (3.16)

14+e P efet1

These results are plotted in Fig. 3.1(a) as a function of T'/e. As the temperature
goes to zero we see that Py — 1, so the density matrix tends to the pure state

Jim - p = |0){0] (3.17)

Thus, in the limit 7" — 0 the system tends to occupy predominantly the ground
state. On the other hand, as the temperature increases both probabilities grad-
ually tend to 1/2, leading to the maximally disordered density matrix:

. I, 1/1 0
dm =5 =3(p ) @19

This means that at high temperatures you are equally likely to find the system
in any of the two states, Note, however, that Py is always larger than P; so it is
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Figure 3.1: (a) The probabilities Py and P; of a 2-state system, Eqgs. (3.15) and
(3.16). (b) The entropy of a 2-state system, computed using Eq. (3.20).

always more likely to find the system in the ground state. In thermal states you
will never find a population inversion, where the excited state is more populated.
As we will learn soon, these properties are actually general features of thermal
states.

The probability P; physically means the probability of finding the system
in the excited state.> When T /e ~ 1, this probability is around 0.2, but when
T/e ~ 0.1, this already falls to approximately 107°. This means that excited
states will only be significantly occupied when the temperature has the same
order of magnitude as the energy gap between the two states. This is a good
thing to remember: always try to compare energy gaps with the thermal energy
T (or kgT if you want kg back). If T < e then the excited states will be
practically unoccupied.

The internal energy can be computed using Eq. (3.7):

€

=FEPy+ E1PL=€P = ——
U olo+ L1l = €l B 1

(3.19)
Thus, a graph of U/e will be exactly the curve P in Fig. 3.1. At T = 0 the
internal energy is zero, which is the same energy as the ground state. And then
U increases monotonically with 7" until it reaches the value (Ey + E1)/2 = €/2
at T = oco. The entropy, on the other hand, is computed from Eq. (3.10) and

3We will find an identical formula later on under the name of Fermi-Dirac distribution.
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reads
S = —PohlP() — P1 111P1

Be

_ —Be
= g P4 e™) (3.20)

This result is shown in Fig. 3.1(b). When T' — 0 the entropy tends to zero and
when T — oo it tends to In(2). The meaning of In(2) was already discussed in
Eq. (2.69): it represents the maximum value possible for S, which occurs in the
maximally disordered state (3.18).

Making sense of e ##

The first thing to note about the Gibbs state is that p is a function only of
the system Hamiltonian: p = p(H). Putting it differently, since P, = e #F» /Z,
two states which have the same energy will be equally likely. This puts energy on
a pedestal. It says that, somehow, the consequence of the interaction between
the system and the bath will produce a state which is a functional only of the
system Hamiltonian. It could, in principle, depend on other observables, which
are precisely the generalized Gibbs states mentioned earlier. But they only
appear when your bath has a very special structure. Whenever your bath is
something ordinary like a bucket of water, the state will be the Gibbs state.

Now suppose our system is actually composed of two non-interacting parts,
meaning that the Hamiltonian H has the form:

H=Hy+Hp=H;®1+1® Hp

[ am writing the formulas with and without the kron notation, just so you can
practice with it.] The corresponding Gibbs state will then be

eBH _ g~BHa,~BHp _ ,~BHa g ,~BHp
which means that the density matrix will factor as a product:

p=papB = pa® pp (3.21)

In Sec. 2.3 we saw that whenever the density matrix of a bipartite system could
be factored in this way, the two systems were completely uncorrelated. Whence
we conclude that when two non-interacting systems are placed in the same
thermal bath, there will be no correlation between them.

In principle, however, one could expect the bath to serve as an interacting
medium between systems A and B. That is to say, even though A and B do not
interact directly, if you wiggle system A this excitation could propagate through
the bath and eventually tickle system B. However, according to the above result,
that does not happen. The reason for this is actually related to the underlying
assumption that the bath is macroscopically large and highly complex, which
means that excitations within it do not propagate efficiently. This is, of course,
an idealization. But it turns out that it is not such a bad one after all.
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We could now reverse the question. Assume that the density matrix is some
function of the system Hamiltonian, p = p(H). What is the only function which
is such that H = H4 + Hp implies p = papp. Answer: an exponential. In fact,
the most general function must have exactly the form p = e=## /Z for some
yet unknown functions 8 and Z. The function Z is readily determined from
normalization (tr p = 1), so all we are left with is figuring out what /3 should be.
Quite remarkably, all information about the bath is contained within 5. This
shows that e ## is a universal result; it is the only functional form which
satisfies: (i) p = p(H) and (ii) H = H4 + Hp implies p = papp.

Now suppose we didn’t know what S was. What can we say about it based
only on reasonable physical arguments? Well, one thing we can say upfront: we
must have 3 > 0. The reason is that, from Eq. (3.5) we have P, = e #Fn/Z.
Now consider two states with energies F,, and E,, and assume that E,, < E,,.
The ratio of the probabilities will then be

Bo 0% imapa) (3.22)

Py, e=PEm
If 8 < 0 then the condition F,, < E,, would imply P,, > P,,. This means that it
would be more likely to find the system in an excited state, which is absolutely
nonsensical. If that were true, we would always find the system in higher and
higher energy levels. For instance, if our system were a hydrogen atom, this
would say that it is more likely to find the electron ionized than it is to find it
bounded to the proton. Matter would be unstable and we would all die. Since
we are all alive we must conclude that 8 > 0. We therefore reach the conclusion
that lower energy states are always more likely.

This is essentially a statement on thermodynamic stability. Of course,
in general, there is nothing wrong with having a system whose excited states
are more populated than the ground state (that is what happens in a Laser,
for instance). But that is just not thermal equilibrium. In thermal equilibrium
things must be stable and the only way for things to be stable is by having
most particles in the lower energy states. That said, it is worth mentioning
that in certain situations it is possible to produce states which have negative
temperature; ie, states of the form e/, But this type of state is unstable
and can only exist for a small period of time. Hence, it is not an equilibrium
state.

Finally, suppose we didn’t know that 8 = 1/T. Could we infer this from some
smart reasoning? In the 2-state system example the energy U in Eq. (3.19) was
a decreasing function of 8. This is actually a general result for thermal states,
which will be proved in Sec. 3.5. On the other hand, from our intuition we
expect that high temperatures imply high energies, giving us an idea that 8
should somehow be inversely proportional to T'. However, is it 1/7 or is it 1/7
or something even weirder? That we cannot say. And for a very simple reason:
the definition of temperature is something we, humans, created. We defined the
quantity T centuries ago analyzing the properties of gases and liquids. Maybe
aliens did the same thing but used T2 as temperature. So this final piece of the
puzzle actually requires ezperimental input. We must compare the predictions
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of the Gibbs theory with experiment and from that fix the relation between [
and T'. Lucky for us, we only need to do that for a single system because, since
both are universal, once you fix that for a specific experiment, it is fixed for all
of them. Historically, the ideal gas was used to do this since it is both exactly
soluble and experimentally realizable.

