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Part 1

Introduction






CHAPTER 1

Physics and Information

1.1. Quantum information

We wish to introduce information theory using quantum objects. The following
table compares the classical and quantum manifestations of the main points of
importance in information theory:

| | Classical | Quantum
basic information unit bit: {0,1} qubit: «]0) + B]1) (superposition principle)
dynamics deterministic (causal) deterministic (unitary evolution0
measurements does not influence system | effects the system (uncertainty principle + collapse)

We shall see that the superposition principle and the different effects of mea-
surements, will cause the quantum theory of information to display very different
traits then the classical one.

1.1.1. the qubit. In the classical case, the basic unit of information we used
was the bit, which could accept either the value “0” or the value “1”. In the
quantum case, the basic unit we use, is a two state system.! We shall generally
denote the two states as |0) and |1),> however the general state of such a system is

[¥) = al0) +B11)  (lo* + |8 = 1, (W[y) =1).
Since o and (8 are complex numbers, they are each described by two parameters
(real and imaginary parts), which gives us four parameters which describe the state
. However, we have the two requirements |a|? + |32 = 1 and (¢|¢)) = 1, which
reduce us to just two continuous parameters. One method of writing |¢) with two
parameters is

0 . 0 ..
[Y)) = cos 5671% 10) + sin 56% ).

Since we have two continuous parameters, one might think that we can use
a single qubit to store an infinite amount of information (unlike the classical bit
which can store only 0 or 1). This is indeed true, we can store in a qubit, an infinite
amount of information, however Holevo (1961) has shown that we can extract from
a qubit (with 100% certainty) a maximum of only one bit of information. Thus, for
all practical reasons we can store in a qubit only a single bit of information.

1.1.2. no-cloning theorem. As we noted above, one cannot extract more
then one bit of information from a qubit. In spite of this let us now try. Assume
two qubits: the first we shall denote as | ,)g

0 _¢ .0 e
| /Y =cos=e "2|0) +sin —et'2|1)
2 2
IThe simplest, non-trivial Hilbert space, is a two dimensional one.
2The two state system can be any kind of system with two orthonormal states. For example,
it can be a spin % system with the two states |T) and ||), or a system with two energy states |Eg)
and |E7).
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and the second will simply be the spin up qubit
IT) =10).

The overlap of these is
;2 0
(1| /e =e"2 cos 2

so that the probability of measuring spin up for a state | /") is cos? g. If we could
now make many such measurements, then according to the statistics of our mea-
surement we could deduce 6 up to any accuracy. Thus, apparently we can encode
in a qubit a continuous parameter and then extract it (to any desired precision).

The problem with the previous scheme, is that in order to perform a multiple
number of measurements, we must first replicate, or clone, our initial state | )¢
while we do not know what it is. Only the can we do the measurements and
determine 8. The problem is that in quantum mechanics we cannot clone (unknown
states). This is called the no-cloning theorem.

PrOOF. The proof of the no-cloning theorem rests on the fact that the evolution
of a quantum state must be described by a unitary operator.® In order to clone our
particle N times we must start with N particles in a known state, which we shall
denote as |0). Thus, our initial state before cloning starts, is

[Wi) = [0)]0) - - 0)[¢)).
At the end of the process we want to have a state

|Wg) =U[0)[0) - - - [0)]eh) = [¥)[e) - - - [h).
Now, assume that we have found such an operator U, which we use on two states

M) and [$?):
w5 = U1w) = U10)]0) -0} V) = [ D) - [ 0),
192y = U12P) = U)0)[0) - [0) [ ®) = [p®) @) - [9?).
Since the operator U it is unitary (UT = U~!) then necessarily
(W) = (@ utue?) = (v e,
However, by definition

(i) = (@D10] - (0)(0) -+ 0)[¢®)) = (0l ™ (V[P = (@),

while
WO = (O] @O IO (D) - @) @) = (@D @)V,

Thus, if there exists a unitary cloning operator U the we must have (since (\Ifgcl) |\Il(f2)>

<\Il§1)|\111(-2)>) that for any two states
(@O = ().

This is certainly not true for any two states, and therefore there cannot exist a

cloning operator. ]
S3Recall that the Hamiltonian in quantum mechanics must be Hermitian (Ht = H). The
(time) evolution operator is then U(t) = et

() = e~ 7Tt (i = 0)) = U(8)]3(t = 0)),

which is necessarily unitarian (UT = U~1). Note, that this is all true, assuming that the Hamil-
tonian is time independent (not explicitly dependent on time).
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Please note, however, that if we choose an orthonormal basis, we can create
a unitary operator which clones the elements of the basis, but not their linear
combinations.*

1.1.3. One Qubit. Although we can extract from a qubit only one bit of
information, the qubit is not equivalent to a classical bit. For example, assume
that we are given the integral

/1 f(@®)dt = na,
0

where we know f(t) and «, and we know that n is an integer. Now, in order to find
classically whether n is even or odd, we require an infinite number of bits, since ¢
is continuous, and we need an infinite number of bits to describe a continuum (to
calculate the integral numerically). However, if we use qubits, it suffices to use just
a single qubit to find whether n is even or not.

To solve the problem quantum mechanically we take a spin “up” in the x
direction |1),, and construct a Hamiltonian

H(t) = Mf(£)S, = /\f(t)%hoz,

where o, is one of the Pauli matrices

(1 0
O—Z* 0 _1 ?

and®
o:|Te = [1)a-
The evolution of the spin |1), is then given by®
UB)|Ne = e JioHdlogy = o= "pnaos )
A A
= (cos _721(34 — {0, sin —Za)|T>x

A A
= cos %Hﬂ —isin %Hﬂ-
Now if we choose \ so that

Ao =,

4Such an operator for two particles could be
U= [)iGEol+ D 10666+ > 10y,
’ i#io ‘
which gives
Ul0)l5) = [9)4)

and

vt = ZIJ’)IZ’WI(J’I =1

5Recall that in the z basis 1

|T)x: (|T)x+|l)z)7

Sl

2
1

S

6 2m—+1

since 02 = 1, then ¢2™ =1 and o} = 0. Therefore the Taylor series for ¢?7z can be
written as

) 1 1 1
9= = Z m(i@az)” =0, Z m(zﬁ)” + Z 5(29)" =40, sind + cos 6.

n n odd n even
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then we have . .
U@l = cos |1} — isin ZE L),

and thus, if n is odd, we get |]), (up to a multiplicative factor), and if n is even,
we get 1), (again, up to a multiplicative factor). Therefore, by measuring the spin
in the x direction at the end, we can determine whether n is even or odd.

