Quantum thermodynamics summer school:
preliminaries

22-27 August 2021

Here we list the basic preliminary knowledge to understand the language that
will be used in the lectures of the summer school. No panic — the odds are that you
have already seen most (if not all) of the topics listed. We are simply making sure
that we are all standing on the same — in this case quantum mechanical — ground.

Parts of notes are borrowed from the lecture notes typed by Lorenzo Laneve and
Giulia Carocari in the fall semester of 2020, which followed the course “quantum
physics for non-physicists” given by Lidia del Rio.

“No fear, don’t you turn like Orpheus.”

Sara Bareilles, Orpheus
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Chapter 1
Hilbert spaces, measurement,
evolution, and system composition

This chapter introduces the formalism we need to describe quantum systems. For a more ex-
tensive discussion, we refer the reader to Chapter 3 (States and observables) of Schumacher and
Westmoreland [1]. The chapter also recaps many useful notions and results from linear algebra.

1.1 Hilbert spaces and the braket notation

Definition 1.1. An inner product space (X,-) over a complex field and inner product - is said
to be a Hilbert space when the distance d induced by the inner product forms a complete metric
space, i.e. a metric space where every Cauchy sequence has a limit contained in the space itself.

The definition of a Hilbert space is important as it guarantees that any converging infinite
or integral sum of elements in the space is still in the space. In quantum physics, a physical
system is represented by a Hilbert space over complex field, and a (column) vector in this space
represents a possible state of the system. A column vector is written in the form [¢), denoted
as ket. We define the transpose conjugate of |1)) as

(Wl = ([))!

and this row vector is what we call a bra. The inner product of the Hilbert space between two
vectors |¢), |1) can then be expressed in the following way:

(ol)

and this is the bra-ket notation for the inner product. A bra can be also seen as a function:

(| : H—C
[1h) = (@)

we will see later that this view is not unusual, and it is used to extract information from the ket
in a very convenient way. It is also possible to define an outer product between states, called
ket-bra:

[¥) (¢l

Like in standard linear algebra, while the inner product is a scalar (in our case, a complex
number), the outer product is an operator’. In this way we can easily construct transformations
(or better, endomorphisms) on H.

Discrete spaces and qubits. When we have to represent a system with a finite or countably
infinite number of states, we use a Hilbert space spanned by a basis with a discrete number of
vectors:

H=span{|z)}, > [Y)= tulz), Yo €CVz, > |]?=1

You may be more familiar with the term "matrix". The term operator denotes an extension of the concept
of a matrix to vector spaces with infinite dimensions, which may be the case in quantum physics. The idea,
however, remains the same and you can still imagine an operator as a matrix.



The last constraint is what we call normalization, i.e. vectors of the Hilbert space representing
a state must have unitary norm (we will see later why this property is important, when we will
talk about probability of outcomes). The special case where we only have two basis vectors is
called qubit:

H =span{|0),[1)} = [¢) =al0) +B[1), o + |8 =1

{]0),|1)} is usually called the computational basis of a qubit.

Infinite continuous dimensions. A continuous space is used when we need to deal with
physical systems that involve continuous variables (e.g. position in space):

H = span{|z) }ocr /w )|)da /w;|M—1

In both cases |1)) is an arbitrary state of the system which can be expressed in terms of a basis
of the Hilbert space. From now on we will assume that all the bases we use are orthonormal, it
will be clear later why this is important.

1.2 The wave function

We expressed a state [1) in terms of a basis of the Hilbert space of a system. Let us consider
the continuous case (the discrete case is analogous):

v= [ v@)le)de

where () is a function containing the components of the vector |¢) with respect to the basis
{|lx)}. It is called the wave function. Let us now compute the inner product (z|t):

(alt) = (o] [ v(@)la')d
- [ v
/1/) )o(x — 2')d2’

where §(z) is the Dirac delta function, and it follows from the fact that the basis {|z)}, is
orthonormal. A short introduction to the Dirac delta is given in Appendix A. Therefore, the
inner product of a state with a basis element yields the value of the wave function with respect
to that particular element, i.e. the projection of |¢)) onto |z).

1.3 Measurements

The wave function has an important physical meaning. Consider a basis {|z)}, of the Hilbert
space of a physical system: we would like to measure the system with respect to this basis. The
first property of a quantum system is that, when we measure it with respect to a basis, the
result will be an element of the basis. A particular element |x) is the result of the measurement
with probability:

() ]? = [v(2)?



where [1)) is the state of the system at the moment of the measurement, and v (z) is the corre-
sponding wave function. Another important property is that, when the measurement happens,
the state collapses to the measured basis element: if we measure a system and we read an
element |x), then |z) will be the new state of the system.

As an analogy to better grasp this concept, consider throwing a dice and “measuring” the
outcome by looking at it; if we cover it or look away for a while, we still expect to see the same
number on top after checking the dice again.

1.4 Probability of outcomes in a measurement

For a concrete example, consider the position of an electron on a line (this will be our running
example throughout this chapter). Let {|z)}, be the position basis of the Hilbert space, i.e.
it consists of states representing a point x € R, which is the position of the electron. The
formalization of a measurement with respect to this basis induces a probability space (2, F, P),
where Q = {x},er consists of all the elements of the basis, and the probability of each element
is given by:

P () = |[¢(z)[*dx

The differential operator dxr appears because here we are considering a continuous space. In the
case of a discrete system the induced probability space is discrete, and the probability can be
defined accordingly. In any case, one can see now why we required a state to be a normalized
vector.

Therefore, coming back to our electron on a line example, if we want to know the probability
of measuring the position of the electron in a certain interval [a, b], we can compute it as:

P(at) = [ P@)dr= [ )P

If we define P, as the projection operator in the subspace spanned by {|z)},c[,4, We can
rewrite the probability above in the following way:

b
(@I Paglt) = (0 ( / |w><x|d:c> )

= [l etz
= [ letPaa

b
— [ () Pde
— P (o, b))

Therefore, it is sufficient to compute the inner product of |¢)) with a projection operator onto a
subspace, and we get the probability that the state collapses into that subspace upon measure-
ment.

At this point, it can be useful to introduce the following terminology:

Definition 1.2 (Superposition). Consider a system in a state |¢) and let {|z)}, be a basis of
the corresponding Hilbert space. |1) is a basis state with respect to {|x)}, if |¢) = |z) for
some basis element |x). In any other case, |1) is said to be in a superposition of the elements

of the basis {|x)}..



From what we saw above, one can imagine that measuring a basis state will yield a trivial
probability space, where the probability of measuring the element of the basis equal to the state
is 1. Keep in mind that both the induced probability space and the notion of basis state and
superposition are relative to the particular basis we use for measurement: for every state |v)
there is a basis in which |¢) is a basis state and a basis in which |¢)) is in superposition.

Representing a measurement with projectors. It is often useful, especially when we talk
about continuous systems, to not measure with respect to single basis elements, but to group
elements of the measurement basis in projector operators like the one above. For example, if
we only want to know whether a particle is on the left or on the right of a certain position L,
we can simply divide the identity 1 into two projectors:

1=P_oo,r)t+ P1,+00)

Each of these projectors can be used to compute the collapse probability as above.
Moreover, it naturally follows that any projector P4 is idempotent:

P = //,42 |z) (z|2") (2 |dwdx’

= // |2)d(x — ') (2’ |dzda’
A2
:/ ) (z|de = Pa
A
Global and relative phase. Since the Hilbert space of a quantum system is complex, we
would also like to understand why phases are important. We distinguish two cases: the first is

called global phase, which is a phase €*? that multiplies the whole state of a system, and we now
prove that this term has no physical meaning.

Theorem 1.3. Let |¢) be a vector in a Hilbert space representing the state of a quantum system,
and consider ¢ € [0,27). The vectors |¢) and e'®|b) represent the same state.

Proof. Consider an arbitrary basis of the Hilbert space {|z)},. The measurement of e*®|y)
induces a probability space (£2, F,Py) such that:

Py(z) = [{ale[0)* = | (alp)* = [(z|v)]*

Therefore the probability spaces induced by the two states are equal with respect to any mea-
surement basis. O

On the other hand, we have a relative phase when different components of the state vector
have different phases. In any case, we may represent a state with a vector where one of the
components is real, i.e. normalize the phases. For example, in the case of a qubit:

) = ae®4|0) + be'?B|1) = ¢i¥4 (a\0> + bei(¢37¢A)|1>>

1.5 Observables

An observable is an operator representing a certain quantity of the system we want to observe.
A= [ f@)a)alds
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where {|z)} is a basis of the Hilbert space and f(x) € R is the observed quantity, i.e. f(z) is
the quantity we would observe if the system were in state |z) upon measurement. Obviously A
is Hermitian since:

At = ( / f<:c>|sc><oc|d:c)T = [ 1@ () de = [ f@)a)aldr = A

In particular, notice that f(z) is the eigenvalue associated with the eigenvector |z) of A. These
eigenvalues are also called labels of the observable.
For example, in the case of the position of an electron, the observable of the position is:

X:/Rx]w)(:c]dx

If we want to compute the expected value of a quantity in a state |¢)) we can simply compute
the inner product with the corresponding observable. In the case of the position of an electron
we have:

(X) = (z[X]z)

= 1 ([ alo)alds ) )
= [ el elv)de

= [ alv(a)da

In a probabilistic formalization, one can see an observable as a random variable: the observ-
able A above assumes value f(x) if the event x € Q occurs.

1.6 Post-measurement state

Suppose that we measure a state |¢)) with a set of projection operators {Pa, Pg, Pc}, and
that this causes a collapse of the state in the subspace of P4. How can we compute the post-
measurement state? We know that the new state must be the projection of |1) onto the subspace
of P4, and we also need to impose that the new state is normalized. This leads to:
'y = Pal¢) _  Pal) _ Paly)
| Palt))] \/<¢|Pj\w> V{(¥[Pal¥)
1

- T [ 1@ alde [ wlaja’)ds

1 / /
_ WM/Adm/Rw(x)!wW!w

x — ' )dxdx’

Ydz'

1 ,
= VPl /A/RW N)ol
= 7¢($) T l’i ")z dx
-/ vl L[ v@l

Therefore, the collapsed wave function is:

—v@  peq
V' (x) = (Y| Pale)
0 x ¢ A



1.7 Reversible Evolution

1.8 Evolution in qubits: quantum gates

An evolution of the state |1) of a quantum system can be expressed as a unitary transformation
in its Hilbert space (the definition of unitary operator can be found in Appendix B). In the case
of a qubit, we have 2 x 2 matrices that represent single-qubit quantum gates. The first quantum
gate we discuss is the Hadamard gate:

1 1 1
=5 (1 )

This matrix transforms the components of the computational basis as follows:

10) +[1) 10) — 1)

L —+ , HI1 —
=l 2 =P =)

where {|4),|—)} forms a basis of the qubit space called Hadamard basis.
Other interesting quantum gates are the so called Pauli matrices:

x=(1 ) r=(05) 2= (0 )

One can see that X acts exactly as a NOT gate with respect to the computational basis:

X[0) = [1),  X[1) =0)

HI0) =

while it acts as follows on the Hadamard basis:

X|0) + X[1) _ [1)+10)
V2 V2
V2 V2

that is, the Hadamard basis is the eigenbasis of X (with 4+1 and —1 being the eigenvalues

associated to |+) and |—) respectively). On the other hand, one can see that Z acts in the exact
opposite way as X: while it swaps |+) and |—), the computational basis is its eigenbasis.

X|+) =

= |+)

X|-) =

Pauli matrices as observables. Since X,Y, Z are Hermitian, they can also be seen as ob-
servables. In particular notice that:

= )+ = =) (-]
Z = 0){0] = [1){1
Therefore, if we take for example X, a |+) is measured with a label +1, while a |—) is measured
with a label —1.
One last thing to notice is that transforming a state |¢)) with an operator U before measuring
with respect to an observable M is equivalent to a measurement with respect to the following
observable:

= UMUT
In order to see this, consider the spectral decomposition of M:

M=VAVT = Z/\‘UZ Y| = M' = U(VAVHUT = Z/\ Ulvs) (v |UT

implying that, while the labels do not change, the eigenvectors of the new observables are
{Ulv;)}i. Keep in mind that this also works for infinite-dimensional spaces.



Example with qubits. Assume we want to perform a measurement in the X basis. This is
equivalent to first evolving the system via the H gate and then measuring with respect to the
Z basis, as:

HZH" = H(|0){(0] — |[1)(1)H since H is Hermitian
= H(|0)(ONH — H([1){1)H
= [ = )] = X

In general, we represent the evolution of qubit systems using quantum circuit diagrams. This
transform-then-measure example would look as follows:

Z
v) —— H =7

We read the line from left to right as an evolution over time. A gate is represented as rectangle
enclosing an identifier for the type of gate, whereas the meter symbol is used to represent a
measurement, specifically in the Z basis.

1.9 Unitary dynamics

We already said that a reversible evolution is expressed with a unitary operator. Note that
unitarity implies preservation of the inner products:

W =Ul), [¢)=Ule) = (¢'W)=(elU'Ulp) = (g]v)

and, in particular, (¢|¢)) remains 1 over time, for any state [)).
Moreover, we know that a unitary operator U admits an orthonormal eigenbasis:

U =7 uglk) (k|
k

L= (klk) = (KIUTU k) = (kluguplk) = ug]* (k[k) = |ug|

implying that every eigenvalue has unitary absolute value. Thus, we can directly express U as:
U=> e*|k)k|
k

In this case, {|k)} are said to be the eigenstates of the evolution U.

1.10 Deriving the Schrodinger equation

We consider a state evolving over time:

[9(2)) = U (2, to)[4(to))
The temporal derivative of |¢(t)) can easily be defined:
[t + At)) — |9(1)

0 .
Sle®) = Jim

A0 At
Ul ARD) — [B0)
At—0 At



Ult+ At t) — 1
A ()

= lim
At—0
= Gly(t))
We found that the temporal derivative of a state can be expressed as a linear operator.
Theorem 1.4. G is anti-Hermitian.