To summarize, the calculations we just did touched upon the three most
important properties of the thermal state:

1. States with the same energy are equally likely.
2. When the energy is a sum, the state is a product (no correlation).
3. Lower energy states always have higher probabilities (thermodynamic sta-
bility).
The zero-temperature limit

Suppose the energy levels are labeled in ascending order, with Ej represent-
ing the ground-state of the system:

Egs:EOSEISEZSH-

For any excited state E, > Ep, the Gibbs formula (3.5) gives, when T is small
(large B):

P

B ntenb 5

This shows that

When T — 0 the system always tends to the ground state

If the ground-state is non-degenerate then Py — 1. Otherwise, if the ground-
state has degeneracy g, we may label the states as |0,4), withé =1,...,¢g. Since
thermal probabilities depend only on their corresponding energies, all ground-
states will be equally likely. To preserve normalization we should then have
. 1

lim PO,i = — (323)

T—0 g
Moreover, irrespective of whether there is degeneracy or not, the average energy
tends to the ground-state energy:

%1310 U= Eg (3.24)

As for the entropy, using Eq. (3.10) we get

g

S=->" ; In(1/g) = gln(g)

i=1
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Thus, we conclude that

%im0 S =1Ing = In(degeneracy of the ground-state ) (3.25)
—

Suppose now that our system actually has N particles, where N is a large
number. Most of the times the degeneracy is a finite number, like ¢ = 42,
or something. In this case the entropy per particle S/N will tend to zero in
the ground state, even though it is degenerate. Conversely, there are more
unusual cases (the most famous of which are the so-called spin glasses) where
the ground-state degeneracy is of the form g”, for some g. In these cases the
entropy per particle will remain finite at zero temperatures. These results are
known as the third law of thermodynamics or Nernst’s postulate:

3rd law: the entropy tends to a constant when 7' — 0 (3.26)

The meaning of “low temperature” depends on the energy gap between the
ground state and the first excited state, AE = E; — Ey. If this gap is 1 eV and
we are at room temperature (T' = 0.026 eV), then

P e~ 1/0.026 _ 1—18

Py
So for a 1 eV gap, room temperature is still a very very low temperature: it
is overwhelmingly more likely to find the system in the ground state. This is
why, when we construct the atomic orbitals, we place the electrons sequentially
in lower energy states. The excited states will start to become populated when
AE ~ T. So for room temperature, gaps of the order of 0.02 eV already lead
to a reasonable population of the first excited state.

Very high temperatures; finite Hilbert space

Now let us study the opposite limit of extremely high temperatures and let
us suppose that our system has a finite number of states (as, for instance, in
the spin 1/2 case). We denote by d the total number of states. For one spin
1/2 particle d = 2. For N spin 1/2 particles d = 2" and so on. When j is very

small e #(Er—FEm) ~ 1 5o all probabilities become roughly equal. In the limit of
T — oo we then find 1
P, — -
d

The density operator will therefore tend to the maximally disordered state

i
lim p = Ed (3.27)

T—00
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Consequently, the internal energy will tend to the arithmetic average of all

energies:
Eo+Ei+...+Eq1

Tlgréo U= 7 (3.28)
and the entropy will tend to
lim S = Ind = In(dimension of the entire Hilbert space) (3.29)

T—o0

3.2 The Gibbs state minimizes the free energy

There is a beautiful way of interpreting the Gibbs state (3.1), which I really
think is worth remembering. We saw in the previous section that at 7" = 0 the
system tends to the ground state. This can be stated as a variational principle:
at T' = 0 the system will tend to that state which minimizes the energy U of the
system. At finite temperatures that is no longer true since the system will have
a tendency to occupy also some of the excited states. What I want to show you
in this section is that, at finite temperatures, instead of minimizing the energy,
the state of the system will be that which minimizes the free energy:

F=U-TS (3.30)

where U is given in Eq. (3.7) and S is the von Neumann entropy given in
Eq. (3.9). When temperature is present there is a competition between the
energy U and the disorder —T'S. The state which minimizes these two competing
quantities is the Gibbs state (3.1).

But let’s start from the beginning. We defined the free energy as in Eq. (3.30),
which is a general definition since U and S can be defined for any density matrix
p. However, when p is a Gibbs state there is a much more convenient way to
write it. To do that we massage the entropy a bit. As we have seen, since p is
diagonal in the energy basis we may write it as [Eq. (3.10)]:

S:—ZPnlnPn
n

Now substitute P, = e #F»/Z only in the logarithm, leaving the other P,

untouched:
S = —ZPn{ — BE, —an}

The first term is —3U since U = ) E, P,. In the second term the quantity
In Z goes outside of the sum and we are left with >, P, = 1. Thus we conclude
that

S=-pU—-InZ (3.31)
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Substituting this in Eq. (3.30) then gives

F=-ThZ or Z =ePF (3.32)

This clarifies the physical meaning of Z, as being directly related to the free
energy. In the limit T — 0 we have seen that U — E, and S tends to a
constant. Whence, F' = U — T'S will also tend to the ground-state energy:

lim F = B, (3.33)

When dealing with equilibrium problems, specially the more difficult ones,
I always compute Z then F' then U then S. This order is nice because F' and
U are very easily found from Z using Egs. (3.8) and (3.32). Then from U and
F we can find S by inverting Eq. (3.30) and writing:

U-F

S=—7%

(3.34)

This is usually much easier to use than Eq. (3.9). But, of course, it only holds
for the Gibbs state, whereas (3.9) is absolutely general.

Minimizing the free energy using the relative entropy

We are now ready to prove our main claim: namely that the Gibbs state is the
state which minimizes the free energy. This is a calculation I really like. T hope
you enjoy it too. Suppose that we have a system with some arbitrary density
matrix p, which does not need to be the Gibbs state. We continue to define
a free energy for this system using Eq. (3.30), whether or not the system is in
equilibrium. Now consider the relative entropy (or Kullback-Leibler divergence)
defined in Eq. (2.71) between the state of the system p and the Gibbs state
peq = ¢ M/ Z [Eq. (3.1)]:

S(pl|peq) = tr {plnp—plnpeq} (3.35)

The first term is —S(p). In the second term we substitute peq = e 7?7 /Z to get
S(pllpeq) = —S(p) + AU (p) +1n Z (3.36)

Multiplying both sides by T" we see, on the right-hand side, the quantities U —
TS := F(p) and TInZ = —F(peq) (the equilibrium free energy). Thus, we
conclude that

F(p) = F(peq) + TS (pllpeq) (3.37)
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Even though S(p||peq) is called the relative entropy, in this case it is really a
relative free energy.