We have thus been able, with just one qubit, to find something that we couldn’t
do classically at all. Note however, that the information we got was just a single
bit (“even” or “odd”).

1.1.4. simulating a quantum computer with a classical one. As we saw
above, we can use qubits to get results which are much harder or even impossible
to reach using just simple classical bits. However, when we consider a computer, it
is simply some black box which accepts some vectors as input, operates on them,
and returns a new vector as an output. All the operations which we do quantum
mechanically we can also simulate classically (manipulate vectors, take their pro-
jections, ...). The question that should be asked is how much resources does this
require?

Assume N qubits. The state describing them is

2N
) = H(ai|0>i + Bil1):) = ch|90>j,
[ j=1

where |p); are N-particle states, which give all 2V possible combinations of N
particles being in either state |0) or state |1). For example for the case of N = 3
we have

3

[T(eilo): + Bil1):)
i=1
¢1]0)[0}|0) + c2[0)|0)[1) + €3]0)[1)]0) + c4[0)[1)[1)

+¢5[1)[0)[0) + c6[1)[0)[1) + ¢7|1)[1)]0) + cs[1)[1)1).
The number of parameters describing such a state is 2 - 2V — 2: We have 2V
coefficients ¢;, each one of those is actually two number since these are complex
numbers, however if we require that ¢ be normalized (one constraint) and don’t
mind if it is multiplied by a phase ¢’ then two parameters may be dropped giving
us 2 -2V — 2. Which means that the number of parameters grows exponentially.”

|¢)

1.1.5. examples.

1.1.5.1. Deutsch’s problem. Assume a black box which accepts as input a single
bit and outputs as a result a single bit. We shall denote the effect of the box as f(x)
[if the input bit is z then we get as output f(x)]. There are of course 4 different
possible functions f(z) which may describe the black box, since each of the two
possible inputs has two possible outcomes. We would like to know whether f(x)
is a constant function, i.e. f(0) = f(1), or whether it is balanced function, i.e.
f0) # f(1).°

Classically, to determine the type of function, we must make two runs of the
system. First we enter a “0” input and see the result, and then we enter “1” as
input and see what the outcome is. Such a test would tell exactly what f(x) and
will therefore also tell us if f(x) is constant or balanced. However, as we shall see,

If we assume that we need at least one bit for every such parameter, this means that for an
N qubit system we need at least 2 - 2% — 2 bits for the classical simulation. Such a fast increase
make simulation impossible very quickly.

8Note that we don’t care what f(z) is exactly. If £(0) = f(1) =0 or f(0) = f(1) = 1, doesn’t
matter to us. In both cases the function is constant.
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using quantum mechanics and the superposition principle we can find in just one
run, what type of function f(z) is.

Now, in order to use quantum mechanics, the effects of our black box must be
describable by a unitary operator. If f(x) is “balanced” there is no problem in that,
however if f(x) is constant, then we have a problem; A unitary operator cannot
transform two orthogonal states to the same state (a unitary transformation, takes
a basis to a new basis, and a constant f(z) lowers the dimension of the basis). We
therefore need a slightly different box.

The operator Up we shall use, instead, will both accept and output two qubits
of information as follows

lz)1 Up |z)1

e [y ® fx)2

where & means addition and then taking the modulo 2 of the result:
[1&0)= 1),

[1® 1) =|0®0) =]0).
Before using this new operator let us first check that it is indeed unitary. Clearly
by the definition
Upla)ily = 0)2 # Upla)ily = 1)2
and
Uple = 0)1ly)2 # Uplz =1aly')s (y=y" ory#y),

where in the second relation y and y’ maybe the same or different. Now, since
(0|]1) = 0, we must have that the new set of states after the transformation Up are
mutually orthogonal, which means they must be a basis. Thus, the transformation
Up took us from one orthogonal basis to another, which means that it must be
unitarian.®

To find whether our new, quantum, black box is a constant function or a
balanced one, we can of course run it twice and see (once putting x = 0 and once
x = 1). However, we can also use the superposition principle to determine this with
just one run. Let us first try as input |z = 0); and %ﬂy =0)2 — |y = 1)2), by
applying Up we have
1 1
—10)1(|0)2 — |1 = —
\/§| >1(| >2 | >2) \/§

where the last equality is due to the fact that
0 £(0)) —[1® f(0)) =0) —[1) for f(0) =0,

(=1)f©

U
b V2

0)1 (10@ f(0)) = 1@ £(0))) = 10)1(10) = [1)),

and
0@ f(0)) = [1& f(0)) = [1) —|0) for f(0) = 1.
regardless of the value of f(0), we have 0 f(0) # 1@ f(0), and therefore if one of

the kets in the parentheses id |0) the other must be |1) (and vice versa).
By the same logic, if we input | = 1); and %(|y =0)2+ |y = 1)2) we get

Ub | —=I1)1(10)2 — [1)2) :LWID (10)2 = [1)2)
D \/5 1 2 2 \/5 1 2 2)-

91f |e;) is orthonormal basis and |h;) is a second then the transformation from e to h is

U:ZVM‘)(%L

which is clearly unitarian.
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Taking a super position £ (|0)1 + [1)1) ((J0)2 — [1)2) of the two inputs, will therefore
give us

| —=

Up §<|0>1+|1>1><<|o>2|1>2>] = 5 ((DOp) + (=1 D11 (0)2 — 1)2)
—1)7©

= (1901 + (1O O ) (j0) — (1))

~—~ N

If we now examine particle 1 after applying Up, we see that we get (up to a global
multiplicative factor)

|0)1 +[1)1 if f(0) = f(1)
|0)1 — 1)1 if £(0) # f(1)

The two new states,we found, are orthogonal to one another, and so may be
distinguished in a single measurement [simply measure particle one in the basis
|+) = %(|O> +11)) and |-) = %(|0> — |1))]. Thus, by a single quantum measure-
ment we can distinguish whether f(z) is constant or balanced, a feat we could not
accomplish classically.

Note, that once again we manged to extract by our measurement just a single
bit of information (f is constant or not). The power of quantum mechanics entered
in the fact that we can use superposition which cannot be used classically.

1.1.5.2. Beam splitters and the Mach-Zender interferometer.

1.1.5.3. dense coding. As we saw earlier, one can store allot of information in
a qubit, however only 1 bit may be extracted with certainty. We shall now see
how, with the use of entanglement, we can communicate two bits of information by
transferring a single qubit.