Proof. We know that (¢ (t)|1(t)) = 1, thus it does not change over time:

9
0= 2 (v(OH(E)

() (0 + o) 5 (o)
OIGH () + ()Gl ()
v (GT+G) [ (#)

=9

o~ o~

Thus G + GT = 0. O

We now define H = ih - G as the Hamiltonian of the system, where A is Planck’s constant,
measured in Joule times second [J - s]. Notice that the Hamiltonian is Hermitian, and it can be
seen as an observable of the total energy of the system: in fact, G is expressed in inverse seconds
[s71] (since it is a temporal derivative operator) and, together with the Planck constant, we get
that the eigenvalues of H are expressed in Joule [J].

The definition of the Hamiltonian yields the Schrédinger equation:

HIp(0) = ih o (1)

1.11 Composing systems and tensor product
Consider two Hilbert spaces Ha, Hp. Given |z) € H 4, |y) € Hp we define a tensor product:

[Z)a®y)B

where we usually explicit the subscripts A, B on the kets indicating which space the states belong
to. For any |z1), |z2) € Hi,|y1), ly2) € Ha, we have that:

e The tensor product is distributive over addition

(Jz1) +z2))a ® ly1) B = |21)A ® |[y1) B + [22)4 @ [Y1) B
l21)4 ® (ly1) + |y2))B = [21)A ® Y1) B + [71) 4 @ |y2) B

e Scalar constants a € C can be taken out of the product
(alz1))a ®ly1)B = 21)a ® (aly1))B = al|z1)a @ [y1)B)

e The tensor product of operators is applied independently to each component:

(U1 @ Us)(lz1)a @ |y1)B) = (Uilz1)4) @ (Uzly1)B)

10



e Inner product acts linearly on the tensor product (i.e. the order of application of inner
product and tensor product can be reversed):

((z1]a @ (y1lB)(|z2) 4 ® |y2) B) = (T1]22)(Y1]Y2)

From now on, we will write |x) ® |y) when the spaces we are referring to are clear from the
context. It is also possible to find |z)|y) when it is clear that a tensor product is involved, or
even |zy) when it is clear which state belongs to which space.

We extend the definition of the tensor product to Hilbert spaces:

Hi @ Ho = span{|z) @ |y) | |z) € Hi,|y) € Ha}

1.12 Entanglement and measurement

At the end of the previous section the quantum circuit ended up with this output:

|00) — |11)
V2
What is the state of the first qubit in this case? Actually there is no answer to this question, in

the sense that there is not a well-defined state for the single qubits. This is because the states
of the two qubits are somehow tied to each other, i.e. the two qubits are entangled.

) =

Definition 1.5 (Quantum entanglement). Let Hi,Ho be the state spaces of two sub-systems,
and consider the product space H1 ® Ha. A state |t) € Hi @ Ha is said to be unentangled (or
product state) if it can be written as a tensor product of the states of the single subsystems:

1) = [Ya) ® |vB)
Otherwise, the state is said to be entangled.

In order to give more intuition about entanglement, we talk about something more familiar:
independence of random variables in probability. We can think of the two subsystems as two
random variables: if the state of the whole system is unentangled, we can think of them as
two independent random variables, where knowing something about one system does not tell us
anything about the other.

In fact, this analogy is not a coincidence: as we said in Section 1.4 a state |¢)) with wave
function 1 (z) induces a probability space (2, F, P) with probability |¢(z)|? (with or without the
differential dz, depending on the type of system we are considering, either discrete or continuous).
This holds in this case as well: if {|z)}, and {|y)}, are bases of the two subsystems, then
{lz) ® |y)}2y is a basis of the whole system and:

= [, @) (i) @ ly)dzdy
implying that the induced probability space gives:

P (z,y) = [¢(z,y)|*dzdy

The interesting thing comes when [¢) is unentangled. In this case, we can rewrite |)) as:

9) = 1) o) = ( [ va@le)e) @ ([ watlyay)

11



=[], pa@yn)le) @ v)dody
Thus, the induced probability space yields:

P (z,y) = [a(@)vp(y)Pdedy = [a(z)|*dz - [Pp(y)|*dy = Pa(z) - Pp(y)

which is exactly the definition of independence in probability. These calculations answers our
questions about what the probability of measuring an outcome is.

Our attention now goes to what happens when an outcome is actually measured. It will not
be a surprise if we say that measuring only one of the subsystems when the global system is in
an unentangled state, the other subsystem will not be affected. More formally, measuring only
the first subsystem with an observable A is equivalent to measuring the whole system with the
observable A ® 1.

Why is measuring with the identity operator equivalent to not measuring at all?
Think about the post-measurement state we derived in Section 1.6. We only have one subspace,
i.e. the whole space, where we end up with probability 1. In this case, the post-measurement
state is:

1)) _

Ty~

Thus, nothing changes with probability 1. Also, we retrieve no information out of such mea-
surement, as all the eigenvalues of 1 are 1.

Measurement of a subsystem in unentangled state. If we suppose that, upon measure-
ment of state [1p) = |¢4) ® |¢pp) with the observable A, we end up in the subspace associated
with the projection operator P, the post-measurement state of the whole system is:

(PO 1)) (P 1)|¢)

(P @ 1)) (I(P @ 1)2)
Plya) ® [¢B)
(V1P @ 1)2[)
Plipa) ® |¥B)
V(P2 12)[Y)
Plpa) @ |B)
V(WalPla)(WBlUB)
Plipa)

= oaPon o)

Measurement of a subsystem in entangled state. For this case we will be a bit more
concrete, and directly see an example. Let us take the example of the two qubits in the entangled

state:
_ [00) —[11)

We measure only the first qubit using Z (i.e. the whole system using Z ® 1):
Z = 0)(0] = [1){1
The probability of measuring |0) (or, more precisely, the label +1) is:

PA(0) = (#[(|0)(0] @ 1))

12



~ (00] — (11 |00) — |11)
= T(WOI ® R)T
_ {00{(j0){0] ® 1) — (11[(J0){0 ® 1) ~[00) — |11)
V2 V2
_ {0j0)¢0] & (0] = (1]0)(0] @ (1] [00) — [11)
V2 V2
_ (00] |00y —11) 1
V2 V22

by symmetry also the second qubit has probability % of being measured as 0. Suppose that we
measure the first qubit and it collapses to 0. The post-measurement state is:

(10){0[ @ 1)|¢) 00) — |11)
VI(10) (0] ® T)[4h) V2

while the first qubit collapsed to state 0, also the second qubit will now surely be 0 when
measured with respect to the computational basis. In some sense, [¢)) was telling us that the
two qubits still act like |—) when seen singularly, but measuring one of them also causes a
collapse in the state of the other one.

Observe that we could also perform a joint measurement of the two qubits via Z ® Z, the
probabilities of the outcomes would not change (i.e. the post measurement states are |00) and
|11) with probability 1 and it thus can never be |01) or |10)).

Yy = =v2-(j0)(0]® 1) = |00)

Computing the tensor product of two matrices. We end this section by looking at how
the observable Z ® 1 actually looks like. First, notice that the projection operators are:

Muap = {|0)(0]4 ® 15, [1)(1|a ® 15}

with labels +1 and —1, respectively. In order to see this, we again take advantage of the
properties of the tensor product:

Z @1 = (|0)(0] = [1)(1]) @ (|0){0] + [1){1])

=0)(0]4 ® [0){0| 5 + [0)(0]4 ® [1){1|p — [1){1]a ®[0)(0|p — [1){1]a ® [1)(1|B
=100)(00| 4+ [01)(01| — |10)(10| — |11)(11]
1 0 O 0
o1 0 o
o 00 —-1 0
0O 0 0 -1

and the matrix clearly shows its eigenspaces (since it is diagonal).

13



Chapter 2
Position and Momentum

2.1 The momentum basis

Suppose to have a continuous Hilbert space H spanned by a basis {|z)},, which you can imagine
to be the position basis of a particle along an axis. A state |1)) of a particle can be expressed as:

) =110) = ([ la)elde ) 1) = [ le)Geldde = [ wia)la)do

Now assume to have another basis {|p)}, of H. Following the same argument, we can express

|1) also as:
~ [ w)p)ds
R

For some wave function v (p) = (p|¢), which will be different from 1 (z) in general. We now
choose a very particular basis here, i.e. the one that satisfies”:

(z[p) =

. sz/h — |p zpm/f|m

v ke

e~ /" and we can also write |x) in terms of the basis

1
V2rh
Notice also that (p|lz) = ((z|p))T =

|p) in a similar way:

QH
=t

fzp:p/h‘p

x
) \ﬁ
Theorem 2.1. {|p)}, is an orthonormal basis for H.

Proof. We need to show that, given (z|2’) = é(x — '), we have (p|p’) = d(p — p). In fact:

o) = (g foom i) (s [ )
= % (/R e_pr/h<:U|d:):> (/R e xm\x)dm)
_ % /R /R =i PR N (10 dipda!
= % /]R e~ =W =p)/ Ry — S(p—17p)
where the last equality derives from the properties of the Dirac delta (Corollary A.9). O
If we define the basis {|p)}, in this way, what happens to 1(p)? We find that:
v(p) = (pl)
— ol ([ Ie)(alde) 10)
= [ Gla) alv)da

“Tt is also possible to find the definition of (z|p) with a minus sign in the exponential. The equation for
(p|z) would then change accordingly. In the following we used a definition consistent with Schumacher and
Westmoreland [1].
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1 .
= \/ﬁ/Re_’px/ﬁw(x)d:c

which is exactly the fourier transform of ¢)(z). With the exact same argument we find that:

Y(2) = eI (p)

o

i.e. the inverse fourier transform of ) (p). Later in this chapter we will see how in fact this
definition of momentum influences the speed, i.e. the derivative of (X).

2.2 The momentum operator

We already seen the position operator, i.e. its observable:

X:/Rx]:r)(x]d:c

In a similar way, we can define the momentum operator:

P= / plp)(pldp

Let us see what happens to the wave function ¥ (x) when we apply the momentum operator:
(@lPl0) = Gl [ plo)plap) 0
= [ plalp)iv)dp
1 / pa/h T
=—— [ p- P Y(p)dp
\/7

ﬁ i ( 5o - Blw)dp
/i g, )dp)

B 83: (x/ﬁ
= —ih%ﬂ)(l’)

Therefore, we usually write that P is an operator such that:

0
P:y(x) —» —th—y(x
U(a) > —ih (o)
Moreover, a way to write the expected momentum, which will be useful in certain cases, is:

(P) = (¢[Ply)

= I ([ lo)(alds ) Plo)
= @l ([ Io)(alds ) Plo)

= [ @le) (alPli)da
R

. NG
= —i [ v(@) 5 -b(a)de

15



2.3 The position-momentum commutator

In this section we will compute [X, P] and discuss the implications of the result. Let us start
by computing the wave function of the state X P|t)):

(x| X Ply) = ({x|X) Pl¢)
= (x(z|) Pl¢) since |z) is an eigenstate of X

= —ih:caax@b(x)

The computation of the other part of the commutator PX|¢) is a bit less straightforward:
(x| PX|¢) = (2| P (X]))
— (aP ([ sle) (ol)iz )
= (z|P (/Rx : 1/1(x)]a:>dx>
= (2| P|¥')

here we are abusing the notation a little bit: notice that [¢)) is not a valid state, since z1(z) is
not normalized in general. However, it is useful to think of it as a state because now we know
immediately that, by the properties of P:

(x| PX[3p) = (x| Ply)

L0
= i (o ()

0
= —2h$%¢(x) — il ()

Putting the two results together we get:

(z| (XP — PX)|9)) = —ihxaaxw(a:) + ihxaaxz/z(a:) + i (z)
= ih- ()
We just found that [X, P] acts as:
(X, P]: ¢(z) — ih-2(z)
Therefore [X, P]|y)) = ih|) for every state |1)), implying:
(X, P] =ikl

This is called canonical commutation relation between position and momentum. What does this
mean? Recall that the derivative of the expected position (X) of a state changes according to
the commutator [X, H], where H is the Hamiltonian of the evolution. We will see later in this
chapter that the position operator P and the Hamiltonian are closely related to each other, in
a way that nicely resembles the total mechanical energy of a classical system.

16



2.4 Transformation of observables in the commutator

We proved that [X, P] = ihl, but what if we wanted to compute [f(X), P], for some function
f7 We will take advantage of the following simple result:

Theorem 2.2. The commutator [A, B] between two operators A, B is bilinear.

Proof. If we consider a linear combination on the left operator:

[a1 A1 + a2Aa, B] = (a1A1 + a2A2)B — B(a1 A1 + a2As)
=a1A1B 4+ a2A9B — a1 BA;| — as BA,
=a1(A1B — BA;) + a3(A2B — BAs)
= a1[Ay, B] + as[As, B]

The argument for a linear combination on the second operator is the same. O

Now take the Taylor series of f:
oo
f(X) = Z an, X"
n=0

By Theorem 2.2, we can rewrite [f(X), P] as:

[f(X)vP] = [Z aan,P] = Zan[XnvP]
n=0 n=0

Thus all we're left to do is compute [X", P] for every n:
Theorem 2.3. [X", P] =ih-nX""!

Proof. We prove this by induction: for n = 1 we already know that [X, P] = ihl = ih- XV, If
we assume the claim to be true for n — 1 we have:

[X" P]=X"P— PX"
= X" 1(Xxp)- PX"
= X" Y(PX +ihl) - PX" since XP = PX + [X, P]
= ihX" 4 X" PX - PX"
=ih X"t 4+ [X"1 PIX
= kX" ik (n— 1)X"2X by induction
= ih-nX""!

O]

For a bit of intuition about this, you may notice that the expression of [X™, P| gives ih
times the “derivative of X™ with respect to X”, which aligns with the fact that P maps 1(z) to

ih- ().

Now we are ready to plug this expression into our Taylor series.