We set out to show that the state which minimizes the free energy is the
Gibbs state peq. By expressing F'(p) in terms of the relative entropy, we just
did precisely that. For, as discussed in Sec. 2.4 the relative entropy S(p||peq) is
always non-negative and it is zero if and only if p = peq:

S(pllpea) 20, S(pllpeq) = 0iff p = peq (3.38)

Eq. (3.37) therefore shows that F'(p) > F(peq), which means that the state p
which minimizes F'(p) is precisely p = peq. I really like this proof since it is a
fully operator-based demonstration: nowhere did we have to assume that p is
diagonal in the energy eigenbasis.

Minimizing the free energy by hand

However, if you prefer, we can also do a more “by hand” demonstration,
assuming that p is diagonal in the basis |n). In this case the free energy becomes

F=> E,P,+TY P,lnP, (3.39)
n n

The idea is to minimize F' with respect to each P,, and show that the minimum
condition implies that we must have P, = e #F» /Z. However, to carry out this
minimization, we need to be a bit careful since it is subject to the constraint
>, Pn = 1. To enforce this we introduce a Lagrange multiplier and redefine

F'=> (B, +TlP,)P, +a (1 -3 Pn> (3.40)

n

Then OF’/0a = 0 imposes the condition Y P, = 1. We now have,

OF'
oP,

=FE,+ThP, +T—-a=0

This shows that indeed P, = Ce=#F»_ where C' = e(*~T)/T The value of a (or
() is then fixed to ensure normalization.

In some books the Gibbs ensemble is derived from the argument that it is
the distribution which maximizes the entropy, subject to the constraint that the
average enerqgy is fived. That is to say, we maximize

S’:—ZPnlnPn+B (U—ZEnPn> +a <1—an>

where 3 is to be interpreted as a Lagrange multiplier. Maximizing S’ is exactly
the same thing as minimizing F’ in Eq. (3.40) since, except for a constant here
and there, S’ = —F’. This therefore gives two complementary interpretations
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of the Gibbs state: it is the state which minimizes the free energy and it is the
state which maximizes the entropy, subject to the constraint that the average
energy is fixed. I personally prefer the former, since thinking in terms of energy
is easier. But that is simply a matter of taste.

The Bogolyubov variational formula

Eq. (3.37) can also be used as the basis for an approximation method due
to Bogolyubov, that is frequently used in diverse problems.* I will not give any
applications of this method here, but I feel an obligation to write down the result
since it is almost starring at our face. If you are a bit tired of formal results and
want to look at some applications, then I suggest you skip this section for now.

Recall the variational principle of quantum mechanics: If H is a Hamiltonian
with ground-state energy FEgs, then for any state |¢p) we have

Eg < E(y) = (Y|H[Y) (3.41)

The trick is to use a |¢) with some free parameters and then minimize the
functional F(v). The better is your choice of |¢) (and the larger is the number
of free parameters) the closer you will get to the ground-state energy.

With Eq. (3.37) we can do the exact same thing for thermal states. Suppose
the system has thermal state poq = e ?#/Z and we don’t really know how to
find the corresponding free energy F(peq) exactly. Since S(p||peq) > 0, from
Eq. (3.37) we get that, given an arbitrary density matrix p

Flpeq) < F(p) = Ulp) — TS(p) (3.42)

Thus, if you choose an arbitrary p with a bunch of free parameters and minimize
the quantity U(p) —T'S(p) you will get an approximation to the real free energy
which becomes better the larger is the number of parameters being used.

A natural choice is to use a trial density matrix p which is itself a Gibbs
state, but with some other trial Hamiltonian Hy that we know how to deal with.
That is, we can choose

p=po=c /7,

where Zy = tr(e #H0). The free parameters are then encoded inside the trial
Hamiltonian Hy. To evaluate U — T'S we need to be a bit careful not to mix
the real Hamiltonian H with the trial Hamiltonian Hy. This is specially so for
the internal energy which is defined in terms of the actual Hamiltonian H:

Ul(po) = tr(Hpo) := (H)o

Here T also introduced the notation (O)¢ := tr(Opg). On the other hand, for
the entropy we get

S(po) = —tr(poInpg) = Btr(poHop) + In Zy
4 See N. N. Bogolyubov, Physica 32 (1966) 933-944.
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Thus,

—=T'S(po) = —(Ho)o + Fo
where Fy = —T'In Z; (the confusing part is that Fy # F(pg) because F(pp) is
defined for the Hamiltonian H not Hy). Substituting all this in Eq. (3.42) we
then finally get

F(peq) < Fo + (H — Ho)o (3.43)

This is the Bogolyubov variational formula. All quantities in the right-hand side
are computed from the trial state pg = e~#H0/Z;. By minimizing parameters
contained in the trial Hamiltonian Hy we can get closer and closer to the true
free energy. In the limit T" — 0 the free energy tends to the ground-state energy
and we recover the usual variational principle of quantum mechanics.

3.3 The quantum harmonic oscillator

A simple, yet fundamental example, is the quantum harmonic oscillator dis-
cussed in Sec. 1.4. The Hamiltonian is given by Eq. (1.86) or (1.91):

H=w(a'a+1/2) (3.44)

and the eigenvalues are

E, =w(n+1/2), neN (3.45)

The ground state corresponds to n = 0 and has energy w/2. As usual I will set
h = 1. To get it back simply replace w — hw everywhere.
We begin by computing the partition function:

Z = tr(e PH) = Z(n|efﬁH|n> = Z e PEn
n=0 n=0

We can also write it as -
7 — 67[%)/2 Z(efﬁw)n
n=0

Since Bw > 0 it follows that e ™#“ < 1 so the resulting sum is nothing but a
geometric series:

n 1
D at= — (3.46)
n=0
where z = e~ 7. Hence,
e—Bw/Z
=1 (3.47)
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The free energy is then readily found from Eq. (3.32):

F=-ThZ= % +Tln(1 — e 5) (3.48)

The first term is the constant shift w/2 in the energy eigenvalues. When 7" — 0
this is the only term that survives. We can also see that from the fact that
F =U—-TS5 so that, at T =0, we get F' =U = Eg = w/2.

Armed with Z, we now have the complete set of probabilities P, from
Eq. (3.5):

1— e Bw
_ —Bw(n+1/2)
P, = =z e

Note how the factor e#“/2 cancels, to give only:®

P, = (1 — e @) Pun (3.49)

This cancelation is actually reassuring: the factor e #“/2 traces back to the
constant energy shift w/2 in Eq. (3.45). A constant energy shift of all energy
levels should not affect the probabilities since energy is only defined up to a
constant. The density matrix is

p=(1- e_ﬁw)e_ﬂ‘“afa (3.50)

We cannot write it as a matrix since the matrix would be infinite. Thus, we
just leave it in this abstract form. If you ever need to work with it, it is simpler
to write it as a sum of outer products:

p=(1—-eP)Y e P n)(n| (3.51)
n=0

Let us first analyze Py, the probability of finding the oscillator in the ground
state:
Py=1-—ev/T (3.52)

The convenient dimensionless temperature here is T'/w (or kT /hw if you are
feeling saudade of kg and k). This result is shown in Fig. 3.2. As T — 0
Py tends to 1 so the system tends to the ground state. Conversely, when the
temperature increases, higher energy states begin to become populated causing
Py to gradually fall to zero.