Our system will include two qubits (A and B), which we will describe using a
special basis, known as Bell states'?

v = % (10) 1) 5 — [1)4]0) 5)
vt = % (10)al1) 5 + [1) 4]0) 5)
6= = — (10)l0) 5 — [1) 1))

S

2

1
ot = 7 (10)410)B + 1) al1) B) ,
where the subscripts A, B tell us to which qubit/particle the ket belongs (in many
cases we shall drop the subscripts and keep the order of the kets constant).
This special basis has the convenient traits, that it is orthonormal, and all four
states are entangled. The basis is also the set of mutual eigenvectors of the set of

10Note that the Bell states resemble the singlet and triplet states of two spins:

(1)~ 1)) singet

[TT) triplet

{ ZSTD+111)
L)
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commuting operators'!
Oy 02y and o0,,0;,

[02A02p,02,0:5] =0.

We now define a new set of unitary operators U, i(f) such that

Usy) = 1a,
U = 02,
U1(64) = Oya;
v =0,

From the traits of the Pauli matrices,'? it is easy to see that applying these operators
on the Bell state [¢)~) gives'?

U lw™) = [v7),

U 1) = —1¢7),

U le™) = ile™),

Ui ) = [9).

Having constructed our tools, we can now turn to our original problem (commu-
nicating two bits of information using a single qubit). Imagine two distant persons,
Alice holding particle A and Bob holding particle B, where we (and they) know
that the particles are in the Bell state |y 7). Alice wishes to communicate to Bob
two bits ¢ and j (¢ = 0,1 and j = 0,1) of information. To do this Alice operates
locally on her particle with the operator Ui(jA) we defined. As a result the two par-
ticles A and B together are in one of the orthonormal Bell states (up to a global
phase). Now Alice sends her particle, which is a single qubit, to Bob. Having both
particles, Bob can now make a measurement (locally) on the state and determine
in which of the orthogonal states the two particles are.!* since Bob knows, that
the particles were originally in state |¢)~), he can therefore infer which operator A
applied on her particle and thus find 4, j.

We have thus seen that by merely passing a single qubit from Alice to bob,
Alice could communicate to Bob two bits of information.

Another benefit of this method is encryption. If a third person tries to intercept
the message, all he gets is a single qubit, which gives him no information at all

UFor just one particle we have
0g0; = —0,0z = —loy = [0g,02] = —2ioy.
However, when we have two particles the minuses cancel and we get

Owp0z,0cp0z2p = 02,00,0250a = —0Oy,0yp = [02,00p,02,025] =0

12Recall that
o) =11 5 o:ll)=-|)
ooy =11) 5 ozll)=11),
oyt =dll) 5 o=ll) =—ilT).

13Note7 that the operates U(4) operates only on a single particle so to be rigorous, the
operator operating on |1 ™) is actually U1 5. That is, it’s an operator which applies U on
particle A, and does nothing to particle B,

Mgince the possible states are orthogonal, Bob can make a measurement which distinguishes
between all four. For example he can measure the operator

O=1-[7 )W [ +2- )T +3- 10767 | +4-¢oT) (&7

If the result we measure is 1, we know the particles were in state |1 ™) if we measure 2 we know
the particles were in state |1)T), and so on.
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(the density matrix is the Identity). Unlike Bob, any other person who gets the
transmitted particle has no extra information and therefore cannot infer from it

anything.



CHAPTER 2

Basics of quantum information

2.1. Basics of quantum mechanics

Every theory is defined by the three things:

e The method of describing the system.
e The dynamics of a system.
e The method measuring a system.
In quantum mechanics one can distinguish between two general cases. The first is
the closed system in which we know all the elements of the system and we know how
they interact with one another. The second, is the open system, in which besides
the elements we deal with there is also an environment which we do not know how
exactly it interacts with our system.
For a closed system, in quantum mechanics, a closed system is described
Observable quantities are described in quantum mechanics by Hermitian oper-
ators (OT = O). Such operators have the following traits:

e All eigenvalues are real:
M €R(Ola) = Ala)).

e Eigenvectors of different eigenvalues are orthogonal:
Ao # Aor = (ald’) = 0.

e Every Hermitian operator may be written in a spectral decomposition form
0=> ll,,
a

where II, is the projection onto the subspace of eigenvectors with eigen-
values \,

Hi = Hav
I, 11, = 6aa’Haa

Znazn.

In general, projections are Hermitian operators (i.e. they are observables) such that
if IT is a projection then

=1 (I =1).
From the spectral decomposition trait, every state may be written as

W) = Ta|th).

The result of a measurement of the quantity A for a state |¢) results in a collapse
of the state into one of the subspaces of eigenvalue of A

|1/}> measure A Ha|w> )
V(¥ a )

The probability of the collapse to the subspace a is given by
prob(Il, = 1) = prob(A = a) = ([Tl /)

15
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CoNcCLUSION. If two states are not orthogonal ((11]1)2) # 0) then one cannot
distinguish between them with certainty. In other words, there exists no projection
II such that

prob(Il = 1) = (¢ [IL[¢h1) = 1
and

prob(Il = 0) = (ts[Tjs) = 0.

PROOF. Let us assume that there exist such a projection (for (i|¢2) # 0).
We define by a Grahm-Schmidt process a new state |¢2) orthonormal to |¢1):

|2) = [2) — (Y1]th2)]h1)

|(P2> _ |9271> )
VA(P2|P2)

Since |11) and |i2) are not orthogonal while |¢)1) and |p2) are, then there exist
«, 3 # 0 such that

[th2) = alt1) + Blp2).
If we now substitute this new form of |i3) into (¢2|I|th2) = 0 we get

0 = (a™(¢1|+ B (pa]) H(altp1) + Blp2))
= |o* (W1 |T]e1) + |81 (2T p2) + o B [ p2) + aB*(pa|TT]t1).

Now, since |t1) and |p2) are orthogonal, then so are their projections, so

(1|M]p2) = (pa|M|ih1) (= (P1lw2) = 0),

and since II is hermitian then

(1[dfeh1) 20 and  (p2[H|p2) > 0.
Thus (together with |a|?,[3]? > 0 and (1 |II|¢p1) = 1) we must have

0 = (12||y) > 0,

which is a contradiction, and therefore there does not exist a projection II such
that

prob(Il = 1) = (Y1 [IL[4h1) = 1
and
prob(Il = 0) = (¢2|I1|h2) =0,
if (11|1p2) # 0 U

2.2. Spin and the Pauli matrices
2.3. Open systems, mixtures and the density matrix

We have so far dealt only with closed quantum systems. we shall now deal with
open systems. There are two general cases in which we deal with open systems:

(1) Lack of knowledge of the full system. We might not know some of the ini-
tial conditions (the initial state of the system), or some of the parameters
of the system.