[f(X)vP] = Zan[XnvP]
n=0

17



. - n—1
=ih- Z anpnX

n=0
—in iani(xn)
= 0X
0 > n
=1ih 87 (nz%(lnX >
0

With an argument symmetric to the one we presented, it is also possible to prove the following:

. 0
X, (P)] = ihs S £ (P)

2.5 Hamiltonian of a particle in one dimension

Consider a particle moving along the z-axis. The general Hamiltonian for a particle of (real and
constant) mass p is:

Recall that the Hamiltonian is the observable for the total energy of the system. Here we are
decomposing the total energy in a classical way:

e The first term indicates the kinetic energy, where P is the momentum operator, i.e. the
observable of the momentum of the particle. This term should not be a surprise: in
classical physics, a body of mass m and speed v has a total kinetic energy of:

1 1 p?
Ex = —mv® = —(mw)? = =—
K= 2m ) = o

e The second term is a symmetry called potential energy. As you may recall from classical
physics courses, the potential energy is a quantity of energy due to the position of the body
in a space containing a (conservative) force field. Classical examples are gravitational and
electrical fields.

2.6 Evolution of an observable: Ehrenfest's theorem

For an observable A we already saw that, in order to analyze the derivative of (A), we need
[A, H|, where H is the Hamiltonian of the observed system. Therefore:

A, H] = — [4,P?] + [4,V(X)]

|
20
which is extremely neat, since usually the observables we work with either depend on X or P

(and thus one of the two terms vanishes). Let us see some examples, starting from [X, H]:

(X, H] = ;M [X.P?] + [x,V(X)]

18



Notice that [X,V(X)] = 0 since V(X) can be expressed as a Taylor series involving [X, X"],
which are all zero (why?). Thus, we are only left with:

1 1 P
[X,H] = —[X,P? = ih—2P = ih—
2p 21 p
This gives a relation between the momentum of the particle as we defined it, and its speed,

finally aligning our definition from the classical meaning of linear momentum.

Theorem 2.4 (Ehrenfest’s Theorem I). The derivative of the expected position of a particle is
its expected speed, i.e. the expected momentum over its mass:

0 1
5 ) = (P
Proof.

) = X ) = oo (i 2 ) ) = 1Pl = 4.(P)

Let us now work with [P, H]:

[P, H] = 21H[P, P2+ [P,V(X)] =[P, V(X)] = z‘ha(;V(X)

this leads to a result which closely resembles the second principle of classical dynamics:

Theorem 2.5 (Ehrenfest’s Theorem II). The derivative of the expected momentum of a particle
is the total external force acting on it, i.e. the spatial derivative of the potential.

0 0
P = —( = V(X))

Proof.
0 1 1 , 0 0
55 (P = P ) = 2wl (=i VO ) ) = — (e V)

g

These theorems more closely resemble their classical counterpart when we are in 2 or 3
dimensions and these actually are written in vector form. We will see how to generalize our
formalization to more dimensions later.

2.7 Schrodinger equation for a free particle

We have a free particle when no external force is applied, i.e. V(z) =0 and H = 12)—;. With a

similar argument as the one for P given in Section 2.2, P? acts on a state [¢) in the following
way:

P22 () = (—if)?-2 (@) = -2 (@)
’ Ox? o2

Therefore we can multiply the Schrodinger equation we know with (x| in order to derive the one
for the wave function:

P? .0
ﬂllb(t)) = iho [¥(t)
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1 0
5 (P00} = i (alu (1)
h2 92 .0
—@@T/}(xat) = Zhai/}(xat)

On the other hand, in order to solve the Schrodinger equation in this case, it may be useful to
work in the momentum basis, since only the momentum operator appears. Hence let us try to

multiply by (p|:

P2 e
EW(W = ZhaW(t))

S PIPP(0) = ih - ol 0)
P o0
o0l = ihg ()

and this is a simple homogeneous differential equation with solution:

— — 'Lp2t

Y(p,t) = P(p,0)-e 27

Finally, in order to find ¢ (z,t) we can simply apply an inverse Fourier transform to this solution.
In general, it is a good idea to:

e Start with the initial state ¢(x,0);

e Transform t(x,0) — 9 (p,0);

e Evolve the state in the momentum basis;

e Apply the inverse Fourier transform to find the evolution in the position basis.
Stationary states. Recall that a stationary state is an eigenstate of the Hamiltonian and only

their global phase changes over time. We can derive the same conclusion for the wave function
of stationary states:

() = e PP 1 (0))
(@l (t)) = e B/ (z]p(0))
P(x,t) = efiE"t/hw(x, 0)

Finding the stationary states of a Hamiltonian is a very important problem in many branches
of science, from chemistry to pharmacy, and one of the main promises of quantum computation
is to be able to compute them in feasible time.
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Chapter 3
Modeling Uncertainty

3.1 Information in quantum mechanics

Suppose that, for some reason, we do not know exactly which quantum state we have (in a
closed box, say), but we nonetheless want to have a mathematical object that helps us describe
the (partial) information we have about this state.

For this purpose, we model this uncertainty with a black box B, which gives us some state
|1;) with probability p;. If (2, F,Py,) is the probability space induced by [¢;), we would like to
have a probability space for B in such a way that:

e this representation gives us the true distribution of an outcome x which is, by the law of
total probability:

P(z)s = ZPiP (2);

e after a unitary evolution U, this distribution remains consistent with what happened:
P @)y = > P @)y,
i

where (£, F, Prr(y,)) is the probability space induced by Ul|v;).

Let us also talk about measurements: if we have an observable O of the form
0 => NIl
T
then the probability of measuring x is:

P (), = (¢[I[¢)

as we already know.

Let us now introduce an operator we know from linear algebra: the trace. The trace of a
matrix A can be simply seen as the sum of the elements in the diagonal of A. Another way to
define it is:

Tr(A) = Z<k|A|k>

k

where {|k)}x is an orthonormal basis of the Hilbert space in which A is an endomorphism. The
trace operator can also be extended to continuous operators:

Te(A) = /R (2| A|z)do

Now we can rewrite the outcome probability in an interesting way:

P (), = (¢[I[¢)
= Tr ((¢|;|1)) every scalar is the trace of itself
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= Tr (I1;|¢) (¥]) by cyclic property (Theorem B.2)

Another way to prove that the probability of an outcome is given by the above trace is the
following: let us choose an orthonormal basis {[1;)}; to express the operator A (and its trace),
where [11) = |¢) is our state.

T (Ia ) (9 ]) = D (5| |) (W [5)

= (Y[l |¢) = P (),

Other useful properties of the trace can be found in Section B.1.

3.2 The density matrix

We introduced a fancy use of the trace operator, but we did not solve our problem yet: how can
we conveniently describe B? Let us look at the total probability again now:

P(z)z = ZPz’P (z);
= sz<wzlnw‘w7«>
— Zpi Tr (TLy[vi) (¥il)

=Tr (Z piﬂxwiﬂwﬂ) linearity of trace

=Tr (Hx Zpi|¢i><¢i\>
=: Tr (Il;p)

We found that the total probability can be written as the trace of a product between two
matrices: the projector operator relative to the outcome of the measurement II,, and a new
matrix p, which we call the density matrix”. Notice that by “density” here we mean probability
density. Also keep in mind that we tacitly assumed that the probability distribution of the
states returned by the black box B is discrete, but nothing prevents us to define the same black
box for continuous distributions, in which the density matrix will be defined with an integral
sum. Moreover, this matrix does not necessarily have to be unitary (it does not even have to be
invertible), since the possible states |1);) are not orthonormal in general.

Evolving a distribution. Suppose we apply a unitary evolution U to whichever state B will

give us. At the end we will have a set of states {|¢})};, where [¢)]) = U|1;). The total probability
will become:

P (2)yp) = ZpZ'P (@)ur(yy)
= sz' Tr (L [4;) (¥i])
=3P T (LU (U

9This is also called density operator, this again depends on the system we model. Since in this chapter we
will mainly talk about qubits, we will use the term matrix.
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=Tr <Z pinU]¢i><¢i|UT> linearity of trace

=Tr (HxU <ZP¢|T/%'><?/)¢> UT)
= Tr (T,UpU")

We found that a mixture of states with density matrix p, after a unitary evolution U, becomes
a mixture of states with density matrix UpUT.

Post-measurement states. The argument for the measurements does not work only with
unitary operators, but with Hermitian operators in general: this gives us an expression for the
post-measurement state for free. If we observe the subspace of a projector Il upon measurement,
the projector will transform p +— Iy, pH}rc and then, analogously to what we do with normal states,
we will need to normalize (Tr p’ = 1, see next section):

1. pIT

}_> [ . —

P Tr(Tgplly)
_ Hgplly

[T pII
_ kP ok cyclic property of trace

projector is Hermitian

projector is idempotent

Expectation. Given an observable A = Y, ax|k)(k|, with {|k)}, orthonormal basis, we can
also find a neat expression for the expectation of an observable A under a given state p:

(A =3 aP (k),
k
= 3" Tr (k) {klp)
k

=Tr (Z ak]k:><l<:|p> linearity of trace
k

= Tr (Ap)
Examples with qubits. Suppose that the black box B; returns a qubit with states |0) or |1)
uniformly at random, i.e. with probability % each. The density matrix p; of this distribution is:

1 1 1
=— Sy = =1
p1 = 510 (0] + 51)(1] = 5

Now consider a black box Bs returns a qubit with states |[4+) or |—) uniformly at random. The
density matrix po is:

(H)CH + =)= = 51

N

p:
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We obtained the same density matrix. This means that in practice we cannot distinguish B;
and B, even after an arbitrary evolution U since ULUT = 1, i.e. the density matrix does not
change upon evolution. This property of quantum information is quite unique, and sets an
important difference from classical information: clearly |+),|—) are different from |0),|1), yet it
is impossible to tell the two cases apart.

3.3 Properties of the density matrix

Let us analyze p, and derive some properties. First of all, we notice that p can be seen an
endomorphism of the Hilbert space H containing the states |1;) in the mixture.

Theorem 3.1. Tr(p) = 1.

Proof. Let {|1;)}; be the set of possible states with mixing probabilities p;.

Tr(p) = Tr (ZPH%)(%O
= Z Tr (pi|vs) (i) linearity of trace
= Z Tr (pi (Yil1)s)) cyclic property of trace

A
Zzpizl
i

O
Theorem 3.2. p is Hermitian.
Proof.
T
pl = <Zpi|¢i><¢i\> = ZPz‘(WﬁWH)T = Zpi|1/%><¢z’| =p
O
Theorem 3.3. p is positive semi-definite.
Proof. For any |¢) in H:
(9lple) = Zpi<¢|¢i><¢i’¢>
= Zp@-|<¢@-|d>)|2
>0
O

These properties tell us something important about the spectral decomposition of p: Theo-
rem 3.2 ensures that the eigenbasis of p is orthonormal, which is a property we always appreciate
in quantum theory. Theorems 3.1 and 3.3 tell us something about its eigenvalues: positive semi-
definiteness implies that the eigenvalues are all non-negative while, on the other hand, the sum
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of the eigenvalues of a matrix always equals the trace, which in our case is 1. The eigendecom-
position seems to yield a probability mixture of new states:

p=UDU" = ZP )z [ta) (tha]

where D is diagonal, {|¢;)} forms a orthonormal basis of H, and P, is the probability induced
by [1)5). Just like in the example with qubits we have introduced in Section 3.2, if we construct a
black box B’ using the eigenbasis of p as probability mixture, we would obtain a total probability
that is indistinguishable from the original (p did not change after all).

We present here two important special cases:

e if p = |p)(¢|, meaning that the mixture yields |¢) with probability 1, we call such mixture
pure state;

o if p= HI *, the distribution will be uniform among the states in H, and this corresponds
to what we call fully mixed state.

From now on we will extend the term “state” also to refer to such distributions. Moreover, we
will denote with S(#H) C End(#) the space of density matrices in the Hilbert space H.

3.4 Ignorance about local information and the partial trace

Consider an example where we have a state pap € S(Ha®Hp) shared by two players, Alice and
Bob. Alice has only access to H4, and Bob only to Hp (you can imagine two qubits A, B). We
would like to represent the knowledge that only one of the players has about the global system.

Definition 3.4 (Partial trace). Given a composite system Ha @ Hp, the partial trace with
respect to H 4 is a function

Trp : S(HA X 7‘[3) — S(HA)
PAB > PA
i.e. it yields the density matrix of the subsystem A, given the density matrix of the global system.

Let us derive a general expression that we can use. We know that the partial trace above
must satisfy the following conditions:

e A local measurement on Hy4 (i.e. an observable of the form M4 ® 1) must behave with
the correct outcome probability distribution;

e A local evolution on Hp should not change the value of the partial trace.

Local observables. Suppose to have an observable O = M4 ® 1pg, as anticipated, where
M = >, agll,, with II; = |z)(z|. The property we described above should translate to the
following constraint in the induced probability spaces:

P ($)PA =P (x)pAB

which, rewritten in terms of traces becomes:
Tr (Ilzpa) = Tr (I ® 15)pan)

4 Although this is an extreme abuse of notation, you can imagine that this also works if { is infinite-dimensional.
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Let us now choose an orthonormal basis {|i)4|j)B}i,; of Ha ® Hp which we use to express the
trace:

Tr (Il ® 15)pan) = Z('l( i (e ® 1B)pas) [i)]7)

—Z ((J11B) paBli)lj)

We are going to choose {|i)} = {|z)}, since we could choose any orthonormal basis to define the
trace.

Tr (I, ® 1)paB) = Z ((ilz)(z)) @ ((i[1B) paBli)|7)

—Z (x[a{jlB) paB (|2} alj) B)

= (z| (Z (1a® (jlB) pap (1a® |j>B)> |)

J

Notice that the matrix in the sum is in S(H4) and in fact, under the assumption that II,
projects onto a single basis element |z), what we have within the tuples is exactly p4 since:

Tr(|z)(zlpa) = Tr((z[palz)) = (z|palz)

as in the above expression.
Therefore, a good candidate for the definition of the partial trace can be:

Trp(pap) == Z (La® (jlB) paB (14 ®1j)B)

Since the trace is a linear operator we can use the following notation:

Trp(pas) == (14 ® Trp) pas

Local evolutions. We still need to prove that the definition we found is independent from
possible evolutions in Hp. Suppose we evolve the two systems independently with an operator
(Us ® Vp). We already proved that the density matrix becomes:

pas > Pap = (Ua® Vp)pap(UL @ V)
Let us see what happens to the partial trace with our definition:

Tep(pap) = Trp (Ua ® VB)pan(U] © Vi)

=" (14® (jl5) (Ua © Va)pan(Uh © Vi) (La® |1) )
=3 (Ua®{lsVe) pa (Ul @ VEli)s)

Now we simply do a change of basis |j) <— V|j) (note that it is still an orthonormal basis since
V is unitary). We know that the trace is independent of the basis and:

Trs(pap) = Y- (Ua® (ils) pas (UL @ 11)5)
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=U (Z (1a® (jlB) pap (1a® |j>B)) Ut
J
= UpaUT
which means that a local evolution in B does not change anything on the partial trace, exactly
what we wanted. This confirms that the definition we found was exactly what we were looking

for. It is worth noticing that in order to find p/y = UpaU T, one can either evolve the partial
trace Trp(pap), or compute the partial trace on the evolved state Trp(p)yg), i.e.