5 In probability theory this result is known as the Geometric distribution.
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Figure 3.2: Probability Py of finding the harmonic oscillator in the ground state,
computed from Eq. (3.52) as a function of the dimensionless temperature
T/w.

The function P, is plotted in Fig. 3.3 for two different values of T'/w, rep-
resenting low and high temperatures. At low temperatures we see that the
system concentrates around the ground state, with only a small probability of
begin found in the first few excited states. Conversely, at high temperatures
the probabilities are homogeneously distributed through several excited states.
Notwithstanding, note how the P, are always monotonically decreasing, mean-
ing that lower energy levels are always more likely to be occupied.
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Figure 3.3: Probabilities P, for the quantum harmonic oscillator computed from
Eq. (3.49) for two different values of T'/w, as shown in each image.

Now that we have P,, the next step is to use Eq. (3.6) to find the expecta-
tion values of quantum mechanical observables. From Eq. (1.97) we find that
(nlaln) = 0. Therefore,

(@) = (a') =0
Due to the definitions (1.89), it then also follows that

(r) =(p) =0 (3.53)
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which is expected due to symmetry arguments.
The most important operator for the quantum harmonic oscillator is the
occupation number operator a'a. Since (n|a'a|n) = n, we find that

f = (a'a) = ZnPn (3.54)

The notation 7 is simply introduced for convenience and will be used extensively
later on. Note that if you want, you can also interpret (afa) as the average of the
quantum number n. This is a sort of “not-so-quantum” way of looking at the
quantum harmonic oscillator, but is mostly a matter of taste. We are allowed
to think like this because the eigenvalues of a'a are diagonal in the Hamiltonian
basis. To compute the sum (3.54) we use Eq. (3.49) and again let x = e,

We then have -
n=(1-x) Z na”

n=0

There is a lovely trick to carry out this sum. Start with the geometric series in
Eq. (3.46) and differentiate both sides with respect to x. We then get:

oo nxn—l B 1
§ : T -2
— (1—-x)

The left-hand side is almost what we want. It is just missing an x. So we
multiply both sides by x and obtain

o0

g nx" = z
=12

oy (1-1x)

Using this result, we obtain for the average occupation number

_ e P
T ——c
which we can write more neatly as:
n=(ala) = — 3.55
n=(a'a) = Bo _1 (3.55)

This is called the Bose-Einstein distribution. You will find it many times
during your journey through statistical mechanics. It is illustrated in Fig. 3.4.
For low temperatures it is flat near zero, but then it bends and eventually
becomes linear for high 7. The reason why we call it a “distribution” will only
become clear later on, when we discuss quantum gases in more detail.

From 7 we may compute the internal energy with zero effort starting with
the Hamiltonian (3.44) and using the fact that the operation ( ) is linear. We
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Figure 3.4: Bose-Einstein distribution 72 vs. T'/w, computed from Eq. (3.55).

then find

U=Uﬂ:wm+lﬂ%:%mm<%0 (3.56)

In the last equality I simply rearranged the exponentials to write it as the
hyperbolic cotangent. Alternatively, we can also find U from Z using Eq. (3.8).
Let us analyze the limits of this equation. When T" — 0 the occupation number
tends to zero so
lim U(T) = Ey = =
T-0

At zero temperature the system tends to the ground state, something we knew
already. Conversely, when T is large we may use the series expansion coth(z) ~

1/z. We then get
w 2T

~ 27
2 w
or

U~T (3.57)

Thus, at high temperatures, the energy becomes linearly proportional to T.
Whenever a system has an infinite number of states, the high temperature
results usually match their classical analog. In these notes we will not discuss the
classical formulation of statistical mechanics, as that is done in practically any
textbook on the subject. But if you do the calculations for the classical harmonic
oscillator, you find precisely U = T. We therefore customarily say that high
temperatures correspond to the classical limit. The idea is that when T is
large all states are significantly populated so the discreteness of quantum states
is washed away.
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The uncertainty principle

According to Heisenberg’s uncertainty principle, we should always have

AxAp >

N |

Let us then verify what is the uncertainty product AxAp for a thermal state.
We have already seen that (x) = (p) = 0. So Az = /{x?) and Ap = /(p?).
From Eq. (1.89) we have, for instance,

2
o x;{(aT)Q—I—GQ +2aTa+1}

where I already used Eq. (1.87) to write aa’ = a’a + 1. The terms (a')? and a?
will average to zero because (n|a%|n) = 0. Moreover, the average of a'a is given
in Eq. (3.55) Thus:

(x%) = 23 (R +1/2) (3.58)
(p*) = pg(n +1/2) (3.59)

Consequently,

AzAp = /(22) — (2)2V/(p?) — (p)?
= zopo(n +1/2)
But from Eq. (1.88), xopg = h = 1, so we conclude that
AzAp = (" +1/2) (3.60)

When T — 0 the average occupation number tends to zero and we obtain the
uncertainty limit 1/2 (this is the ground state). As the temperature increases
the uncertainty product increases and therefore we leave the quantum realm.
This is another way of interpreting the classical limit.

The Husimi Q function

The expectation value of the harmonic oscillator density operator in a co-
herent state (Sec. 1.5) is called the Husimi Q function:

Qa",a) = (alpla) (3.61)

Here o and a* are to be interpreted as independent variables. The Husimi Q
function is extensively used in quantum optics because, as we will see, it func-
tions as a sort of quasi-probability distribution in the complex plane. It therefore
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gives a semi-classical interpretation of the quantum harmonic oscillator.® Using
Eq. (2.8) for the trace in the coherent state basis, we get

d2«
1=trp= [ S alsla)

Thus, we conclude that the Husimi @ function is normalized as

/‘iO‘Q(a*ﬂ) —1 (3.62)

which resembles the normalization of a probability distribution.
As a simple example, suppose that the system is itself in a coherent state
|) so that p = |u)(p|. Then, using Eq. (1.121) we get

Qla*,a) = (alu){ula) = exp{ o m} (3.63)

This is a Gaussian distribution in the complex plane, centered around p and
with unit variance. The ground-state of the harmonic oscillator is also a unit-
variance Gaussian, but centered at zero. The coherent state has the same shape
as the ground-state, but centered in a different position.