(2) We are dealing with a system of two (or more) subsystems which we fully
know how to describe, however we are interested in making measurements
only on part of the full system.
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In both these cases the treatment is different then that of the closed system case.
We shall see that we have to use mixtures instead of regular states, they will be de-
scribed by density matrices, and probabilities will behave slightly different. Instead
of one state evolving in time we shall have several, each with a different probability
to occur. This is different then linear combination of states (superposition) since
here each state is treated separately and there is no interference effect.!

To see the difference between open and closed systems let study an example.
Assume two states; state |14)

[¥a) = a0l0) + a1[1)  (Jaol* + |as]* = 1),
with probability p, to occur, and state |¢g)
[¥B) = bol0) +b1[1)  (|bol* + [ba]? = 1),
with probability p, = 1 — p, to occur. What is the probability to measure |0) in
this case? i.e. what is
prob(Ilp =1) =? (IIp = |0){0]).

If we make many measurements, in p, of them the measurement will be on state
[v4) and in p, = 1 — p, they will be on state |¢p). therefore the probability to
measure |0) will be p, times the probability to measure it in case |1 4) plus p, times
the probability to measure |0) in case |¢p):

prob(lly = 1) = pa(Yalllo|a) + po(¢¥s|llo|¢B)
Ppalaol® + pelbol® = palaol® + (1 — pa)|bol>.
If on the other hand, instead of having probability for each state (|ip4) and
|¥B)), we make a superposition
[Yap) = alpa) + Blvs) = (aag + Bbo)|0) + (aar + Bb)[1)  (la* +[8]* = 1),
then, in this case, we shall find
prob(Ily = 1) = |aag + Bbol>.

If we now compare the two results, we see that they markedly different. In the
mixture, assuming ag, bg # 0, then no matter the values of p, there will always be a
finite probability to measure |0). However, in the superposition case, we may choose
a and § such that the probability to measure |0) will be zero. The difference, as
mentioned above, is that in the latter case we have interference: we sum amplitudes.
However in the mixture case, there is no interference and we sum probabilities.

2.3.1. The density matrix. The mathematical tool we use to describe mix-
tures is the density matrix. Assume a set {p;,|¥;)} of possible states |¢;) (not
necessarily orthogonal but (1;]1;) = 1) each with probability p; to occur. We
define the density matrix/operator p as

p= Zpi|7/)i><1/)¢| 0<p; < szi _1).

If we write it in an orthonormal basis [n) ({(n|m) = ,m) then

prom = (n|plm)

Trp=>Y (nlpln) = pun.

The density matrix has the following traits (|n) is an orthonormal basis):

and

1Recall, that in a linear combination of states the coefficients appearing are not the proba-
bilities of each state, but their amplitude. You must take the absolute value squared to find the
probability.
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(1) It’s trace is 1:
Trp=> (nlpln) = pun = 1.

(2) The density matrix is Hermitian and the sum of its eigenvalues is 1

p=pl= Z)\k =1 (pler) = Aeler)).
K

(3) The density matrix is a positive operator, i.e. for every state |¢) in the
Hilbert space (¥|p|¢) > 0, or equivalently, all its eigenvalues are nonneg-
ative

{Ylpld) =0 & Ap > 0.
Note, that together with the previous trait (3, Ax = 1), we must have

0< A < 1.

PROOF. (1) To prove that Tr p = 1 we shall use the definition of the den-
sity matrix. The trace of an operator is independent of the (orthonormal)
basis we work in. If |n) is some orthonormal basis, then

ann =) (n| <sz'|1/%><1/%|> n)

n

sz nlwi) (Wiln) =Y pi(iiln) (nle:)

n’L n’L

ZPNW (Z |n><n|> |hi) = meilw
= sz' =1,

where we have used the trait of orthonormal bases
> In)(n| =1.
n

(2) Proving that p is Hermitian is very simple from its definition. Since the
p; are real (0 < p; <1), then

(mez m) mem (i] = p.

Since p is Hermitian, then it may be diagonalized, the sum of its eigen-
values is its trace, and thus from the previous trait we must have

Z)\k =Trp=1.
k

(3) To show that the density matrix p is a positive operator we shall use its
definition to calculate (¢|p|v), for any state [¢):

Wlol) = (v (sz-|wi><wi|> )

sz Y[} (Wilgp) = Zpl (W)

Trp

Since p; > 0 and |<z/1|1/1i>|2 > 0 then this necessarily means that
{lple) = 0.
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If we now take as a special case |1)) = |¢), where |¢y) is an eigenvector of
p with eigenvalue A; (p|ok) = Ak|@k)), then from the last result we must
have?

0 < {prlpler) = (PrlMelor) = Ak

= A\ > 0.
O
The density matrix describes mixtures of states, but it can also describe a regular

state. This is case when the mixture includes only a single state with probability
p = 1. We say that such a mixture is a pure state if there ex:

p= Y)Y (pure state).

The density matrix of a pure state has the special trait that
p2 = p < pure state.

This last trait is true only for pure states. If we diagonalize such a matrix then
its diagonal must be (since > A = 1 and Ay > 0) zero everywhere except a single
element which is 1. Thus such a density matrix has a single eigenvector |¢) with
eigenvalue 1 and all the rest with eigenvalue 0. This special eigenvector |p) defines
the density matrix of the pure state

p = lp) (el

The density matrix (of any mixture, pure or not) has one more important trait.
For any projection operator II = |¢)) (1| onto a single state |i), the probability of
it measuring true (the mixture collapses into state |¢) after the measurement) is

prob(II = 1) = prob(|¢)) = Tr(pll) = Tr(IIp).

This trait can be generalized, in which case the average eigenvalue (O) of an ob-
servable O, when measured is

(0) = Tr(pO) = Tx(Op).
PROOF. We shall start by proving the simple form of the trait. By definition

prob(IT = 1) = Zpi<1/h‘|ﬂ|1/h'>-

2We showed above that if (|plep) > 0 for any state |1), then necessarily all eigenvalues obey
Ak > 0. To show the opposite direction (assuming the operator can be diagonalized), simply write
[) in the basis of eigenvectors |y )

[y = arlew).
%

Now (¢|p|y) will give

@lplw) =Y araj(ewlpler) = D Aearai(erler) = D Aklar*dpe = Y lak|* e >0,
%

kK’ kK’ k,k’

which is the desired result (|p|y) > 0.
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If we now use an orthonormal basis |n), we know that > [n)(n| =1, and we can
therefore write the last relation as

ZI%WHH <Z n) (”|> |v3)

= sz 1/)Z|H|TL n|¢z sz n|1/}1 1/}1|H|n>

> (| (me m)mn (me m)

prob(Il = 1)

n

= Tr(pll),

which proves the simpler trait.
We can now use the last result to prove the more general trait. By definition

0) = Z_pz-<wi|0|wi>.