Tr (Ua ® VB)pan(Uh @ Vi) = UTrp(pap)U’

We close this section by showing two properties of the partial trace, which will be useful
later:

Theorem 3.5 (Linearity of partial trace). Trg(ap; + Bp2) = aTrp(p1) + S Tre(p2).
Proof.

Trp(api + Bp2) = Y (La® (j|B) (apr + Bp2) (La @ |j) )

= Z (1a @ (jlB) (ap1) (La @ |j)B) + Z (14 ® (jlB) (Bp2) (14 ® |5)B)

J J
=a) (La®({jls)pi(La®li)p) + 83 (1a@ (ilp) p2 (Ta@j)p)

=aTrg(p1) + B Trp(p2)

Theorem 3.6. Trp(pa ® pB) = pa.
Proof.

Trp(pa © pp) =Y (14 ® (jlB) (pa © pB) (14 © |5)B)

J

=> (pa® (jlBp) (14 ® |j)B)
J

= Z (pa® (jlBpB) (14 ® |j)B)

= pay_(ilpsli)
J
=paTr(pp) = pa by Theorem 3.1

3.5 Superposition vs probabilistic mixture

In this section we want to evidence an important difference between a qubit in a superposition

and a bit chosen uniformly at random. Consider two different states:
e py yields |+) = % with probability 1;

e po gives one of |0), |1) uniformly at random.
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Analysis of the superposition. Let us start by analyzing p;: its density matrix can be
computed directly using Dirac notation:

p1 = |+)(+]|

_ %(|0>+|1>)(<0|+<1I)
%(\0><0]+]0)(1\+ [1)40] + [1)(1])
_ 1 1 1
T2l 11

Notice that pp, like any density matrix of a pure state, is idempotent:

P = () FDAHNHD = [ = [+ =

This is a good way to check whether a density matrix (expressed in vector notation, say) corre-
sponds to a pure state or not.
Now let us compute the outcome probabilities when we measure p;:

e Using the Pauli matrix Z:

P (0),, = Tr(|0)(0lp1)
= Tr (|0)(0[+){+])
1{10\[11
:ﬁ'2<00 (11))
1 10 1
_21&"<00>:2:P(1>P1

e Using the Pauli matrix X:

= Tr ([4+)(+]p1)

= Tr (|4+) (+[+) (+])
1
T2

1 1
Tr =1
It is worth mentioning that nobody forces us to compute the trace using matrix notation.
Sometimes it may be even faster to use Dirac notation and take advantage of the linearity of
trace.

Now let us consider an example of evolution of p;: we make the qubit pass through a
Hadamard gate H. The state after the transformation is:

o1 Hp H' = [0)(0)

i.e. the state will be |0) with probability 1, which totally makes sense, since H always transform
|+) to |0).
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Analysis of the probabilistic mixture. We immediately see the first difference by comput-
ing the density matrix:

1 1 1
= - -1 {1 =<1
p2 = 510)(0] + 5/1)(1] = 5

2
And it is clearly not a pure state:

1
2
=-1
P2 4 # p2

Indeed, let us see what happens with a measurement here:
e with the Pauli matrix Z:

P (0),, = T (0) (0]2)
= 2 Te(10) (0]1)

1 10 1
- 2Tr< 00 > 2
e Using the Pauli matrix X:

P(+),, [+)(+]p2)

(
Tr (|)(+[1)

i

Moreover, any evolution of py does not change any information we have about a fully mixed
state:

=Tr
1
2
1
2

DO 0| =
DO 0| =

1 1
pa = UpaUT = 5UJlUT =51 =p2

From these we can infer a different characterization of a fully mixed state.

Theorem 3.7. A state p € S(H) is fully mized if and only if the probability distribution of
outcomes is uniform for any chosen measurement basis.

On the other hand, we have already seen in Section 1.4 that the notion of superposition is
relative to a particular measurement basis, and thus there exists a basis (indeed, infinitely many)
in which the outcome is deterministic. This is why we called this type of density matrices pure
state.

3.6 Entanglement vs probabilistic mixture

We will see now how entanglement behaves with this new formalization, and we will see three
example cases.

29



Pure entangled state. Let us now consider the density matrix pap € S(H4 ® Hp) of two
qubits, and suppose it gives a pure state:

paB = [¥)(Y|aB

where [1)) is the entangled state (]00) +(11)). We rewrite pap:

pAB =5 (!00><00! +[00) (11| + [11)(00] + [11)(11])

N | =
= o O =
o O O O
O O OO
_ o O =

What happens now if we take the partial trace?

pa=Trp(paB)
= % (Trp(]00)(00[) 4 Trp(]00)(11]) 4+ Trp(|11)(00]) + Trp(]11)(11]))

— %Z(I{A@(j\B)pAB(ﬂA@ 17)B)

Now notice that Trp(]00)(11]) = Trp(|11)(00]) = 0, since in the terms of the sum (j|0)(1]j) or
(711)(0]j) will appear; if we choose a basis {|j)} containing |0),|1), all these terms cancel out
since at most one of |0),|1) can be equal to |j). Thus we are left with:

(100)(00] + [11)(11])

DO | = L\’)\»—t

J

Tr (
(Z (14 ® (jl5) 100){00] (14 @ |5} ) + Z(IIA®<j|B)!11><11\(]lA®|j>B)>

> (10)a @ (510) )(<0\A®<0j>B)+Z(I1>A®<j|1>B)(<1|A®<1|J'>B))

J

l\')\»-t N | —

1
0){(0]a + [1)(1]a) = 5la

i.e. if we have an entangled pure state globally, then locally we get a mixed state. While this
is somewhat counter-intuitive (a global superposition is giving a local mixture after all), keep
in mind that having a locally pure state would mean that the global state could be written as
tensor product of local states, which falls in contradiction with the fact that |¢)) is entangled.

Classical correlation. Now suppose that pap gives us one of |00), |11) uniformly at random,
ie.

1 1
PAB = 5’00><00\ + 5‘11><11‘
0

o O o O
o O o o

0
0
1

\V]
oS O O =
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This is what we call classical correlation, because the two qubits are correlated in the sense of
probability theory. The partial trace Trg(pap) is the same as in the previous case, because we
only lack the terms |00)(11],|11)(00|, which canceled out anyway in the computations above:

pa = Trp(paB)
= %(|o><0\A +[1)(1]a) = %]lA

i.e. only looking at the first qubit gives us a random bit. We found that the two cases are locally
indistinguishable: we cannot tell if two qubits are entangled or only classically correlated if we
only have access to one of them, but the situation can get worse.

Local mixtures. In this case, we have two completely unentangled qubits in fully mixed state:

1 0 0 O

1 1 1 1{0 100
PAB—PA@PB—§1A®§]IB—11AB—Z 00 1 0
0 0 0 1

By Theorem 3.6, also in this case the partial trace becomes:

1
Trp (pa @ pB) = pa = 511,4

Let us see which post-measurement states we get by measuring in the following three different
bases, namely,

e with Z4 ® Zg, i.e. the computational basis:
{10), 1)} @ {10), [1)} = {|00),101), [10), [11)}
e with X4 ® Xp, i.e. the Hadamard basis:
{I+), 1= @ {I4), =0 = {1 [H)=) =)+, =) =)}

e with B, i.e. the Bell basis:

_ -\ |00) + |11) |01) 4 |10) |00) — [11) |01) — |10)
o), ooy, jumy} = { PR R0 B0 -0 B0 R0

ZAQ Zp XA Xp B
Pure entangled |00), |11) u.a.r. |-£)[+),|—)|—) wa.r. |DT)
Classical correlation |00), |11) u.a.r. any basis state wa.r.  |®T),[®7) v.a.r.

Local mixtures any basis state u.a.r. any basis state u.a.r. any basis state u.a.r.

Notice that these measurements can actually distinguish the three cases (the distribution is
different, a statistical test is sufficient), but they are not local measurements.
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3.7 Uncertainty about evolution

In the previous sections we formalized the concept of density matrix, in order to describe a
system for which we do not completely know the state. Now we want to address the case in
which we are uncertain about the evolution. We model this in an analogous way: we have a
black box B just as before, returning a state p. Moreover, we have another black box £ which
takes p as input, and returns the evolved state. Thus, if we were certain about the evolution,
i.e. we know it is a unitary operator U, we would already know what the evolved state would
look like:

E:p—UpUT

On the other hand, if we suppose that £ evolves the input state using operator U; with probability
p;, then we can use the law of total probability:

E:pr E(p) = pi- UipU]

A different way to express uncertainty about evolution is to introduce a state o, which in
some sense represents the state of the environment, and then evolve the state p ® o with a
known evolution operator U:

E:p—E(p) = (UAE(P ® UE)UIXE)

In this second representation, the uncertainty about the evolution lies in what we do not know
about the environment, while the evolution itself is well-known. It is important to note that the
transformations defined above are, in general, non-reversible, i.e. they are not invertible.

How can we define a model for a general case that takes into account both the definitions
above? We would like such a map to be:

e linear: this is because we want in particular that:

g <2Pipi> = pi&(pi)
i i
since we can always express a state as mixture of other states, and this would keep the

probabilities consistent with the evolution;

e trace-preserving: Tr(p) = Tr(E(p)), in order for the new state £(p) to preserve Theorem
3.1 and thus still be expressed as probabilistic mixture;

e completely positive: the new state £(p) must also preserve Theorem 3.3, i.e must remain
positive semi-definite. This must be true also if we apply £ to a subsystem:

paB = 0= (E4®1p) (paB) =0

Thus, we formalize the concept of uncertain evolution with a mapping:
EasB: S('HA) — 8(7‘[3)

satisfying the three properties we mentioned. Notice that the Hilbert space changes because
we also use it to model transformations from a system to another. These maps are called
(non-ironically) trace-preserving completely positive maps (or TPCPM). Quantum channels is
another very popular term we will use.
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3.8 Kraus decomposition

We present here the first representation of TPCPMs, generalizing the idea of total probability
presented in the previous section. It is called operator-sum (or Kraus) decomposition:

E(p) = EypE], where Y E[E; =14
k k

and {Ej}; are called Kraus operators. Linearity comes natural, so let us see if it satisfies the
other conditions.

Theorem 3.8. The Kraus decomposition preserves the trace.

Proof.

Tr (Z Eka/i) = Z Tr (Eka,Z) linearity of trace

k k
= Z Tr (pE,ZEk) cyclic property of trace

k

= Tr <p 3 E;Ek>
= Tr (p) k since Y EjEy =14
k

Theorem 3.9. The Kraus decomposition is completely positive.

Proof. Considering p = 3, pi|vi) (¥i| = 0:
ZEWET =Y E (ZI%WQ@M) B}
k e i
= > pi > Eul) (il Ef
i k

One can see that Y. |1 1) (i x| is a sum of outer products Ex|v)(Ex|w))T, which is positive
semi-definite by Theorems B.23 and B.24. Therefore, for any vector |¢), and since p; > 0:

(9] <ZP¢ZE1§W¢><%|E£> |6) = > pil9l (Z Ek|¢i><¢i|E1];> |9) >0
ik 5 K

Moreover, if we suppose to have a state in a composite system pag = >; pi|1:) (¥il:

(Easp ® 1E)(pap) = > (Ex ® 1p)pap(E} ® 1g)
P

=2 pi <Z<Ek ® L)) (il (B ® ]lE)T)
i p

just like in the single-system case, we have a sum of outer products, and the result remains
positive semi-definite with the same argument. O

Let us see some examples with the Kraus decomposition:
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e A unitary map is indeed a special case of Kraus decomposition
E(p)=UpUt, UU=1

e Erasure channel: maps every state to a fixed state p4 — |¢)p

=D _ 1) {klplk)(¥]
k

for an orthonormal basis {|k)}x of 7 4. One can see that this indeed gives us a pure state:

=D _[¥){klplk) (¥
k
=D _(klplk)|v) (9]
k
= [¥) (W] D _(klplk)
k

= [) (W] Tr(p) = ) (]
moreover, »_ . E;Ek =Y kR (W) (k| = Xk |k) (k| = 1, since |¢) is normalized and {|k)}

is an orthonormal basis.

e White noise (depolarizing channel): this channel introduces noise with some probability p

£(p) = (1= P+ 1y

With “introducing noise” we mean that the state becomes a fully mixed state (the 2 is
because we are assuming that this is a qubit, but it can be generalized to arbitrary state
spaces), losing the information p we had. Extracting the Kraus operators requires some
more effort, but in the end one can find:

EFHEQ \/7XE3 \/7YE4\/7

We conclude the section by mentioning that the Kraus decomposition, just like the decomposition
of a density matrix, is not always unique.

3.9 Stinespring dilation

Here we present a different and more intuitive way to represent an uncertain evolution, based
on the environment representation we anticipated.

E(pa) @ |2)m = Uap(pa ® [0){0]2)U 5

here |0) g represents the initial state of the environment, called ancillary state.