As a second example consider the thermal Gibbs state. In this case we have

0 —fEn
Qa*a) =" ——{ajn)(nja)

n=0

This is a straightforward and fun calculation, which I will leave for you as an
exercise. All you need is the overlap Eq. (1.117). The result is

o

Q(a*,a)—leXp{ - } (3.64)

T a4l

Thus, we see that the thermal state is also a Gaussian distribution, centered at
zero but with a variance proportional to i + 1. At T = 0 (7 = 0) we get the
sharpest possible Gaussian, which is the ground-state p = |0)(0]. The width
of the Gaussian distribution can be taken as a measure of the fluctuations in
the system. At high temperatures 7 becomes large and so does the fluctuations.
But even at T' = 0 there is still a finite width, which is a consequence of quantum
fluctuations.

The two examples above motivate us to consider a displaced thermal
state. It is defined in terms of the displacement operator (1.103) as

—BH

p=D(p) D (p) (3.65)

6 The Q function is not the only quasi-probability distribution. Most notably, there are
also the P function and the Wigner functions. Each has its own weaknesses and strengths. For
a thorough account of these functions, I recommend the book “Quantum Noise” by Gardiner
and Zoller, more specifically chapter 4.
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The corresponding Q function, as you can probably expect, is

* |O( — :u|2
Qa%,a) = — exp{ e } (3.66)
which is sort of a mixture of Egs. (3.63) and (3.64): it represents a thermal state
displaced in the complex plane by an amount pu.

If we know ) we can also use it to compute the expectation value of opera-
tors. But for things to come out organized, we should always take expectation
values of anti-normally ordered operators. This means that we use the com-
mutation relations to push the a' always to the right. A anti-normally ordered
operator therefore has the form a*(a')’. Any operator which is a combination
of a’s and af’s can always be put in this form. Using the cyclic property of the
trace we then have

Now we use Eq. (2.8) to get

(a* () = / L) (ah) pa¥ o)

7r
But we know that a|a) = aa) and (a|a’ = a*(a| so

2
d“a

@) = [ ek Qe ,a) (3617

which is the desired formula.

3.4 Spin 1/2 paramagnetism and non-interacting
systems

So far we have considered examples where our system is composed of a single
body (a two-state system or a quantum harmonic oscillator). The purpose of this
section is to teach you how to work with systems composed of several particles.
The primary message that you should take is that, when the different particles
do not interact, things are very easy to deal with: the density operator factors as
a product and most expectation values become a sum of independent terms. But
when there is interaction, things become exponentially more difficult (there is
no free lunch). We of course love interactions since they are the ones responsible
for most of the interesting phenomena in condensed matter physics. We love
them so much that most of the remaining of these notes will be dedicated to
interacting systems.

However, in this section we must first learn how to deal with systems of
non-interacting particles. To have a contrete example in mind, we will consider
spin 1/2 paramagnetism, which is the effect whereby a magnetic moment aligns
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in the direction of an externally applied field. Non-interacting spin systems
appear, for instance, in the so-called paramagnetic salts, like KCr(SOy4)s2. In
these salts only a few of the atoms are paramagnetic (in the above case the Cr
atoms) and due to the crystal structure they are kept far apart from each other so
that any interaction between them may be neglected. Another example is doped
graphene. In 2012 the group of Andre Geim, who won the 2010 Nobel prize “for
groundbreaking experiments regarding the two-dimensional material graphene”,
showed that fluorine defects in graphene induce a paramagnetic response which
perfectly matches the spin 1/2 paramagnetism.”

Paramagnetism response of a single spin

If we have a single spin 1/2 particle the Hamiltonian of interaction between
the spin and an external magnetic field may be written using the notations of
Sec. 1.2, more specifically Eq. (1.56):

—h 0
H=—-uBo, = —ho, = ( 0 h) (3.68)
At T = 0 the system will tend to the ground state. This corresponds to the spin
fully aligned in the direction of the magnetic field, which will be the |+) state if
h > 0. However, when T # 0 thermal fluctuations will impede the system from
fully aligning with the field. The degree of alignment can be quantified by the
magnetization m = (o,). To find it, we follow the usual recipe.

First, we compute
Bh
_ e 0
e~ BH _ ( 0 e‘Bh) (3.69)

The partition function will be the trace of this matrix:

h
Z =P 4 e7PM = 2 cosh (T) (3.70)

so that the free energy will be

F=-Th {2 cosh (;) } (3.71)

Combining these results we then get the density operator:

1 [ePh 0
p= 7 < 0 66h) (3.72)

7 See R. R. Nair, et. al., in Nature 8 (2012) 1-4
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We can also write it as p = )" _ P,|o)(o| where

eﬁho

Sanity check: if h > 0, Py > P_ so the ground-state always has a higher
probability.
The expectation value of (o,) is now readily found to be

(0.) = tr(o.p) = tanh <;) (3.74)

This is the famous paramagnetic response of a spin 1/2 particle. As for the
other Pauli matrices, we find (o,) = (oy) = 0, which is of course expected
from symmetry reasons. Since o2 = 1, there aren’t any more spin operators
to worry about. In Fig. 3.5 we plot (0,) vs. h/T. For small values of h/T the
response is linear. But for large fields it bends and then saturates at +1. These
asymptotic values are simply the eigenvalues £1 of o,. Thus, this result shows
that under extremely large fields or extremely low temperatures, the spin tends
to be completely polarized in the direction of the field. This is something we
already knew since when 7" — 0 the system should tend to the ground-state.

10}

0.5¢

Figure 3.5: Average spin response (0.) vs. h/T for the spin 1/2 particle, plotted
using Eq. (3.74). The dotted line has slope 1.

We may also plug back all dimensional quantities in Eq. (3.74). We then get
B
(0.) = tanh (;}‘BT) (3.75)
When the quantity uB/kgT is small we may expand

tanh(z) ~
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to write Eq. (3.75) as

(o2 = 45T
We should also ask under what conditions this approximation is reasonable. For
an electron p is the Bohr magneton,

(3.76)

g = 26 = 5.788 x 10° eV/T = 9.274 x 10724 J/T (3.77)
Me
Together with Eq. (3.3) this then gives

BB 0672 T/K
kp

In Fig. 3.5 we see a significant deviation from a straight line when h/T ~ 1.
At room temperature, 7' = 300 K so to see a deviation would require fields
of the order of B ~ 100 T. A field of 1 T is already huge. With supercon-
ducting coils we can reach around 10 T and with pulsed fields (which last only
for nano-seconds), maybe 30 or 50 T. Conclusion: at room temperature, the
response is always a straight line. For this reason, many people automatically
associate paramagnetism with a linear response (this is done in almost every
electromagnetism course). Conversely, at T' = 1 K, some deviations from the
linear behavior can already be observed for fields of around 1 T.

N spin 1/2 particles

Now let us consider a system of N non-interacting spin 1/2 particles. To
each spin we attribute a spin operator o7. The Hamiltonian will then be

N
H=-h» o} (3.78)
=1

which is a sum of operators each living in its own Hilbert space. Our first task
is now to compute the partition function and the density operator. But before
we do that, I want to make a tiny change to the problem. Imagine that perhaps
the external field is not homogeneous so that the field h changes from spin to
spin. In this case the Hamiltonian will be

N
H=-> ho} (3.79)
i=1

where h; is the field acting on spin ¢. I am introducing this simply for book-
keeping purposes. In the end we can take h; = h.