Since O is an observable we can always write it in a spectral decomposition

0 = Z)\k|50k (o] = Z/\knk

k
Inserting this into the previous relation and using the trait prob(II = 1) = Tr(pIl)

we get
0) = Z)\k Zpi<¢i|ﬂk|¢i) = Z)\k Tr(pIly).
k i k

Now, since Tr is a linear operator then

Z A Tr(plly) = (p Z /\ka> Tr(pO).

To prove that Tr(pIl) = Tr(Ilp) and Tr(pO) = Tr(Op), we can simply use the trait
of the trace that
Tr(AB) = Tr(BA).

On the other hand, in proving the simpler form, we could have started with

prob(1I Zpl o <Z |n) n|> ITje);)
instead of

prob(Il Zpl il TT (Zm n|> |3),

which would have led us to
prob(Il = 1) = Tr(Op).
O

The traits we have found for the density matrix put constraints on its elements
Pnm, we might therefore ask how many independent real (not complex) parameters
describe an N x N density matrix. If we had no constraints, then there would be
N? complex elements in the matrix which would therefore give 2N? independent
real parameters. However we have two constraints

pl=p

and
Trp=1.
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The first constraint is actually N2 + N equations since on the diagonal pf = p
means

Pnn = Prn (N equations),
and off the diagonal (n # m) we have

Prm = phn  (N? — N equations),

where in off diagonal case, the number of equations we wrote, takes into account that
each equality is actually two, one for the real part and a second for the imaginary
part. On the other hand, we counted only the pairs nm above the diagonal, since
those below will give us the same equations again. We did not double the equations
for the elements on the diagonal since the equations only mean that the imaginary
part is zero, but does not tell us anything about the real part (it equals itself, which
is trivial).
To the above constraints we must also add the trace

Trp=1 (1 equation),

which is only one equation, since we already know that the trace has no imagi-
nary component. Subtracting the number of equations from the total number of
parameters (in the case of no constraints) we finally get

#of independent parameters = N? — 1.

If the density matrix has so few parameters, we might try and construct it as a
linear combinations of other types of matrices with the same number of parameters.
For example let us try and construct them from the matrices which form the basis
of the SU(N) group.?More explicitly, let us try for the case N = 2

For N = 2, one possible basis of SU(2) is the Pauli matrices o;. For conve-
nience, we define a vector of matrices

0= (Uza Oy, Uz) = (01; 02, 03)7
and an inner product of matrices
(A, B) = Tr(AB).
Using this last definition we find that the Pauli matrices are orthogonal to one
another
<O’i7 O'j> = 25”
If we add to the Pauli matrices also the the unit matrix, we now have N2 = 4

matrices, and these four span the space of 2 x 2 matrices. To see this, note that if
we define
oo =1,

then the above inner product (o;,0;) = 2§;;. still holds even when i, j run from 0
to 3. Since the four matrices are orthogonal to each other, then they necessarily
constitute a basis of all the 2 x 2 matrices (a four dimensional space).

Since the Pauli matrices together with the unit matrix constitute a basis then
the density matrix can be written as

p=apl+d- -0 =aol + a10, + asos + azos.
3The SU(N) group (Special Unitary group) is the group of all N x N unitary matrices, with
determinate 1 (unitary matrices could also have a determinant of —1)
U € SUN)=UU =1,|U| = +1.

The SU(N) group has N? — 1 independent parameters, and therefore has a basis of N? — 1
matrices.
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To find the coefficients a; we apply the constraints we had on the density matrix.
first we apply the constraint on the trace Trp = 1. Since Tro; = 0 for the Pauli
matrices (i = 1,2, 3), then this condition gives us (recall that 1 is a 2 X 2 matrix)

1=Trp=a9Trl =2ag

1
:>a0:§.

Now the second requirement is that p be Hermitian (pf = p) since the Pauli matrices
themselves (and 1) are Hermitian then we have

pl = (511 +ajogs +asoy +az0,) = (511 + a105 + agoy + azo;) = p,

which means that*
a; =a; = a; €R.

For convenience we define

P = 2d,
as a result of which we may write the density matrix as
1 . -
p=50+756) (FER)

1/ 1 0 01 0 —i 10 \]_ 1/ 1+ps
:'p_i[(o 1)“’1(1 0)+p2(z' 0 )+p3(0 1)}_2(p1+ip2

The last requirement of the density matrix, is that it be a positive operator, since
we are dealing with a 2 x 2 matrix with a positive trace then a necessary and
sufficient condition is that the determinant be non-negative®

lp] = 0.
From the form we found for p this means that

1+p3s p1—ip2
p1+ips  1—ps3

Therefore we finally have the general form of the density matrix
1 Lo -
p:§(]].+p0') (p€R3a|m§1)7

where the vector p'is called the polarization, since it gives the average direction of
the direction/polarization of the spin

=1—(pi+p3+p3)=1—p">0.

(02) = Tr(pos) = pa,
(oy) = Tr(poy) = py,
(02) = Tr(po=) = pe.
Note, that as promised we have 3 parameters (N2—1, for N = 2) which describe
the density matrix. These are the three real components of the vector p.
As a conclusion we see that we can represent all possible density matrices (of

a two dimensional Hibert space) by the possible vectors p. The possible vectors p'
(7 < D)form a ball of radius 1. This ball is known as the Bloch sphere. We shall

4Since the Pauli matrices together with the unit matrix constitute a basis, then there is only
one possible choice of coefficients a; which gives a certain matrix (if there were more the elements
of the basis wouldn’t be linearly independent). The above condition gives to sets of coefficients
{a;} and {a}. If these sets are the same one then a; = a}.

5The trace of a matrix equals the sum of its eigenvalues, and its determinant is the product
of the eigenvalues. Since we are dealing with a 2 X 2 matrix, it has two eigenvalues. The trace
is 1, which is positive, and therefore it suffices that the product of the eigenvalues be positive for
them both to be positive.

p1 — ip2
1—ps

).
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see that the case [p] = 1 (points on the surface of the sphere) coincides with pure
states.

Cram. If and only if = 7 (iff 7 is a unit vector), then there exists a state
|t)) such that

p(n) = (@ +7-5) = [V){¥],
i.e. p(n) describes a pure state.
PROOF. Let us prove in one direction. If we have p? = p, then we know that

the state is pure, and can therefore be written in the above form p = |¢)(¢].
By definition

1
P’ = Z[11+2ﬁ~5+(ﬁ~5)2],
and

(7 - &)% = (n1o1 + naoy + nzos)? = Zn?o? + % Z(ninjamj +n;nio;0;).
We know that for the Pauli matrices
O’Z-Q =1
and
o0 = —cjo; (i #j).