We have an initial state space H4 ® Hp and a final state space Hp ® Hpgr, such that they
are isomorphic. If we talk about qubits, one can imagine this constraint as having the same
number of qubits both in input and output to the circuit. Note that the evolution written above
is still a reversible, unitary evolution we are already familiar with. We can define the mapping
as follows:

Easn(pa) = Trpr (Uar(pa ® [0)(0]5)UL )
= Trpr (Uap(1a © [0)5)pa(La ® (0]5)U} )
=t Trgr (VpaVT)
where V = Ugg(14 ®(0)g) is an isometry from H 4 to Hp ® Hpr.
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From Stinespring dilation to Kraus decomposition. Let us discuss the equivalence be-
tween the two representations we obtained. We rewrite the isometry V' as follows:

V=) E®|kg
k

where {|k) } is an orthonormal basis for # . With this expression, we obtain from the fact that
ViV =1

1y=VV
=Y (Bl o (R)(E@0)
k,l

= ELEd{kl0)
k,l
_ T
- Z Ly By
k
i.e. E} are valid Kraus operators. Now let us take the partial trace:

8(pA) = TI'E/(VpAVT>

— Trp ((2}; Ex ® |]€>E> pA <%: El® <€|E>>

= Trg (Z ErpaE} @ ’k><€’E)

k.0

= Z(]lA ® (j1) (Z EppaE} ® W@\E) (1a®1j))

k0
=" EwpaE] (k) (]5)
7.k,
=" Ewpak}
k

which is exactly a Kraus decomposition. This derivation also gives a reason why the Kraus
decomposition is not unique: we know that the partial trace here gives us only information
about local states, hence different global evolutions can lead to the same local effect, while
yielding possibly different Kraus representations. This is something we saw indirectly in Section
5.1, when we showed how a global evolution could be written in a different way, exploiting the
linearity of the tensor product.

3.10 Example with CNOT gate

We see here a simple example of quantum channel, with a global reversible operation we know:
the CNOT.

PA E(pa)
0){0| & 6

A\

*Remember that, for an isometry, it holds that ||Vz||? = [|z]|?, implying VTV = 1. If the isometry is unitary,
then also VVT = 1 holds.
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Notice that H4 = Hp, Hr = Hpg. The evolution is given by the CNOT gate:

U=10)0/®1+[1){1]®X =

o O O
o O = O
_ o O O
O = OO

If the first qubit is in state:
1

1
pa =22 cylidil = ( oo )

clo ¢
=0 7=0 10 1

The total input of the circuit is:

11
pap =pa@|0)(0lr =D eili)(jla ©[0)(0]r
i=0 j=0
Co0 0 C10 0
o Coo  Co1l ® 1 0 o 0 0 0 0
"\ o en 00/ | cor O ey O
0 0 0 O
After some calculations we get that the evolved state is:
coo 0 0 cig
0 00 0 S
UparUt=| 0 o o o |=222csli)idl =32 culi)il i)l
i=0 j=0 i=0 j=0
cor 0 0 cn ’ ’
and finally, we take the partial trace:
E(pa) = Trp (Ulpa® 0){0)UT)
11
=Tepr [ D) cisli) (i @ 19) (4]
i=0 j=0
11
= Z Z cij Trg (|9) (3] @ |2)(5]) linearity of partial trace
i=0 j=0
11
=> > iy (Ape (i e @ )is @6)
i=0 j=0 ¢
11
=D el (il il
i=0j=0 ¢
! C00 0
chii|l><l|:< 0 C11>

Thus we found that the CNOT gate does what we call a pinch of the matrix, which means
zeroing out all the entries that are not in the diagonal:

S<Coo 601>_<Coo 0 >
c10 €11 0 cn
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and the Kraus representation of this is easily found (check it!):

10 0 0

In general one can notice that, in vector notation, the partial trace can be easily computed:

Tep as by Y +as b1+ b
c1+ca di+d

i.e. the trace is computed in blocks, in a similar way to how we distribute the tensor product.
Let us choose, to make the example more concrete, a pure state [¢)) = «|0) + §|1), i.e.

al? o
pA:wxw:kwmmn+wmwﬁ+aﬁmm“”mm“”:(L} m@)

Pinching the matrix gives us:

o a8\ [ la? o
5<aw mP)‘( 0 WP)
— af2(0}(0] + |812/1){1]
=P (0),]0)(0] + P (1), [1)(1

which is not a superposition, but a probability mixture of post-measurement states. In particu-
lar, we can think of this as the view of the post measurement state for an observer that does only
know a measurement has been performed, but not its outcome. Thus, we showed here how to
schematize a projective measurement as a quantum channel, and this can be generalized (with
some effort) to an arbitrary observable and an arbitrary Hilbert space.

3.11 Measurements as quantum channels

Suppose to have a Hilbert space H = H4 ® H,, where the latter is continuous, and consider a
(discrete) observable M4 on H 4:

My = ap|k) (k|
k

We may have more complex projectors for the same label, but we keep single elements (outer
products) |k)(k|, for simplicity. We already saw in Section 5.1 that a possible interaction Hamil-
tonian to implement My is:

it
H=My® P, = U(t) = exp (—ZhMA ® Px>
We also saw that, with an initial state |¢) = > ck|k) ® |1o):
1t
UO) = X eulk) @ exp (-5 Ma o P ) i)
k

= zk:Ck|k> ® /Rwo(:c — tag)|x)dx
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=) crlk) ® |vr)
k

We fix some time ¢t > 0, and we define the pure state p after the evolution as:
p =)W = cxci k) (] @ 1) (]
k,j

Let us assume we do not have a weak measurement, which means ¢ and ay are chosen such that
the overlap between different |¢;) is negligible. In order to see the local effect, we apply the
partial trace, as before:

E(pa) = Trg (Z cxcjlk) (5] @ \m)%l)

k,j
= > crc; Tre (k) (J] @ [¥r) (151)

k,j
=3 e /R (14 ® (@l2) ()G © 1) (W5]) (14 ® |a)z) da
k,j

= el | (@l ) do
= el [ () el)ds

= St ([ laelds) o

= 3 xRl
kg

~ Z ]2 k) (K| overlap (Y |vn) ~ §(k — k)
k

i.e. locally we see exactly a mixture of the post-measurement states, with probabilities |cx|?. The
problem here is that the assumption that the overlap is negligible is not always reasonable: a
method to better model the measurement is to take into account the overlaps using the structure
of the density matrix. Let us review the last step of our computation:

Ep) = 3 cxc ) (10l
k,j
If j = k, then the term is 1 anyway, but if i # j, then the coefficient (1;|1;) will be somewhere
in [0,1] (in absolute value). In the diagonal of £(p) we will still see |ci|?, but the pinch of the
matrix will not be perfect, i.e. the matrix can still have non-zero values outside of the diagonal.
This is called non-projective measurement: although we cannot implement it, it is a good ideal
model to work with.

Example in the discrete case. We can modify the example with the CNOT gate from the
previous section, by replacing the X gate with a rotation by an arbitrary angle around the x
axis of the Bloch sphere:

pA E(pa)

10) (0l R (0)
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Depending on the rotation angle 6, we obtain different unitary evolution operators. In particular,
if & = 0, nothing happens on the system and U(t) = 1. On the other hand, for § = 7© we get
exactly the CNOT gate. Finally, other rotations will yield non-projective measurements with
non-zero values off the diagonals.

Kraus decomposition of an observable. We apply the law of total probability: with
probability P (k) p We end up with the corresponding post-measurement state (we avoid terms
with probability 0):

T
() = LR (k) st
k

= > Tpll
k

p

hence, E; = II; are valid Kraus operators since:

Smm=Sm=m=1
k k k

3.12 Intuition: mixed states in the Bloch sphere

In this section we show an elegant geometric property of the Bloch sphere, which is helpful to
better understand what uncertainty is: a state |¢) is identified by two spherical coordinates

(0, 9):
1) = cos(0/2)|0) + €™ sin(0/2)[1)

where 6 € [0,7),¢ € [0,27). Following what we saw in this chapter, this holds for any pure
state p = |¢)(¢p|. Now let us add a third coordinate r € [0, 1], ending up with a total coordinate
system (7,0, ¢): this means that we completed the Bloch sphere by adding its interior points. If
we have a state:

p= Zpi|¢i><¢i|

this state is a convex combination of pure states, i.e. it can be identified by a point within the
sphere (which is exactly the convex hull of the space we are considering).

What about measurement probabilities now? We already know that a measurement
basis corresponds to two opposite points of the sphere, thus a segment connecting these two
points passes exactly through the origin. For example, suppose we measure with respect to Z,
i.e. the computational basis {|0),|1)}: the segment is exactly a vertical segment

{(:c,y,z) GR?"x:y:O,ze{—l,l}}

The measurement probabilities P (0) o P (1) , induced by a state p can be interpreted geometri-
cally as follows: take the point in the Bloch sphere corresponding to p and project it onto the
segment. This gives a point in the Bloch sphere x that can be expressed as:

x=(1—-1t)xo+ (t)x1
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where xg,x; are the points of |0), |1) on the sphere. At this point, the probability of measuring
|0) is exactly ¢, and the other is 1 — ¢. Roughly speaking, the closer the projected point is to
one of the elements of the measurement basis, the more likely is that element to be observed.
This not only can be extended to an arbitrary measurement basis (i.e. an arbitrary diameter
of the sphere), but also shows that the fully mixed state is the only one that will be exactly in
the middle of any diameter, i.e. chosen any measurement basis, yielding a uniform distribution.

3.13 Heisenberg's uncertainty principle

We close the chapter by showing an important and famous theoretical limit to the degree of
certainty we have about the state of a particle in space. For an observable A and a state p we
define the deviation observable:

AA=A— (A1

It is easy to see that the variance of A is exactly the expectation of (AA)%. Whenever it is not
ambiguous we will denote by AA also the square root of AA?, i.e. the standard deviation of the
observable A.

We first prove some results that we will use:
Lemma 3.10. [AA,AB] = [A, BJ.
Proof. For any state p the following holds:

[AA, AB] = [A— (A1, B — (B)*1]
= [A, B] = (A)’[1, B] = (B)"[A, 1] + (A)"(B)”[1, 1]
— [A, B]

since commutator is bilinear and everything commutes with the identity. O

Lemma 3.11. For any two operators A, B, AB = %[A, B] + %{A, B}, where

[A,B]:= AB — BA
{A,B} = AB + BA

are respectively the commutator and the anti-commutator of A, B.
Proof. [A,B]+{A,B} = AB—- BA+ AB+ BA =2AB O]
Lemma 3.12. For any two Hermitian operators A, B:
1. [A, B] is anti-Hermitian;
2. {A, B} is Hermitian;
3. (Y|[A, B][¢) is purely imaginary.
Proof. We prove the three claims separately:
1. [A,B]' = (AB — BA)! = (AB)! — (BA)! = BfA" — A'BY = BA — AB = —[A, B]
2. {A,B} = (AB + BA)' = (AB)' + (BA)l = BTAT 4 ATBT = BA + AB = {A, B}
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3. We proved that [A, B]f = —[A, B], hence
(1[4, Blle)* = (¥I[A, B]'[v) = —([[4, B]|v)

and any z with z* = —z is purely imaginary.

We are ready to prove our main result:

Theorem 3.13 (Robertson, Schrodinger). Let A, B be two observables. For any state |1)) the
following bound holds:

AA AB > % (14, B
Proof.

)2[)(¥[(AB)?¢)
)T(AA | )<¢](AB)T(AB)|¢> AA, AB are Hermitian

AA
AA )|
> [(Y|(AA)(AB) )2 Cauchy-Schwartz inequality

2
by Lemma 3.11

= L 1114, BIjv) + (w{A4, AB} ) by Lemma 3.10

By Lemma 3.12 the first term is purely imaginary and, since {A, B} is Hermitian, it has real
labels and the expectation is real®. This means that the two terms are orthogonal in C and we
can separate them:

ja+b|* = [al? + [b]”
Thus, we found that:

AAB? 2 L [WIA B9 + ¢ 1(01{A4, AB} )

2
> 2 1[4, BlI)
Taking the square root completes the proof. ]

— ]

As a corollary we obtain the Heisenberg uncertainty principle.

Principle 3.14 (Heisenberg). For a particle in space with position operator X and momentum
operator P:

AX AP > h/2
where h is Planck’s constant.
Proof. Tt is sufficient to apply Theorem 3.13 where [X, P] = iAl is the canonical commutation

relation we derived in Section 2.3. O

This result tells us that we cannot be very sure about both position and momentum at the
same time: if the variance of the position is very low, then the variance of the momentum will
be inevitably high and vice versa. In fact, for Gaussian wavepackets:

AX =0 = AP = E
20
which also proves that the bound is tight.

SThe expectation of a real random variable is always real, convince yourself!

41



Chapter 4
Dynamics of Open Systems

4.1 Schrodinger equation for mixed states

In this section we generalize the Schrodinger equation to mixed states in uniform dynamics. We
already know that the evolution of a state p(t) with Hamiltonian H, over a tiny period of time
0t is determined by:

p(t + 6t) = U(6t) p(t) UT(6t)

and this is because of uniform dynamics. Now let ¢t — 0 and take the Taylor expansion of

U(dt):

U(5t) = exp (—?H) —1- %H +O(512)

Using this expansion, let us rewrite the expression above:

p(t +dt) = (11 — %H + (’)(6t2)> p(t) (]1 + %H + O((St?))
=p(t) + %ﬂp(t)ﬂ - %Hp(t)l + O(6t%)
= o) = L Hp(t) + S oty H + 01
1 0t

By rearranging the terms we obtain:

AP0 _ Lh, o)) = o[, (1)

and, by taking the limit for 4t — 0 we obtain exactly the derivative on the left-hand side:

dp 1
—=—|H 4.1

and this is the time-independent Schrédinger equation for mixed states.

4.2 Open systems

Now we consider the notion of open system: the concept of “openness” in general physics implies
that the system can interact with the external environment. In order to schematize this in
quantum theory, we consider a Hilbert space of the form:

H=Hs3HE

where S is our open system and E represents the environment. Generally, dim Hg < dim Hpg,
i.e. the environment is typically a much larger system. If we try to analyze the evolution of the

42



system S, we need to take into account the influence of the environment. More concretely, this
means solving the Schrédinger equation on the whole system:

Now here it comes the problem: Hgp may be dramatically large, and we may not even know all
the details of the interaction enough to approximate the Hamiltonian. On the other hand, we
do not need to keep track of the evolution of the state psg of the whole system, in particular it
suffices for us to know enough of the state of the system pg, i.e. the partial trace

ps(t) = Trp (Usp(t) pse(0) Ulp(t))

However, again, computing this partial trace may be infeasible, for the reasons we already
mentioned. The ideal model is to have a TPCPM &£ dependent on time which approximates
what happens in the environment:

ps(t) = Es(t, ps(0))

In order for this approximation to be good enough, we will assume that the dynamics of the
environment is much faster than the interaction, which means that previous correlations between
the system and the environment become negligible. A concrete example is the cup of coffee:
when heat is transferred from the coffee to the surrounding air, there are particles of air that
receive energy. Since the particles of a gas move really fast, we can assume that the particles in
the coffee interact with “new pieces of air” every time, and that it is unlikely to interact with
the same particle twice.