The partition function is, by definition, Z = tr(e™#H). T will compute this
in two ways. The first way is to notice that all terms in the Hamiltonian (3.79)

commute so that we are allowed to write
e PH = Phiol  Phnok

=M g g PN
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The kron notation makes the magic of e ## quite clear: the exponential of a
sum of independent terms is the product of the exponentials. Of course, this is
only true when the systems do not interact. We may now use Eq. (2.12) to deal
with the trace of a kron:

Z = tr(e PH) = tr(ePMor) | tr(ePhvon) (3.80)

Each of these traces will now be exactly like Eq. (3.70) so we may readily write
down

N h.
Z = 2cosh [ — 3.81
[P (7)) 68y

i=1

If all h; = h then this simplifies to

2= [ ()] )

The partition function is therefore simply the product of the individual partition
functions of each particle. Since F' = —T'In Z, the free energy will be a sum of

o F = _TZIn [2 cosh (Zf)] =—NTIn [2 cosh (;)] (3.83)

where, for compactness, I wrote the two versions of the result. The free energy
scales proportionally with the number of particles N. Quantities which scale in
this way are called extensive. The fact that Z is a product of Z;’s also mean,
due to Eq. (3.8) that the internal will also be an extensive quantity:
0
UZ**]H( N):UlJr...JrUN (3.84)
op
For completeness, let us also compute Z in another way, by brute force. We
have a trace to take so we need to choose a basis. The natural choice is the
Pauli basis

|0) = [o1,....0n) = |o1) ®...® |on) (3.85)
We then have
Z= Y (ol o)
O1,y...sON

This is a messy sum because each o; may take on 2 values giving a total of 2V
terms in the sum. The Hamiltonian is diagonal in this basis:

Hlo) = (Zh Jl>|a

where o; = +1. Thus the partition function becomes

B> hios
Z= Y e’ (3.86)

O01,...,ON
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Now comes a part which causes a lot of confusion when you see it for the first
time: we may factor Z as

Z = (;eﬁhwl) (;eﬁ’ww) (3.87)

I think it is funny how this operation is absolutely natural when we do it for
integrals,

/dxdy f(x)g(y) :/dx f(x)/ dy g(y)

but when we do it for a sum we get insecure,
D fmgm) =" f(n) > g(m)

An integral is a sum, so if it is true for one it must be true for the other. This
is what we just did above for Z. The sums in Eq. (3.87) are now all identical.
They can be computed as

Z ePhioi = ePhi 4 e=Phi — 9 cosh(Bh,)
o;=%1

We then obtain again Eq. (3.81).
Next let us discuss the density operator p = e ## /Z. As before, we may
factor this as

Bhio} Bhiof Bhno%
(& g (& 1 € N
] = (3.88)

p=1ln=11| ®

i 7 ... Zn

The total density operator factors as a tensor product of the individual density
operators for each spin. The different spins are therefore completely uncorre-
lated. For thermal states, non-interacting implies uncorrelated.

Suppose now we want to compute the expectation value of some local oper-
ator. For instance, suppose we want o for some k. We will then have

eBhiof eBhroi eBhnok }

=t e ®...
(ok) r{ 7 @...00 7 ®...Q 7n

eﬂhlo'f zeﬁhkaz eBhNasz
=tr .outr|lo L.oLtr
7 ke Z 7N

Each quantity here represents the trace of the density matrix p; for spin i.
Hence, all traces except the k-th will give 1 by normalization and we are left

with o
kO h
(07) = tx (akZ> ~ tanh (;)

which is simply the response of a single spin 1/2 particle. You are probably
starting to notice that I am overcomplicating the problem: the moral of the

83



story is that if we have a system of non-interacting particles, we can compute
stuff related to a single particle as if the other particles weren’t even there. We
don’t even need to know the other spins exist. As a sanity check, suppose we
want to compute (ofo7) for k # ¢. To do this we follow the same drill:

(o707) = tr(ePMoT) | tr(of ePMeor) | tr(of M) . tr(ePMNON) = (0F)(0F)

as expected for a non-interacting system.

Magnetization and susceptibility

The magnetization that is measured in the laboratory is proportional to
M =Y (o) (3.89)
i

which is the sum of the magnetic response of each spin (hence M is clearly
extensive). Let us assume that h; = h. Then all (¢7) will be equal to Eq. (3.74)
and we get
h Nh
M = Ntanh | = | ~ — 3.90
an (T> T ( )
Another quantity of great experimental importance is the susceptibility de-

fined as oM
= — 91
o (3.91)

It measures the sensitivity of the magnetization to changes in the external field.
Most of the times (although not always) the susceptibility is measured in the
limit of zero field. That is, it measures the initial slope of the M vs. h curve.
Differentiating the last part of Eq. (3.90) we get

= — 3.92

X=7 (3.92)

The susceptibility therefore scales as 1/T, which is known as Curie’s law.
Here we defined everything to be dimensionless so the susceptibility turned out

to have a very simple form. In more general paramagnetic systems one usually

finds NC

where C' is called the Curie constant and depends on the magnetic moment
of the system and other basic quantities. A common experimental practice is
to plot 1/x vs. T. For paramagnets the result should be a straight line whose
coefficient is proportional to C. In Fig. 3.6 I show illegally extracted data of the
magnetization and the susceptibility for fluorine-doped graphene. Egs. (3.90)
and (3.93) are plotted on top of the curves and present a perfect agreement.

It is also possible to relate the magnetization to a derivative of the partition
function or, what is nicer, to a derivative of the free energy. I will do here
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Figure 3.6: (a) Magnetization vs. H/T and (b) 1/x vs. T of fluorine-doped graphene
for a doping ratio of 0.9. Data extracted with absolutely no authorization
from R. R. Nair, et. al., in Nature 8 (2012) 1-4.

a slightly more general calculation, so that we can get a more useful formula.
Suppose that the Hamiltonian of our system depends on some parameter h.
This does not have to be the magnetic field, but can be any scalar parameter
appearing in H. We then have the following result:

oH\ 1. (0H
i Z- ,—BH
<ah> Ztr(ahe )

_ - v —-BH
6Z8htr(e )
0 1

‘%[‘51“4

Thus we conclude that

(2 o 00

This result is absolutely general and gives another interesting way of looking at
the free energy. We will come back to this formula on later chapters when we
discuss work.