Therefore we must have

(h-5)% = <Zn§>1:1,
and p? becomes
1 | o
p2:1[2~]l+2n~0}:§[Jl+n~0]:p,

which proves that p = (14 7 - &) describes a pure state (and can thus be written
6

as p = [) (1] for some |1)).
To complete the proof, we must also prove the opposite direction: if p = [¢)(¢)],
then there exists a unit vector n such that

1

However we actually already proved that. If p = |1)(¢)| then we have a pure state
and p? = p. If we replace, in the above proof, 2 with 7, we will get

1 L

= 0+ P+ 251
This will give back p? = p = 1[1 + - &] only if |p] = 1, thus completing the
proof. [l

6If we define 7 by the spherical angles 6 and ¢
N = sin 6 cos @& + sin O sin py + cos 62,
the state |1) is
|1) = cos geﬂ%‘pm) + sin geﬂ%‘pﬂ),
since this state obeys
n-GlY) = oal) = (),

and is therefore an eigenstate of p with eigenvalue 1. If p = |9) (2| then only |¢) (up to a global
phase) is eigenvector with eigenvalue of 1.
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We have so far concentrated on qubits and the two dimensional Hilbert space.
In an N dimensional space we can use the N? — 1 Hermitian matrices h; (i =
1,2,...,N? — 1) with zero trace, which are the generators of the SU(N) group
(recall that in N dimensions the density matrix has N?—1 independent parameters).
Using these generators the density matrix can be written as

1
PN = Nﬂ -+ nihi,

where

ni = (hi) = Tr(pnhi).
The allowed combinations of the 7;’s define a region in an N2 —1 dimensional space.
If we denote by \; the N2 — 1 eigenvalues of py, then the region V of allowed ;’s,
is the region where all the eigenvalues are positive and add up to 1 (Trp = 1)

V={ni=12... N =1> A=1x >0}

The points on the boundary of this region are those point where at least one eigen-
value is zero (beyond this some have to be negative which we do not allow).

All we have just said is true for any N including N = 2, but there is a big
difference between N = 2 and N > 2. If N = 2 then we have just two eigenvalues
for the density matrix. Since their sum must be 1, then on the boundary where one
of them is zero the second must be 1, and we therefore have a pure state. However,
when we have N > 2, we have more than two eigenvalues, and therefore when one
becomes zero, it doesn’t necessarily mean that one of the other eigenvalues becomes
1 and all the rest zero, but rather that the sum of all the rest must be 1. As a result
the systems described by the boundary, are not pure states necessarily, although all
the pure states must be on the boundary (since only there some of the eigenvalues
are zero).

Note, that although the density matrix defines unambiguously the results of
measurements, several different physical systems may give rise to the same density
matrix. This is shown in the next subsection.

2.3.2. preparation of mixtures. As was said before, there are two basic
cases in which we must use density matrices, when we lack information or when
studying only part of the system. We shall now elaborate on these to cases.

Assume two sources A and B of particles, source A produces particles in random
states {pa,1a} described by the density matrix p4 (pure or not) and source B
produces particles in random states {pp, ¥} described by the density matrix pp
(again, pure or not). Now, we want to create a new set of states. to do this we pick
states out of source A with probability A and states from source B with probability
1—A

As a result of picking states in the above manner we can now describe the new
collection of states as

{)‘PAJPA} U {(1 - )\>pBawB)
which, by the definition of the density matrix gives us’

pan = Apala)(Wal + Y (1= Npslts) (@s| = Apa + (1= Nps,
A B

or simply®
pas = Apa+ (1= N)pp.

In the new collection of states there is a chance Ap for state [1h4) to occur and (1 — A)pg
for state [¢pp). Since > Apa + >.(1 — XA)pp = 1, then we can treat it just as a set of the form
{pi, ¥}, where p; € {Apa}U{(1 —N)pp} and ¢; € {Ya} U {¢B}.

8A sum of the type

ﬁ‘:)\ﬁl#»(lf)\)ﬁg (OSASU
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Let us now check that the new matrix psp is indeed a density matrix. It’s
trace is indeed 1

Trpap=ATrpa+(1—-XNTrpp=A+(1-X) =1
It is clearly Hermitian (A is real)

Pl = Mol + (1 — /\)Pjg =Xpa+ (1= XNpp = pas.
And finally, it is clearly positive, since it is a sum of positive matrices [and A, (1 —
A) = 0]
(Wlpaslv) = AMlpaly) + (1 = A)(Wlpsl) = 0.

We therefore see that p4p is a density matrix, so we have been able to create a new
mixture out of two others. Specifically, we could also use two sources of pure states
(each), and create form them a new non-pure mixture, by the method above.

Note, that we may have two physically different sources which give the same
density matrix. For example assume that source A emits particles in state |0) with
probability of 50% (po = 0.5) and particles in state |1), also with a probability of
50%. We would therefore describe such a system by the density matrix

1 1 1
=- ~ 1)1 = =1.
pa = 31001+ 3 11){1| =

Now, assume we also have a source B which emits particles in state |[+) = %(|O> +
[1)) with probability of 50% (p;+ = 0.5) and particles in state |—) = %(|O> — 1),
also with a probability of 50%. We would therefore describe such a system by the
density matrix

1 1 1
== S|-)(~] = >1.
pp = Sl + 51N = 5

We see that although both sources are physically different, we get the same density
matrix in both,? which means that we cannot distinguish between the two cases by
our measurements.

The above result is more general, and actually every non-pure density matrix
(not just 11) can be a result of an infinite number of systems.'® For the Bloch

sphere this is easily shown since any vector 7 (|p] < 1) may be written as'!

=1+ (1 =Nz < p(p) = Ap(in) + (1 = A)p(nz) (0 <A<,

for some 0 < A < 1 and some unit vectors 711,72 which are not necessarily or-
thogonal [p(p) is the density matrix defined by p and p(7i;) are pure-state density

is called a conver sum. We say that a space is a convex space if for every two vectors in the
space if any vector @ = A1 + (1 — X\)v2 constructed from them by a convex sum (0 < A < 1), also
belongs to the same space.

9n fact every choice of two orthonormal states with equally probability to occur will give us
the same density matrix p = %]l.

10we prove it here for a two dimensional Hilbert space, but it must be true for any Hilbert
space of higher dimension, since you examine just a two-dimension subspace of the larger Hilbert
space and use the result proved here.