4.3 Lindblad equation

In this section we present the Lindblad equation, which is an extension of the Schrédinger
equation to the setting of the open systems. We take the idea we presented in the previous
section:

p(t +dt) = E(5t, ps(t))
where, again, £(dt, ) is a TPCPM for every dt. We consider a tiny variation dp:
£(0t, ps(t)) ~ p(t) + op

where |dp| < |p|. Since this is a quantum channel, we can write down its Kraus decomposition:

EGt.p)=p+op= AppA]
k

and we choose the following Kraus operators:

Ao =1+ 6t(Lo — iK)
Ak:Lkm k>0

where K and Lj for every k are bounded operators.
Let us analyze the terms of the sum in the Kraus decomposition:

AppAl = (146t (Lo —iK)) p (1 + 6t (Lo + iK))
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= p+ 8tLop — i6tKp + 6tpLo + idtpK + O(6t%)
= p+ 6t{Lo, p} + idt[p, K] + O(6t?)
where {A, B} := AB + BA is the anti-commutator we first introduced in Section 3.13, which

has the same bilinearity properties of the commutator (check it!). The terms with & > 0, on the
other hand, become simply:

AppAl = LypL} 6t

If we put everything together we obtain:

p(t) +3p =" AppA]
k=0

= p+0t{Lo, p} +idt[p, K| + 6t > LypLf + O(6t?)
k=1

Hence, remembering that p 4+ dp = p(t + 6t) and letting dt — 0, we are left with:

p(t + 0t) = p(t) + ot ({Lo, p} +ilp, K] + i LkPLL>
k=1

d , b
D —{Lo.p} —ilK., o) + Y LupL}

dt =
and this last result we obtain is the Lindblad equation. While the anti-commutator and the Kraus
decomposition are new to us, the term in the middle closely resembles what we obtained in the
Schrodinger equation of Section 4.1, thus let us pick K = Hg/h, where Hg is the Hamiltonian
of our system. The Lindblad equation now becomes:

d 1 =
dt ih =

This clearly shows that this is an extension of the Schrédinger equation. Indeed, let us consider
an isolated system, i.e. the system S and the environment E do not interact:

Hsp=Hs®1lgp+ 1ls® Hp = Ugp(t) = Us(t) @ Ug(t)
implying that the evolution of our state is:
Us(t)ps(O)UL(2)

which means that this state satisfies the Schrodinger equation and, in turn, the Lindblad equation
with Ly = 0 for every k.

Now we would like to understand a bit more what these operators Ly look like, and in order
to infer this we will take advantage of some constraints that must hold. In particular, we check
that the trace is preserved:

d dp
Trp=1l= —Trp=Tr{— ) =0
P at P <dt>
where the last equality follows from linearity of trace. Now we replace the Lindblad equation
here, and apply all the properties of trace we know:

d 1 s
0= (%) = 5 TelHls, o) + Te{Lo,p} + 3 Tr (LupL)
k=1
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The trace of a commutator is always zero (why?), and the cyclic property of trace also ensures
us that

Tr(Lop + pLo) = Tr(Lop) + Tr(pLo) = 2 Tr(Lop)

The sum in the third term, on the other hand, yields

(@) o
S Tr (LkaL) =3 T (L,LLkp)
k=1 k=1

Putting all together we obtain that:

o0
0=2Tr(Lop) + Z Tr (LLLkp)
k=1

[oe)
0 =Tr(Lop) + % ST (LLLkp)
k=1

1 o0
0="Tr (Lop + 22 Z LLLkp>

0="Tr <<L0+ kzlLTLk> )

Since this must hold for any state p, we evince that the expression in the tuples must be the
null operator, i.e.

1 1 &
L0+§ZLLLk:0<:>LO 5ZLLLk
k=1 k=1
Hence we can replace Lg in the Lindblad equation:
dp 1 > t
= = 7 Hspl =5 Z LiLipy+ > LipL] (4.2)
k=1

and Ly for k > 0 are called Lindblad operators. Our goal now is to understand what these
Lj; mean and, more concretely, how to compute them for a given physical system we want to
analyze.

Example with qubits. We consider our system to be a qubit:

Hs = span{|0),|1)}

with degenerate Hamiltonian, i.e. Hg = 0 and the two states are at the same energy level. This
qubit is in a generic state p:
Coo  Col
0) =
ps(0) ( o en )

We would like p to converge to |0)(0| for any initial state (which means that the qubit is erased):

lim ps(t) = |0)(0]

t—00
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The elegance of Lindbladian analysis here is that we only need a single Lindblad operator to get
the desired effect:

Ly = A0)(1|

which means that |1) is always mapped to |0), and A influences how fast the evolution will be.
Since LILl = A2|1)(1] and Hg = 0, the Lindblad equation in this case becomes:

2
% _ 7% {I1)(1], p} + X*|0)(1]p[1) (0]

1 1
=32 (=51~ 5o+ (1lpi o) (0]
100 coo C 1 [ cpo ¢ 0 0 10
N o0 cor |\ 1 00 Col
_A<2<0 1><c10 c11> 2<c10 011><0 1)“”(0 0))
_ 2 0 0 2 0 601/2 2 ci1 0
o A <610/2 611/2 A 0 611/2 +)\ 0 0
We found that the evolved state satisfies the following linear system of differential equations:
d [ coo cor | _ 2 cin —co1/2
dt \ cio cinl —c10/2  —cn

(t),c11(t) have an equation of the form ¢y’ = —dy, thus they
_Ct). The only term surviving will be cgg:

We immediately see that cjo(t), co1
die exponentially fast (y(t) = y(0)e

d
7200 = /\QCll(t) = )\2611(0)67)\22&
t
2 [* A2t 2 e¥t]’ A2t
Coo(t) — 000(0) =\ ‘/0 611(0)67 dt =\ [—611(0))\2‘| = 011(0) — 611(0)67
0

Hence we found that coo(t) = coo(0) + c11(0) — ¢11(0)e™>t = 1 — ¢11(0)e~***, and this is because
coo + c11 = Tr p = 1. Putting all together, we found the expression for the evolution of p:

—c e*)‘% c ef,\%/z
p<t>—<1clo(g§i°lzt/2 e )%(3 8)—\o><or.
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Chapter 5
Physical implementation of
measurements

5.1 Indirect measurement and the modular momentum

In this section we discuss a general method to implement observables that are not directly
measurable, then we will see a concrete example with a deeper analysis of the Stern-Gerlach
experiment. Consider two Hilbert spaces:

H=HsRH,

and an observable M on H 4 that is not directly measurable, for example an internal degree of
freedom (like spin) of a particle:

MA = Zaklkﬂku
k

The second subsystem represents something easily measurable, such as the position of some
particle. The idea is to evolve the system using a suitable interaction Hamiltonian, in such a
way that, after the evolution, the subsystem we want to measure and the one we can measure
are entangled in a convenient way. At this point it will be sufficient to carry out a measurement
on the latter. For this purpose, we propose the following interaction Hamiltonian:

it
H=Mj® Py = U(t) = exp <—Zh(MA ® P$)>

Given an initial state

o) = (Z cxlk) ) ® [Yo)e = D cklk)a @ [¢o)e
P

its evolution can be computed by using the definition of exponential (as usual):

U(t)[tho) = exp <_h (M4 ® Py) )(ZCkVC ® |tho) )

:exp< Zﬁ(zjak\kxku@a)) (chlk @ [¢o) )
1(_25) <Zakk><k1A®P> (chlk ® [1o) )

(Zawmoa) o 2] (Samao )

> 1

— 2 (%)

= i % (_Z)" (Z ap|k)(kla ® Pﬁ) (Z crlk)a ® |¢0>z>
n=0 """ k k

=SS () @S P (lk)a @ o))
k k' n=0""
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-T% ii' (_g) (afcro k) (k1) 4 ® PLlido)e)
-T% i; (_;k) (cu S lk) © P2140)z)
-¥ ﬁ;; (~ ) (eulbha © Priuo).)
:%;%mm®<§;;<—zwﬂ>jhmn

- zk:ckm)A ® exp (—Z%%) |%0)e

This tells us that this Hamiltonian perfectly entangles the two subsystems in such a way that
the state of the second subsystem has a term a, upon measurement of state |k) on the first
subsystem. We let Ly = t - ai, and define a new operator called the modular momentum

operator: )
1

——L,P

exp( ot )

We use the modular momentum operator to analyze the evolution of the position state, express-
ing it in the momentum basis:

eIy = [ g (p)lp)dp
/Z (—LkP>nwo(p)p>dp
= / Z (—Lkp)n&o(p)lmdp since P"|p) = p"|p)

- /R do(p) e L [p)dp
Thus the momentum wave function of |¢p) = e %P |¢)g) is:
Y(p) = do(p) e Hr/
We just found that the modular momentum operator acts on the momentum wave function as:
exp <_;Lkp) t1o(p) = tho(p) e Twr/h
Now we can find the position wave function with an inverse Fourier transform:

e—iLkp/h eipx/hdp

= QJZ)Q(IE — Lk)

We found that the modular momentum operator exp(—iLP/h) shifts the position by Ly to the
right, as depicted in Figure 5.1, and generally acts on the position wave function as

exp <—;LkP> s o(x) — o(z — Lg).
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| | z
Zo z9+ Ly

Figure 5.1: The modular momentum operator shifts the position wave function by Lj towards
the positive direction of the axis.

t + t t
| 0 tay tas tag

Figure 5.2: The initial Gaussian wave function (blue) evolves to become a superposition of
Gaussians with different means (red).

If we go back to our evolution and replace L we obtain:
- it
U0 = X culkra @ exp (= FanPs ) [do)
k
=S k) ® /Rzpo(x — tay)|z)dx
k

We actually associated the state of the first subsystem with a position shift in the second
subsystem. In the case where [¢y) has a Gaussian wave function, we can also see that the wave
stayed intact, but its peak is shifted. Thus, if we wait for long enough (i.e. ¢ sufficiently large,
Figure 5.2) we can make the points {t - a } sufficiently distant from each other, making the
overlaps between waves negligible. At this point one can construct an observable on the position
by partitioning the z-axis in regions centered on the peaks {t - ay}r. Notice that the actual
Gaussians in the induced probability mixture are also scaled by the factors ¢;: peaks associated
with more probable |k) must also be observed with higher probability.

We want to stress the fact that the time ¢ we let the system evolve before measuring the
position must be chosen in relation to the variance of the initial position state. If the value of
t is too small, it will give rise to a problem of weak measurements (we obtain little information
about the first subsystem through a measurement of the position, as the peaks are too close:
see Figure 5.3). The same thing could happen if the initial variances of the position were too
large. There is still active research on this topic.

Another choice of coupling between the system to be measured and the pointer is given by
the Hamiltonian ”

H:MA®Xx:>U(t):exp< h(MA®Xx)>.

The final effect will be analogous to the previous Hamiltonian: it will shift the momentum wave
function and multiply the position wave function by an exponential. To see this, we can apply
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Figure 5.3: Examples of weak measurements due to small ¢ (left) and high initial uncertainty
in position (right).

the unitary to the initial state:
~ it
U1} = exp (5 (Ma ® Xs) ) (Z culk)a @ rwo>x>
k
it
= Z CMk)A X exp (—hasz) |¢0>x
k

This leads us to define the modular position operator,

exp <—;LkX> ,

where again L = ait. We can see how this operator acts on the initial state by expanding the
latter, this time in the position basis,

e XM yg) = [ e X (@) a)da
R

= [ o) B )
R
Thus the modular position acts on the position wave function as
exp (—iLpX/h) = o(x) — o(p) e Lre/h,

By applying the reverse Fourier transform we can see how it acts on the position wave function:

1

QWh/RQpO(x) efiLk:r/h efipa:/hdp
1

— [ (@) el
V 2T R
= to(p + Ly).

P(p) =

Overall, we have that our evolution results in the state transformation
- it
UOl0) = 3 exli)a @ exp (~ X ) ok
k

:zk:Ck|k>A®/R¢o(p+tak)\p>dp.
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Figure 5.4: A scheme for the Stern-Gerlach experiment, which allows to indirectly determine
the spin of an electron by looking at its position.

How do we know which interaction Hamiltonian to choose — the one that couples to mo-
mentum (and shifts position) or the one that couples to position (and shifts momentum)? This
depends on the experimental setup, how we are planning to observe our pointer system, and
also what physics is available for us to implement one or the other. In the following section we
will see an example through the Stern-Gerlach experiment. There we will end up choosing to
couple the internal spin of a particle to its position, leading to a selective shift in momentum.
This is because we can then let this particle evolve under a free Hamiltonian, so that a small
kick in momentum can result in a large difference in position after some time.

5.2 The Stern-Gerlach experiment

Here we present a more concrete example of the Stern-Gerlach setup. An electron moving on a
plane has one internal degree of freedom (its spin), which can be modeled as qubit:

Hs = span{|0), [1)}
and two orbital degrees of freedom, i.e. its position in the plane:
Ha. = span{|z),z € R}, H, =span{|y),y € R}
The total state space of the electron can thus be modeled as
H=Hs@H, @H,

We already saw what the Stern-Gerlach experiment is about: measuring the spin of the electron
indirectly by looking at its position. We identify three regions in the z-y plane as depicted in
Figure 5.4. In particular, red shaded areas provide some intuition about the uncertainty in the
position of the particle with respect to the z axis, whereas arrows indicate how the momentum
changes in the different regions of space:

e A region A, where the electron starts in a state |1o) with a two-dimensional Gaussian wave
such that the expected momentum (P) points towards the positive y-axis;

e A region B of depth § influenced by a magnetic field;
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e A region C with a screen where the electron will land, which is used for measurement.