Now let us specialize Eq. (3.94) to a Hamiltonian of the form

H = Hy— hM (3.95)

where Hy and M are operators, whereas h is a number. Again, this structure
extends beyond spin systems. But, for concreteness, you may think of M as
the magnetization operator

M=) o} (3.96)
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whereas Hjy may represent, for instance, some interaction between the spins. In
this case 0H/Oh = —M so we conclude that

oF

(3.97)

The magnetization is simply the derivative of the free energy with respect to
the field. The susceptibility will then be

(3.98)

These results are absolutely general. All we assumed was that H had the
form (3.95).

3.5 The Heat capacity

Consider a system coupled to a bath at a temperature 7. Now suppose
you unplug the system from this bath and connect it to another bath at some
other temperature T”. The system and the T’-bath will then begin to exchange
energy until the system settles down in a new equilibrium state. The difference
in internal energy U(T") — U(T') represents the average energy that the system
exchanged with the T'-bath in order to equilibrate. We call it the heat which
entered or left the system:

Q=U(T") - U(T) (3.99)

In the particular case where 7" = T+ AT and AT is very small, we may expand
Eq. (3.99) and write®
ou

0Q = 8—TAT =C(TAT (3.100)
where o
C(T) = o7 (3.101)

is called the heat capacity of the system. The heat capacity is the most
important observable related to thermal states, which is why it deserves a section
named after itself. You can also express it in terms of the free energy F' or the
entropy S. I will simply quote the result and leave the derivation as an exercise:

ou #2F 08
T =T (3.102)

CT =57 = Tom T

8In many materials C is roughly constant over a large temperature range. When this
happens, Eq. (3.100) remains valid even when AT is not small.
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This gives C' several interpretations:

e It represents the slope of U(T'), meaning it measures how sensitive are the
changes in the energy of the system due to changes in temperature.

e C/T represents the slope of S(T).
e —C/T represents the concavity of the free energy.

From the relation between C' and S it follows that, since S tends to a constant
in the limit 7" — 0 (Nernst’s postulate), then

lim C(T) =0 (3.103)

T—0

The heat capacity has units of kg and is therefore dimensionless when kp =
1. Moreover, since U is extensive, the same must be true for C:

C=C+Cy+...+Cn

If you double the system, you double its heat capacity. This property of addi-
tivity is also very important from an experimental viewpoint. For instance, the
heat capacity of a metal at very low temperatures has one important contribu-
tion from the electrons and another from the lattice vibrations. The total heat
capacity is therefore simply a sum of these two contributions.

Experimentally, it is more convenient to work with the specific heat, which
is the heat capacity divided by something: the number of particles, the volume,
the mass, the number of moles, etc. One therefore speaks about the “molar
specific heat”, the “volume specific heat” and so on. In theory we usually
divide by the number of particles, defining:

= — 3.104
= (3.104)
Experimentally, on the other hand, it is more common to divide by the number
of moles which gives the specific heat in units of J/(mol K) (recall that kp
has units of J/K). To convert theoretical results to these units and vice-versa,
simply multiply by the gas constant
— kB

R=-E —8314 J/mol K (3.105)
Na

So the rule is:

R
c= (dimensionless; theory) ——— ¢ (J/mol K) (experiment)

¢
N

(3.106)
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Fluctuations

Now let us relate C' with the partition function Z. To do that we start with
U= 7% In Z and then differentiate with respect to 5. We then get

AU A 2
(%)

where Z' = 0Z/08. But, from the definition of Z we have

1
T

Z// efBE,,L
T = By =)

n

Thus, we conclude that

C(T) = % [(H?) — (H)?] (3.107)

The heat capacity is therefore seen to be related to the variance of the energy.
It measures the fluctuations of the energy in thermal equilibrium.
The variance can be equivalently written as

(H?) — (H)* = ((H - U)?)

which is the average of a positive quantity. Whence, we conclude that

C(T) = g—g >0 (3.108)

This is a very important result. It shows that U(T) is a monotonically non-
decreasing function of T: the slope of the function U (T) is never negative. It is
either positive or, in a limiting case, zero. Physically it means that if you increase
the temperature, you also increase the energy: hotter systems are always more
energetic. It also means that U and T are in one-to-one correspondence, so
a given temperature uniquely determines the corresponding energy. This is
illustrated in Fig. 3.7. Since C' = T% the exact same conclusion also follows
for the entropy: S is a monotonically non-decreasing function of 7. From
the relation between C and F' in Eq. (3.102) we also see that F'(T) is a concave
function of T" P2F

72 <0 (3.109)
Finally, returning to Eq. (3.100), we see that the positivity of C' implies that
6@ must have the same sign as AT. This is a piece of the second law: heat
always flows from hot to cold. The full statement will be given when learn
how to deal with work.
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Figure 3.7: Allowed shapes for the function U(7T) in thermal equilibrium.

Examples

Let us compare the 2-state system and the quantum harmonic oscillator.
The internal energies of both models are quite similar:

€

2-state): U= ——
(2-state) e

(3.110)

w w
HO): U=——+— 3.111
(QHO) et (3.111)
These results are illustrated again in Fig. 3.8 for comparison. The corresponding
heat capacities are:

ePe
(2-state): C = (Be)? e (3.112)
ePw

which are shown in Fig. 3.9.

By comparing the energies and heat capacities for the two models, we see
certain similarities but also certain important differences. Let us try to un-
derstand them in some detail. The most important similarity is that U(T)
is monotonically increasing in both cases, which means that C' is always non-
negative. However, for the 2-state system the energy grows and eventually
saturates, whereas for the harmonic oscillator it keeps on growing indefinitely.
Consequently, for the 2-state system the heat capacity has a maximum (called
a Schottky anomaly) and then decays to zero, whereas for the oscillator it
tends to a finite constant.

These differences are a consequence of the number of allowed states in each
model. For the 2-state system there are only two allowed states, whereas for
the oscillator the number of states is infinite. As we increase T things get more
and more energetic. But if you have only two states there is nowhere else to put
this energy, which is why C' for the 2-state system tends to zero as T — co. It
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Figure 3.8: Internal energies for the 2-state system and the quantum harmonic

oscillator, computed from Egs. (3.110) and (3.111)
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Figure 3.9: Internal energies for the 2-state system and the quantum harmonic

oscillator, computed from Egs. (3.112) and (3.113)

basically means that the capacity to store thermal energy is depleted. The peak
of the Schottky anomaly is therefore a signature of having a finite number of
states.” Conversely, for the oscillator, the number of states is infinite so there
is always some extra room to store more energy. At high temperatures we have
seen in Eq. (3.57) that U ~ T for the oscillator. Hence, C' — 1, as can be seen
in Fig. 3.9(b). Note also that at low temperatures both specific heats tend to
zero as expected from Nernst’s postulate.

The specific heat of metals

Table 3.1 shows the specific heats of some selected metals at room temper-
ature. The first line presents the mass specific heat; i.e., the specific heat per
gram of material. To understand what these numbers mean, suppose you have

9In phase transitions C' may diverge at the critical point. This is not related to the Schottky
anomaly.
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Table 3.1: Room temperature mass specific heat for certain metals.