HAs long as 0 < A <1 and 711,712 are any unit vectors, this will give us |[p] < 1. To see this
find p2, which after a little calculation gives

72 =1-2X(1— N1+ 71 - ).
It can easily be shown that
(I4+n1-72) <2
and
A1 =) <

| =

which gives the desired result (p? < 1).
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matrices defined by 7;].1? The same vector j may be constructed from an infinite
choice of unit vectors 711,712 - simply rotate the two vectors together around the
vector p. The only exception to this is when A = 0 or A = 1, in which case p'= 14
(A=1) or p=ny (A = 0) and rotating the vectors about p does not change a thing
(one vector doesn’t change and the other, multiplied by zero, does not contribute to
p). Since each pair of unit vectors {f, 72} describe a different physical system,'3
then the same density matrix can be a result of an infinite choice of systems, which
we cannot distinguish between.
We have just seen that there is only one way to write pure states in the form

p= A1+ (1= Nz < p(p) = Ap(f1) + (1 = A)p(h2),
however, might we be able to construct it from non-pure states
f=Ap1 + (1 = A)p2 < p(R) = Ap(p1) + (1 — A)p(p2)?
We shall now see that the answer is “no”.
If the above equality holds then
(W + (1= N)p)” = 1.
Clearly this does not hold when p; is parallel to p>, unless we are in one of the
trivial cases:
*PL=p2="n
epy=nand \=1
[ ﬁg =nand A=0
We are left to check the cases where p; and p> are not parallel. In those case we
may write (p; = |pi| < 1)

AL+ (1= N)p2)* = A%pi+ (1= A)7p3 + 2M(1 = )i - 7y

< /\2p% +(1- )\)ng +2X(1 = N)p1p2
= 1+ (1= Np2)?
< P+A=-N?=1,

where the first inequality is due to the fact that for non-parallel vectors p1-p> < p1p2,
and the second inequality is due to the fact that p1, p2 < 1, but at least one is shorter
than unity since otherwise we are back to the case py = n; and p = nio which we
have already treated (and saw that only the trivial cases give a pure state).

We have therefore seen that unless we are in one of the above trivial cases then

pL=p2="

or

[Ap1 + (1= Npa] < 1 unless{ p1 =n,A=1
or

.52 = ﬁa A=0

The fact that we have an infinite number of ways to create the same mixture in
quantum mechanics, is markedly different from the situation in the classical physics
where there is only one possible way.

12Note7 that orthogonal states correspond to unit vectors of opposite direction (o1 = —72)
and not to orthogonal vectors. 71 = 2 gives the pure state [1,)(T,] = |[0)(0| and np = —2 gives
the pure state ||,)(] | = |1)(1], while iz = & gives the pure state |T,)(1,| = |+){+] (|0) and |1)
are orthogonal but |+) and |0) are not).

131f we define

1 N
pi = 5(14‘711"0')7

then p; is a pure state. A different choice of {f1, 712} means that we are creating our new ensemble
out of sources which emit different pure states, and are therefore physically different ensembles.
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2.3.3. combined systems and partial trace. We have so far seen that
density matrices arise from (random) ensembles of initial states. We shall now see
that they can also arise when we study only part of a system, which as a whole is
in a pure state. Before we do this, however, we must know how to describe a state
of two (or more) particles.

2.3.3.1. Tensor product (combining systems to one). Assume two Hilbert spaces
H4 and Hp (not necessarily of the same dimension), each with its own states

WA e Ha (i=1,2,...,Ny),
Py eHp (i=1,2,...,Na).

We define the tensor product (also known as direct product or outer product) of
the two space as
Hags = Ha®Hp = span{[¢) © |o])}.

If the original spaces Ha,Hp had Ny and Np dimensions respectively, then the
new space Hagp has N4 -Np dimensions. Any state in the new space is described by
the quantum number of H4 (N4 different possibilities) and the quantum number
of Hp (Np different possibilities for each choice of quantum number from H4).

To complete the definition of the tensor product, we must give two more of its
features:

e The Tensor product is linear in the complex coefficients in every space

[elvh)] @ [Ble7)] = aBllvi) ® 7).

e The tensor product is distributive

[aa|vf) + e )] @ [Bile?) + Bales)] = oafilvt) ® [of) + a1 Beltbf) ® |oF)

+aof1 18 ® [F) + asfald)) ® |pF).

Note, that usually we shall drop the ® symbol between states and simply write
Wiy

or more often
i) ales)s
instead of [¢') @ |¢F). In some cases, we shall even drop the indices A, B and use

the order of the kets to describe which belongs to what space.
The tensor product can also be written in matrix form. If for example

Wa=aloha+ava= (5 ),

lo)p =al0)p +b[1)p = ( Z > ;

then
of @ aa
o a b ab
|"/’>A®|<P>B<ﬁ>®<b> 5 a - Ba
b Bb
And for operators/matrices, we would have (as an example)
a b a b aa  ab
a f a b “\e da p c d ac  ad
v 0 c d a b s @ b ya b
T\ ¢ d c d ye  ~vd

Ba
Be
da
oc

Bb
Bd
0b
od
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2.3.3.2. The partial trace and the reduced matriz. Now imagine that we have
some state [1hap) € Ha ® Hp and an operator Oap of the form'*

Oap =AR®1p,

where of course A operates on the degrees of freedom of H 4 (and 1p operates on
the degrees of freedom of Hp). The density matrix describing the system (in the
Ha ® Hp space) is pap (pure or not). The result of measuring O 4p is then given
by the usual rules of quantum mechanics and density matrices by

(A)an (OaB) = (YaB|OaB|YaB)
= Tr(papOap)
= Tra[ATrp(paplp)] =Tra[ATrppas],
where Trp means taking the trace in Hp only and H4 means taking the trace
of H4 only. Note, that after taking the trace over B, the operator Trp psap now

operates solely on A and we can therefore drop the tensor product (®). If we now
define

pa=Trppan,
then we may rewrite the previous equation as

(A)ap =Tral[Apa]l (pa=Trppas).

Thus we get the regular expression for density matrices on the smaller Hllbert space
Ha.

We call the process of tracing over a subspace of our system (Trp) a partial
trace, the resulting density matrix pgs = Trp pap is called the reduced density
matriz.

To clarify what a partial trace, and reduced density matrix are, let us repeat
the above calculation more explicitly. We shall work with the two orthonormal
bases, [n)a of Ha and |m)p of Hp, thus (A) is

Na Np
(A)ap = Trap|[(A®1p)] Z Z (n|p{m|(A®1p)pas|m)s|n)a
n=1m=1
Ny Np
= ) anjA (Z B<m|PAB|m>B> ) A
n=1 m=1
Na

A(n|A(Trg pag)|n)a

n=1
= TralA(Trppap)] =TralAps].