In order to analyze the motion of the particle we decompose the Hamiltonian into a free
particle component H? and an interaction Hamiltonian H, which should take into account
the force due to the magnetic field in region B.

H = HO + H’int
HPY has no secrets for us:

P2 1
0 _ _ 2 2
_Z_ﬂ<15®Px®ly+ﬂg®lx®Py)

The form of the interaction Hamiltonian is a bit more interesting;:
int int B int b
" = B o1 = 12 o ([l dy

This way of expressing a tensor product of an observable and a projection operator, is powerful
but straightforward: the interaction Hamiltonian is nonzero only when we are in region B and,
in fact Hf ly) = 0 for every (z,y) ¢ B. The definition of H is something we will derive when
we discuss the motion in region B.

The initial state. Let us discuss the form of |¢)y): we consider a particle with spin and
position unentangled:

[Po0) = |9) ® [¢h0)
where |¢) is a qubit of the form:
|¢) = a|0) + B[1)

while the position of the particle in the plane is expressed as a two-dimensional Gaussian wave
packet:

i 1 ) TE (e
|w0>://ﬂ¥26ky.m.e 3 (r=p) =T =) ) g2y

You can check that the square of the absolute value of the wave function is exactly the probability
density function of a gaussian distribution with mean p = (x9,%0)” and covariance matrix 3.
Note also that the term of the form e’** is missing, and this is because we said that the expected
momentum points towards the positive y-axis (in particular, (P) = (0, hk)T).

For simplicity we also assume here that ¥ = 021, so that « and y are unentangled and with
the same initial variance:

2
(ax%), = (ar?), =, (ar2) = (a8), = 5

We can imagine to look at these Gaussian waves from above, representing higher measurement
probabilities with a darker color shade as in Figure 5.5. The computation for a general initial
Y requires minor changes, which are not relevant here.
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Figure 5.5: Gaussian waves in position (left) and momentum (right) basis of the initial state

represented from above.
;
! P,

Figure 5.6: Gaussian waves in position and momentum basis for the state after the evolution
in region A.

Y

y0+hkt‘
yo‘

X0 x

Motion in region A. Since spin and positions are unentangled here, we know that the evo-
lution operator here can be written as tensor product:

” .
U(t) =1g ®exp (—Zth> ® exp (—ZHy)

Thus the qubit remains unchanged:
(Zs) = (Zg)o = |af* — |8

Ehrenfest’s theorems give us the expression for the expectations of position and momentum:

{<X>t = (X)o = z0 N {<Px>t = (P)o=0
(Y)e = (Y)o + hkt = yo + hkt (Py)r = (Py)o = hk

And for Gaussian wave packets:

2 2
(AX2)t = 4;3#2# 1+ o2 = Ut2 A (AP&?)t = (APIQ)O = 572
(AY?), = 2 4 02 = o <AP7JQ)t - (Apy2>0 =2

= 1022
As before, we give some intuituion for what the waves packets look like in Figure 5.6.

[

Motion in region B. Here we would like to have a precise effect: the magnetic field should
push the electron to the left or to the right according to its spin. According to the evolution we
had in region A, the electron must be entering region B with a state of the form:

WNJO> = (O“0>S + 5‘1>S) ® W}O>:cy
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Figure 5.7: The wave function resulting from the evolution in region B.

where [1)9)zy has a Gaussian wave with (Py) = hk and (P,;) = 0. Ideally, the final state (i.e.
when the electron reaches the end of region B) should be of the form:

[9) = al0)s @ |[Y5)ay + BI1)s @ |4y

where the states |1/7), [¢®) enclose Gaussian waves with (P,) = ik and (P,) respectively —ha
and +ha for some a > 0. We anticipate that we will take a sufficiently small 6 ~ 0 such that
the region B has negligible thickness, and we can immediately return to the assumption of free
motion. Thus, now we need to find a suitable choice of Hi"* which gives the desired result. We
will try the two coupling Hamiltonians from Section 5.1. First we try the one that couples the
observable to momentum:

H' = Mg @ Py,

where M is the observable on the qubit we cannot directly measure. We let M = vZ: the «v
factor will be useful to separate the waves in superposition and overcome the problem of weak
measurements discussed at the end of Section 5.1 more easily. Measuring with vZ instead of Z,
however, makes no difference to us. Another problem is that H"* unlike in the discussion of
Section 5.1, is not the only Hamiltonian we have here, as we also have the free particle Hamilto-
nian H°. Sweeping this problem under the rug for now (think of an approximate Hamiltonian

here), we compute the evolution due to the interaction:

U(0)10) = exp (~ 5 1) o)

it ~
= exp (—ﬁ'yZ ® Px) [1o)

= alo) @ exp (=592 ) [do) + 811) @ exp (+ 5P ) v

—alo) & ( [ ol — t)labdz) + 811y ( [ vole + le)de)

We obtain the decomposition of the original wave function into two wave functions, where the
area under each curve is roughly |a|? for the left one and |3|? for the right (Figure 5.7).

But at the start we said we would shift the momentum, not the position, and this would also
avoid having to deal with the free particle Hamiltonian in region B (this, again, because § ~ 0);
finally this would create a sufficiently large gap in position with the free motion in region C.
If we want to implement this shift in momentum we can replace the momentum operator with
the position operator. We then obtain the modular position operator and with the exact same
computation we get:

7 it int
UO[do) = exp (- HE')
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= exp (-ZVZ ® X) |9bo)

— alo) & exp (=) [do) + AL @ exp (439X ) o)
=al0)® (/¢op+t7)lp>dp>+ﬁ|1 (/wo —tv)\p>dp)

We presented the modular momentum first because a shift in position is more intuitive and
straightforward to visualize; it will also be useful later.

Motion in region C'. Since we are back to the free particle assumption we have the same
evolution as in region A:

it P2 it P?
Ut)=1gQexp | ——-2 | ®exp | ——%
(®) < h2u ) ( h2u

But this time, (P,) is £/ (the sign depends on the component of the superposition), and the
particle will deviate either to the left or to the right.

State tomography. What if we wanted to estimate e and 57 Assuming we are able to prepare
several identical initial states, we can simply repeat the experiment and do an estimation of
|a? by looking at the fraction of qubits that are measured as |0), (|3]? will follow by the
normalization constraint). We know, however, that a qubit has another degree of freedom, i.e.
its relative phase. We can find a second constraint, linearly independent from the first, by
doing the same estimation with respect to another basis: for example we replace the Z in the
interaction Hamiltonian for region B with the Pauli matrix X. This procedure however requires
us to have many copies of the same state [¢)) we want to estimate (remember that we cannot
clone a qubit).
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Chapter A
Recap on Analysis

Here we briefly list all the elements of analysis needed to understand the lectures.

A.1 Exponential function

The exponential function f(x) = e” is defined as:
v 2\ g
‘ _nh—>n<>10(1+n> _z%n!
n=

Using these expressions, the definition of exponential can be extended to arbitrary objects with
an algebraic structure providing an addition operator 4+ and a multiplication operator -.

A.2 Dirac delta function

We define 6. (z) as the following function (also called nascent delta):

{1 O<z<e

de(z) =14 ¢

0 otherwise

de ()

m |

The Dirac delta function §(z) can be defined as:

d(x) = lim ()

e—0

This function has important properties that are used extensively in calculus applied to quantum
physics. Here we show some of them.

Theorem A.1l. [ §(z)dr = 1.

Proof.

€

1
/ 0(x)dx = | lim 0. (x)dx = lim/ de(z)dr =1lim [ —dr=1liml=1
R Re—0 e—0 JRr e—0Jp € e—0

Theorem A.2. If f is continuous at x =0, then [ f(x)d(z)dz = f(0).
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Proof.

/ f(z)é(x)dx = lim ) 1f(x)dx
R 0 ¢

e—0

€1
= lim / Z f(0)dz by continuity of f
0

e—0

— £(0) lim é dz = £(0)

e—0Jo

This result can be generalized to a generic center:

/ F(2)5(x — xo)dz = f(xo)
R

for any function f continuous in x = xy.
We conclude this section by mentioning the analogous of the Dirac delta for the discrete
case: the Kronecker Delta, which is defined as follows

1 i=j
5@']‘ = .
0 otherwise

A.3 Complex numbers
The set of complex numbers C can be defined as:
C={a+ib|a,beR}

where i := y/—1 is the imaginary unit. Any complex number z € C can be expressed as above,
where Rz := a, Iz := b are respectively the real and imaginary parts of z.

Theorem A.3 (Euler’s identity). ¢ = cos(f) + isin(6).

Proof. We can rewrite the Taylor series of the exponential:

= nl
[e'e) -\ 2n oo 2n+1
(i6) (i6) o,
= Z + Z = splitting the sum
= (2n)! = (2n+ 1)
e N 2n 0 Il n+1
2 2 e
=3 (-1)" +iy (-1)"—— since 1° = —1
= 2n)! = (2n +1)!
= cos(0) + isin(0) Taylor series of sin and cos

Using this identity we can always express z € C in complex exponential form:

2 = pel?
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where p € R{ is called absolute value (also written as |z|) and 6 € [0,27] is the phase. One can
pass from one representation to another in the following way:

a -+ ib \/mei arctan(b/a)
pe'? — pcos(0) + ipsin(6)

Definition A.4 (Complex conjugate). Let z = a+ib € C. We define the operator z* = a — ib
as the complex conjugate of z.

Some extremely important observations about complex conjugates:
o (21 4+ 29)" =27 + z3;
o (z129)* = 2{23;
o 2%z = |z|?, since (a +ib)(a — ib) = a® — (ib)? = a® + b? = |2|?%;
e If a =0 (i.e. zis purely imaginary), then z* = —z;
1

o If p=1 (i.e. z is unitary), then z* = .

The first two properties imply linearity of conjugation, while from the last two properties we
also evince that —i = i* = %, which we will use extensively.

A.4 Fourier transform

Let f : R — R be an integrable function. The Fourier transform f is a function F' defined as:
1 .
F(t)=F :—/ z) e dx
(1) =Flf) = o= [ 1@
The inverse of the Fourier transform is another Fourier transform:
1 .
x)=F :—/Ft e U dt
f@)=Flfl = > L E(®)

When we need to use the Fourier transform in quantum physics as relation between position
p and momentum z, we add the Planck constant & for historical reasons, but also because A
removes the units of measurements of the term pz in the exponential:

_ 1 ipz/
F(p)—\/ﬁ/ﬂ%f(x)e " de

_ 1 e~/
f(x)_\/ﬂ/]RF(p) hdp

Here we briefly list some properties of the Fourier transform. We will directly refer to the
position-momentum transform, but analogous results hold for a general Fourier transform:

Theorem A.5 (Linearity of the transform). Flaf + bg] = aF[f] + bF[g] for a,b € C.
Proof. Directly follows from linearity of integral. O

Theorem A.6 (Transform of derivative). F[f'] = %p]-"[f]
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Proof.

Flf1=

1 .
Wi RAC KA
1 ipa:/h 1 ip ipa/h . ]
- V2rh [f(ac) € R - \/ﬁ/ng(x) T e dr  integration by parts

sz/h dr

h\/ﬁ/f
:gf[f]

The first term of the integration by parts tends to 0 at 00, for the assumption that the integral
f(z) eP*/" converges (i.e. the Fourier transform of f(z) is finite).

O
Theorem A.7 (Transform of the shift). F[f(z — x0)] = eP*0 F[f]
Proof.
Flf(z — x0)] /fa:—xo e/ g
[ F
f(z) e® (@+z0)/h gy substitution z < = + xg
ﬁ/
_ ezpazo/h / . eipac/ﬁ dr
V2mh Rf(
_ eipxo/h]_—[f]
O
Theorem A.8 (Transform of the Dirac delta). F[d] = 217rh'
Proof. We use Theorem A.2:
1 . 1 . 1
Flé] = /5:0 Pt/ gy — g0/ —
9] 2mh JR (@) V2rh 21h
O
Corollary A.9. The Dirac delta function can be defined as:
§(z) = 1/ e~ e/hgp
27h Jr
Proof. By Theorem A.8, §(x) is the anti-transform of \/7 hence:
1 1 ,
o(x) = e~ Pr/hg
(@) V2rh JR V21h b
1 .
_ = —ipz/h
27h /]R € dp
O
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A.5 Solving differential equations

Definition A.10 (Differential equation). A (ordinary) differential equation is an equation of
the form:

fn(tvyvy/7 cee )y(n)) =0

where y(t) is an unknown function of t, and y %) denotes the k-th derivative of y. In this case,
n 1s said to be the order of the equation.

Definition A.11. An ordinary differential equation is said to be linear if:
Fatoy s y™) = g() + g0y + ()Y + -+ ga (O™ = g(t) + > g (t)y™

Moreover, if g(t) =0, the equation is said to be homogeneous.

Theorem A.12. The solution space to a linear homogeneous ordinary differential equation
yields a vector space.

Proof. If y1,yo are solutions, then also ay; + Sy2 is a solution since:

> ge(®)( )(ays + Bya)* —Oézgk k)+ﬁzgk(t)y( ) =
k=0 k=0

O]

Theorem A.13. An homogeneous, first order linear differential equation yields the following
solution space:

Y = ky = y(t) = y(to)e* 1)
for a fixed ty € R.

Proof. We integrate the equation once:

/

Yy =ky & y— =k
& / vy k: dt
Yy
y(t) dy . . /
& / —~ =k dt substitution y = y(t),dy = y'dt
y(to) Y to
Iny(t) — Iny(to) = k(t —to)

< Iny(t) =Iny(ty) + k(t — to)
& (D) = )k

Definition A.14. A linear system of differential equations is of the form:
Yy =Ay+b

where y,y' € C", A € C"*™ and b € C". n is said to be the order of the system. If b = 0 the
system s said to be homogeneous.
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Theorem A.15. An homogeneous linear system of differential equations of the form.:
/
y =Ay
yields the following solution space:
y(t) = ey (to)

Moreover, if v1,...,v, are eigenvectors of A associated to the eigenvalues A1,..., A\, then the
solution can be rewritten as:

y(t) = Z eAk(tftO)vkvly(to)
k=1

For a recap on eigenvalues and eigenvectors, see Chapter B.
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Chapter B
Recap on Linear Algebra

Here we list the main notions of linear algebra. Keep in mind that we talk about complex field.
Some definitions and results are not identical from the linear algebra over real field you may be
more familiar with, but they are natural extensions.