‘ Cu Pb Ag 7Zn Al
c(J/gK) |0.389 0.130 0.23 0.39 0.90

c(J/mol K) | 245 264 255 254 244
c/kp 295 318 3.07 3.056 293

two samples, one of Pb and the other of Al, both weighting exactly 1 g and
both at T' = 300 K. We then place each sample separately in two identical big
buckets of water at 299 K. Since the buckets are colder than the samples (by 1
degree), each sample will release some heat to its bucket, heating it up. Look-
ing at Table 3.1 we see that the Pb sample will release 0.13 J of energy to the
bucket, whereas the Al sample will release 0.9 J of energy. Despite being very
basic, this is a very interesting result: two materials with the same mass and
temperature will heat up water by different amounts. This therefore provides
a method of distinguishing between two materials. It also shows why temper-
ature and energy are two distinct quantities. And what connects them is the
heat capacity.'”

In 1819, Pierre Dulong and Alexis Petit decided to look at the specific heat
of metals per mole, instead of per mass. To connect the two you simply multiply
by the atomic mass of each element. The results are shown in the second line
of Table 3.1. As can be seen, all values are now remarkably similar. Hence, the
heat capacity per atom is practically independent of the element in question.
This is known as the law of Dulong and Petit. We can also convert the
data in J/(mol K) to dimensionless units, by dividing by the gas constant. As
a result we get the data in the third line of Table 3.1, showing that all specific
heats are close to 3.

With the advent of cryogenic techniques in the beginning of the twentieth
century it became clear that the law of Dulong and Petit was only valid around
room temperature. At lower temperatures, one observed instead a behavior
such as that shown in Fig. 3.10. This discrepancy was puzzling for researchers
for a long time. The first big breakthrough came with Einstein, who noticed
the similarity between Fig. 3.10 and the specific heat of a harmonic oscillator,
Fig. 3.9(b). For one harmonic oscillator, the heat capacity tends to ¢ — 1,
whereas the results of Dulong and Petit show that the heat capacity per parti-
cle tends to 3. Einstein therefore argued that a solid containing N atoms could
be described as being a collection of 3N harmonic oscillators, all vibrating in-
dependently. The factor of 3 comes from the fact that each atom can vibrate
in the z, y and z directions. Based on Eq. (3.113), Einstein therefore proposed

10From this analysis you know how much energy entered the bucket. To know how much
the bucket will heat up you need to know the heat capacity of the water.
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Figure 3.10: Typical experimental specific heat curve. At high temperatures the
curves tend approximately to the value 3.

the following formula for the specific heat of a solid:

w2 ew/T
C=3N (T) T (3.114)

where w represents the typical vibration frequency of an atom. This is the
Einstein model for the solid.

The Einstein model was very successful and came at a time where the im-
portance of quantum mechanics to the macroscopic world was still in ques-
tion. It showed that something as bulky as the heat capacity of a solid may
notwithstanding also have important quantum contributions. However, this
model makes wrong predictions at very low temperatures. Experimentally, it is
found that when T is very low, ¢ o< T%. But Eq. (3.114) predicts an exponential
decay. This fix was latter provided by Debye and his now famous Debye model
of the solid., which will be studied later on.

The specific heat at very low temperatures

The behavior of ¢ vs. T" at very low temperatures constitutes one of the most
widely used experimental techniques in condensed matter physics. Recall that
as T — 0 only the lowest eigenstates remain significantly populated. Hence, this
type of measurement can shed light on the structure of the lowest eigenvalues.
A typical example, of great historical importance, is the specific heat of a su-
perconductor. Take Niobium, for instance, which becomes a superconductor at
the critical temperature T, = 9.26 K. Its specific heat will look something like
the drawing in Fig. 3.11. Above T, the specific heat is linear. But at T =T, it
jumps (this is an actual discontinuity, not a smooth jump) and then it starts to
go down exponentially as e=2/T. The specific heat therefore not only serves as
a signal of the onset of a phase transition, but it also characterizes the behavior
of the two phases.
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Figure 3.11: Typical behavior of the specific heat for a superconductor. Above T,
it is a straight line, but below T it changes exponentially.

The two behaviors in Fig. 3.11 reflect two possible structures of the energy
eigenvalues. Whenever the eigenvalues vary continuously, as they do in most
many-body systems due to the enormous number of eigenvalues, the specific heat
will behave as some power of T'; something like ¢ ~ T for some exponent «.
We will show this later on, when we discuss second quantization. On the other
hand, if the spectrum has an energy gap then the specific heat will behave
exponentially. To see this, it suffices to note that at very low temperatures only
the first two energy eigenvalues will be populated. Hence, we may approximate
the heat capacity by that of a 2-state system, Eq. (3.112),

ePr

C= (5A)2m

where A = FE; — Ejy is the energy difference between the first two energy eigen-
values. At very low temperatures e’ > 1 and C' may be approximated further
to

C ~ (BA)2e P4 (3.115)

The pre-factor (3A)? is irrelevant compared to the exponential. Consequently,
we see that at very low temperatures the specific heat behaves as e=2/7 where
A is the energy gap. Scientists are very smart people. When they first noticed
that the specific heat of a superconductor below T, behaved exponentially, they
knew that an energy gap must have opened. In fact, nowadays we know that
many of the properties of a superconductor stem precisely from the appearance
of an energy gap.

Susceptibility

The heat capacity is the slope of (H) with respect to T. In Sec. 3.4 we also
saw another quantity with a similar interpretation: namely, if the Hamiltonian
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had the form

H=Hy— hM
then the susceptibility was defined as the slope of (M) with respect to h:
OM)
~ 0Oh

Now I will show that, similarly to Eq. (3.107), x may be related to the variance
of M. We start with

iy OF _ToZ

~ Oh  ZOh

The susceptibility then becomes

_p[rez 1 (ozy?
X=41Zzom2 22\ an

In the last term we notice the presence of %g—f = % Thus

T8z (M)?

X=Zow T

Now we need to figure out what to do with the first term. Unlike the heat

capacity, however, in this case we must distinguish whether Hy and M commute
or not.

If [Hy, M] = 0 then we may factor e #H = ¢=#HoefPM allowing us to write

T#Z T 9?
_ (e~ BHo R M)

Zonz ~Zom "

_ 1 2 —BHo ,fhM
=7 tr(M-e e
_ M)

T

Thus, we conclude that
1
=M ME] i M =0 (3.116)

which is exactly what we wanted: we have related the response of the system (the
susceptibility) to the fluctuations of the M operator. The case when [Hy, M] #
0 is much more difficult and requires thermodynamic perturbation theory. I will
simply quote the result:

B
= [ drmemo) - (3.117)
0
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where M(7) = e™ o Me=THo_ If [Hy, M] = 0 then M(7) = M and we recover
Eq. (3.116).
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