B.1 Properties of the trace
Theorem B.1 (Linearity of trace). Tr(aA + B) = aTr(A) + g Tr(B).
Theorem B.2 (Cyclic property of the trace). Let A € C™*" B € C"*™. The following holds:
Tr(AB) = Tr(BA)
Proof.
Tr(AB) = ) [ABi; = Zzajibij = Zzaijbﬂ = [BA]j; = Te(BA)
i i

7 J
O
Theorem B.3. The trace of a matriz Tr(A) is independent of the basis chosen to represent A.

Proof. In other words, Tr(UAU 1) = Tr(A) for any full-rank matrix U, but we get this for free
from the cyclic property:

Tr(UAU ) = Tr(AU'U) = Tr(A)

B.2 Inner product spaces

Definition B.4. Let X' be a vector space over complex field, and let (-,-) : X x X — R be a
function. A tuple (X,(-,-)) is said to form a inner product space or pre-Hilbert space if
the following holds for (-,-):

e Linearity: (a+b,c) = (a,c)+ (b,c) and (aa,c) = ala,c) for a,b,c € X,a € C;
e Hermitian symmetry: (a,b) = (b,a)* where -* denotes the complex conjugate;
e Positive definiteness: (a,a) >0 for a # 0.

A inner product space can be defined also for reals and, in that case, we obtain the definition
of Euclidean space.

Definition B.5. Let X' be a vector space and d : X x X — R{. The tuple (X,d) is said to
form a metric space if the following hold for d:

e Identity of discernibles: d(z,y) =0 <=z =y;

o Symmetry: d(z,y) = d(y,z);
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e Triangular inequality: d(x,z) < d(x,y) + d(y, 2).

A inner product space (X, (-, -)) naturally induces a metric space (X, d) where:

The standard (dot) product between complex vectors in C" is redefined as:

(v,y) =2ty =afys + - + 2hyn

And two vectors z,y € C™ are said to be orthogonal if and only if zty = 0.

Theorem B.6 (Cauchy-Schwarz). For any two vectors x,y of an inner product space (X, (-,-))
we have (z,x){y,y) > |(z,y)|%.

Proof. 1f (y,y) = 0, the claim is trivial. Therefore, assume (y,y) # 0. Define the following
vector:

(z,y)
()’

One can notice that, by linearity of the inner product:

Z=T —

_ . {zy) N Y ) _
(z,y) = (2 <y’y>y,y>—<,y> <y7y><y7y)—

i.e. z and y are orthogonal, and x can be represented as:

(z,y)

T

Y+ z

since this is a sum of orthogonal vectors, we can use the Pythagorean theorem:

<x,y> 2 2 2 ’<xay>|2
rxu?:\ Il + 1212
(y,y) lyl]?
implying, ||z/[2/[y|[? > |(z, 5)|?, as claimed. O

B.3 Unitary matrices

Definition B.7. The transpose conjugate At of a matriz A is defined as:
Al = (AT = (AT)

The complex conjugate applies to every entry of a matriz or vector and is interchangeable with
any linear operator, by linearity of conjugation.

Definition B.8. A square matriz U € C™*" is said to be unitary if U~! = UT.

A real unitary matrix yields exactly the definition of orthogonal matrix. The following
properties hold for a unitary matrix U:

e U has orthogonal columns;
o |det(U)| =1,

e All the eigenvalues of U are unitary, i.e. |A| = 1 for every eigenvalue A of U (see next
section for the definition of eigenvalues).
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B.4 Eigenvalues and eigenvectors

Definition B.9 (Eigenvalues). Let A € C"*". An eigenvalue X of A is such that, there exists
v € C" such that:
Av = dv

v 1s said to be an eigenvector of A for \.

Computing the eigendecomposition of a matrix. Here we show how to compute the
eigendecomposition of a matrix A € C"*" namely find all the vectors v € C" such that:

Av =)
along with the corresponding eigenvalues \. First of all, we rewrite the above constraint as:
Av = M <= (A— M) =0

This is a linear system of equations, and we would like to find all the values of A such that the
system is non-trivial, i.e. the solution is not only the zero vector. This means that we would
like to find A such that the rank of the matrix A — Al is not maximum, and we can use the
determinant for this:

tk(A— A1) <n<=det(A—A1)=0

The determinant on the right is called characteristic polynomial of A. Since this is a polynomial,
by the fundamental theorem of algebra we know that it has exactly n roots, which will be A’s
eigenvalues (the number of times a root is counted in the characteristic polynomial is called
algebraic multiplicity of the eigenvalue).

Now that we found the eigenvalues, in order to find an eigenvector associated to an eigenvalue
A, it is sufficient to find a non-trivial solution to the linear system:

(A= N1)v=0

The solution space, which is ker(A — \;1), is a linear space called eigenspace of A associated to
Ai. The dimension of this subspace is called geometric multiplicity of ;.

If the geometric multiplicity and the algebraic multiplicity of each eigenvalue of A coincide,
then the direct sum of the eigenspaces of A span the whole space C”, i.e. the eigenvectors of A
form a basis of C" called the eigenbasis of A.

Observation B.10. For A € C"*" ker(A) is exactly the eigenspace of A for the eigenvalue 0.

Theorem B.11. Let A € C"*"™. Any set vy, ..., v of non-null eigenvectors for pairwise distinct
etgenvalues A1, ..., A\ are linearly independent.

Proof. Consider the first two vectors vy, vs, and a linear combination v = ajv; 4+ agve = 0.
Consider Av:

Av = A(awl + CLQUQ)

= a1 A1v1 + ag vy =0
Since asve = —aqv1, the equation above becomes:
al()\l — /\2)1)1 =0

This implies a; = 0 since A\; # Ag, and thus also as = 0 as vy # 0. Suppose by induction
v1,...,V—1 are linearly independent. We can apply the same reasoning by plugging agvy =
- Z?:_f Qa; ;. 0
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B.5 Hermiticity and the spectral theorem

Definition B.12. A matriz A is said to be Hermitian if A = A'. Notice that a real Hermitian
matriz is also symmetric.

Theorem B.13. Any hermitian matriz A has real eigenvalues.

Proof. Consider an eigenvalue A with an eigenvector v and its complex conjugate \*.

Mo = ol (Av)
— oAty by Hermiticity
= (Av)Tv
= (W)

= Mot
Hence \ = \*. O

Theorem B.14 (Spectral theorem). If a matriz A is Hermitian, there exists an orthogonal
basis of eigenvectors of A, i.e. it is unitarily diagonalizable.

Proof. We prove this by induction on the size n. If n = 1, the claim is trivial as any unitary
vector is an orthonormal eigenbasis of A. If n > 1, then by the fundamental theorem of algebra
we must have n roots of det(A — A\1). Take one, and call it A\;, along with an eigenvector v;.
Let vo,...,v, be an orthonormal basis for the subspace orthogonal to the one spanned by v.
A can be rewritten as:

VIAV = {v] Av;}is ( )61 AO, )

where V is a unitary matrix formed by vy, ...,v,, and A’ is a n —1 X n—1 matrix. By induction
A’ is unitarily diagonalizable by a matrix U with columns us, ..., u,. Thus given the following:
;. 1 0 N PN 0
V_V<O U = (V)TAV' = 0 UTAU
which is diagonal. O

Definition B.15 (Spectral decomposition). If Uy is the matriz with columns formed by the
etgenvectors associated with the eigenvalue X\, then Py = U,\U)T\ is the orthogonal projection
matriz onto the eigenspace of A. Any Hermitian matrix A with distinct eigenvalues Ay, ..., \g
can be decomposed as follows:

A= NPy + o APy,

Definition B.16 (Eigendecomposition). A diagonalizable matriz can be written as:
A=UAU"!

where U is a unitary matriz containing all the eigenvectors of A as columns, and A is a diagonal
matriz containing, in order, the eigenvalues.

Observation B.17. For any matriz A, ATA and AAT are Hermitian.

Theorem B.18. If A\1,..., A\, are the eigenvalues of A, Ait,..., Ayt are the eigenvalues of At.
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Proof. If A = UAU! is an eigendecomposition of A then

At =UAU 't =U(A)U ™!
where At = diag(Ait, ..., Ant). O
Theorem B.19. If A = UAU! is an eigendecomposition of A, then A¥ = UAFUL,

Proof. We prove this by induction on k. If k = 1 the claim is trivial. If £ > 1 we have:

AF = (UAUYHE = UAU 1 AR

= UAUT'UA U by induction
= UAU! since U'U =1
O
Theorem B.20. Let A be an n X n matriz with eigenvectors v1, . .., v, associated with eigenval-
ues M, ..., \n. The exponential e? has eigenvectors v, ..., v, associated with the eigenvalues
A An
er ..., etm,

Proof. Let A =UAU"" be an eigendecomposition of A. By definition of exponential:
> 1
A _ Ak
et = Z k:!A

k=0

> 1

= Z —UANU by Theorem B.19

= k!

_ o~ Lk -1
=U (Z A ) U
k=0
=UrU?
We conclude the proof by showing that e* = diag(e*+*), but this immediately follows from
the fact that A* = diag(A\¥,..., \F). O
B.6 Positive semi-definiteness

Definition B.21 (Positive semi-definiteness). An Hermitian matriz A € C"*" is positive semi-
definite (A = 0) if and only if, for any v € C":

ol Av >0

Theorem B.22. An Hermitian matriz A is positive semi-definite if and only if every eigenvalue
of A is non-negative.

Proof. Consider the spectral decomposition of A:
vi Av = )\1@1”1 4+t )\nv;rlvn
where v; is the orthogonal projection onto the eigenspace of \;. Notice that:

« The inner product is necessarily real and positive as z*z = |z|2.
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o Every eigenvalue is real since A is Hermitian.
O

Theorem B.23. If A, B are two Hermitian positive (semi-)definite matrices, A+ B is Hermi-
tian and positive (semi-)definite.

Proof.
vI(A+ B)v=vlAv+v"Bv >0
O
Theorem B.24. For any matriz A, AYA is positive semi-definite.
Proof. Let z = Av:
vTAT Ay = (Av)TAv =2z >0
O
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Chapter C
Recap on Probability Theory

In quantum theory we extensively use these concepts, although the notation may slightly differ.

C.1 Probability space and random variables

Definition C.1 (Probability space). A probability space is a tuple (Q, F,P) where:
o () is a non-empty set of elementary events;
e F C 2% is the o-algebra of events;

e P:Q —0,1] assigns a probability to each elementary event such that

ZP(w)zl

weN

The following must hold:

e The o-algebra F must contain both ) and Q, and it must be closed under any countably
infinite intersection of events {A;}ien:

Vidie F=(AieF

o The definition of P is extended to F as follows:

P(A) = Z P(w) VAe F
weA
e P(A)=0if and only if A=0;
Definition C.2 (Conditional probability). Let A, B € F be two events in a probability space
(Q,F,P) such that P(B) # 0. The conditional probability is defined as:
P(ANB)
P(A|B)=—F-—

Theorem C.3 (Law of total probability). Let Ay, ..., A, € F be a partition of ) in a probability
space (2, F,P). Then, for any event B € F the following holds:

P(B) =Y P(B| 4) P(A)
=1

Proof.
P(B) =P (O(BmA») S P(BNA) =Y P(B|A)P(4)
: i=1 i=1
]

Definition C.4 (Random variable). A random wvariable in a probability space (2, F,P) is a
function X : Q — R.
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C.2 Expectation

Definition C.5. Let X be a random variable defined under a probability space (Q, F,P). The
expectation of X is defined as follows:

E[X]=) Pw)X(w)

weN
or, equivalently (by regrouping events):
E[X]=) zP(X =ux)
X
The sum can become an integral sum in case X is absolutely continuous (in this case P(X = x)
is of the form f(x)dx, where f(x) is called probability density function).

Theorem C.6. Let X,Y be random variables defined under a probability space (0, F,P). The
following holds:

1. E[aX +bY] =aE [X] + bE[Y] (linearity of expectation);
2. inf, X <E[X] < sup, X;
Proof. We prove the two statements separately:

1. Directly follows from linearity of the sum.
2.

inf X = > P(w)ing <)Y PwXw) <) Pw)supX =supX
weQ weQ weN w w

C.3 \Variance

Definition C.7. Let X be a random variable defined under a probability space (2, F,P). The
variance of X can be defined as:

Var[X] = E [(X - E[X])?]
Theorem C.8. Var[X] =E[X?] - E[X]*.
Proof.
E|(X -E[X))’| =E |X? + E[X]’ + 2XE [X]|
=E |[X?| +E [E[X]"] - 2E [x]’ linearity of expectation
=E[X?] +E[X]’ - 2E[X]?

=E |X?| -E[X]? by Theorem C.6

Theorem C.9. Var[X| = Var[X + ¢| for any c € R.

Proof. The claim follows immediately by seeing that (X +¢) —E[X +¢/=X+c—E[X]—c=
X —E[X]. 0
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C.4 Gaussian distribution

An absolutely continuous random variable X defined under a probability space (2, F, P) is said
to follow a Gaussian distribution (i.e. X ~ N (u,0?)) if:

P(X =ux) LSy
=) = e 20 X
V2mro?
Theorem C.10. E [X] = pu.
Proof.
E[X]= [ L8y
= €T e 20 X
R V27102
1
= / (V20z + 1) e’ \20d replacing z + 20z +
R 2702
1 2 1 2
= | V20z—e " dx + / —e Ydx
/]R NG "l VE
1 o
= —e Ydx since ze " is odd
w7
=u since / e dy = VT
R

Theorem C.11. Var[X] = o2.

Proof. To simplify the proof, we compute the variance of X — p ~ N(0,0%) (we know the
variance does not change under translations by Theorem C.9).

Var [X] = Var [X —

1 / 2 —22/252 2
= Te der —E[(X —
55 Ja (X — p)]
1 / 2 —x2/202
= ze dx by Theorem C.10
V2mro? JR Y
2 2
= % 22e " dy substitution z « v20x
™ JR
= g2 since / z2e % dy = ﬁ
R 2
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