Another way, equivalent to the last, of viewing this is to denote p4p as having four
indices, instead of just two

pB = alil(jlpasln)alm)s

and then (note the double index m)

A
pPA = E Pimmn,m = P ;-
m

We have so far defined a partial trace and a reduced matrix, but what do they
give us? What we have seen is that if we are given a state described by pap, and
we are interested in the result of measurements on subsystem A alone, then we
may take the partial trace of the full system and find a standard density-matrix
description of the subsystem with the density matrix p4 = Trp pap. Note, that

14Note that the operator, operating on Hp is the identity.
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when we start with a pure state in the H4 ® Hp Hilbert space we might end with
a non-pure density matrix pa. Therefore, by looking at only a part of the system,
an actually pure state might give rise to a non-pure state (it is non-pure, for all
practical purposes, for a person living only in the H 4 Hilbert space).

2.3.3.3. How do measurements on Hp influence p4. One may ask what hap-
pens if one (Bob) makes a measurement on his part of the system Hp before a
measurement is performed (by Alice) on the other part of the system H 4. There
are two cases to treat, the first is when Bob makes a selective measurement, i.e.
he makes a measurement, and only if he got the result he wanted Alice can make
her measurements (we calculate p4 just for certain results of Bob’s measurement).
The second case is when Bob makes his measurement (on Hpg) , but regardless of
his result Alice makes her measurements and determines p4. As we shall see, in
the first case the resulting density matrix p 4 is not effected only if we start with a
non-entangled state, while in the second case, p4 is not effected, no matter what
type of system we start with.

Let us now see what happens. In the most general case the system is described
by the state

(Wag) =Y ailti)alei) s

which gives the density matrix

pap = (Zazw}z alei) ) Zoe aWileloil | =D il |vi) ales) BB{p;lal;]

,J

and therefore p4 is

pa = > [ Y waivi)ale)sle;lal] | In)s = ciaji)a (ZB piln)pB n|wz>3> AWl
n 1,7 7,7 n
> @i 5(pslei) pli) aa ().
4,J
Now, assume that Bob makes a measurement of operator B and gets a result
b. This occurs with probability py. In such a case all the |p;)p which are not
orthogonal to |b) will collapse to |b) (and the rest will vanish from our sum). To

denote that only part of the state might survive we shall now some of i/, j* where
the ¢’ are subset of ¢ = 1,..., Ng so that

B{blpir) # 0,

and similarly for the j/. Our new state after Bob’s measurement is therefore
|Wyp) = Z i [Yhir) a|b) B
,L'/

which will appear with probability p,. The reduced matrix as a result (5 (p;|@:) 5 —
5 (b|b) 5 = 1) becomes

oy = Z aira |Yir) aa(y|  (appears with probability pp).

This new density matrix (p’,) will be the same as the above p4 if and only if |¥ 4p)
is a non-entangled state.

PRrROOF. To prove the above statement we shall show that if | 4p) is entangled
then p/y = pa and if |¥4p) is entangled then p’y # pa. We start by writing the
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original state |¥ 4p5) using the Schmidt decomposition (see below). We can always
write the state as a sum of the form

Z\/A_i|7/~)i>A|¢i>B,

where
AWilYj) o =05 and  p(BilB;) g = dijs
and
i €R.

If we do not make a measurement then using the above result, the density matrix,
this time (B<¢1|¢J>B = 5”> will be

pa= Y Nilti)aaldil.
i
However, if we do make a measurement, then as above, we will get

oy = S i) aa .
il g’

where again the prime in i’, j* denote that this may be only a subset of the possible
values of ¢ (and j). Since we are now in an orthonormal basis, the two density
matrices will be the same only if all the coefficients of the different |1;) 44 (| are
the same.'® Since mixed elements (|1);) 4 4 (1);| where i’ # j') appear only in o, then
we cannot have p’y = pa. The only exception to this rule is for a non-entangled
state where i has only a single possible value (i = 1).!9 We have thus shown
that p’y = pa (the density matrix after a selective measurement equals the density
matrix if no measurement is made) if and only if |¥45) is non-entangled. O

We have just seen that if Bob makes selective measurements on his part of
the system, then in general this would effect Alice’s measurements. We now want
to see what would happen if Bob still makes his measurements, but no matter
what he gets, he allows Alice to perform her measurements as well. In this case
no matter with which state |¥U4p) we start with (entangled or not), Alice won’t
know the difference, and would find the same density matrix as if Bob made no
measurements.

PROOF. Let us assume that Bob measures operator B with eigenvectors |i)p.
We can write all the states |¢;)p as a linear combination of these eigenvectors (the
eigenvalues may be degenerate but we need the eigenvectors that span the Hilbert
space Hp - we assume that the index ¢ runs over all the eigenvectors). Our initial
state can therefore be written as

Wap) =D Bilt)ali)s,

15Note, that |1h;)4 and lej)B (before taking a subset, and using i’,5’) don’t have to span
the whole Hilbert spaces H 4 and Hp (respectively), but may span only a subspace of each of the
Hilbert spaces. Thus top give a complete density matrix we must add more states which orthonor-
mal to the ones we already have. Never the less the element of the density matrix(;]pa|¥;) 4
does not depend on the choice of the other (orthonormal) states (this goes for p/y as well ).
16The only possible case in which p/; has no mixed elements, is if it is of the form

P;x = >\i’|1zi’>AA(lzi’|7
i.e. ¢/ accepts only a single value. The only case in which this would equally the sum >, 1) 4 4 (¢
over all i’s, is if ¢ accepts only a single value.
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where the [1);) 4 may either be orthogonal or not. As a result, the density matrix
will be
pap =Y BiB;li) ali)pr (il (il
,J
Taking the partial trace over the states in Hp gives then (since |i)p are orthonor-
mal)

PA

Y wlkl [ D BBl ali) s ilales] | 1k)s

k 7

> 18P lvor) a4 (W]
k

Now, If Bob measures the eigenvalue b, with probability p;, then |¥4p) collapses,
and only eigenvectors with eigenvalue b survive and we get

b measured 1 .
(W ap) — —— N " B, iy ) alib) B
v/ Pb W

where the subscript b means that we take only the values of 7 for which |i)p are

eigenvectors with eigenvalues b. The factor of ﬁ outside is merely for normaliza-

tion.
Using the last result and taking a partial trace we this time

pa(b) = L > 18, P ¥k, ) a4 (W, |-
by =

However, since Alice measures all systems, regardless of the result Bob got, then
to find the density matrix describing what she sees we must combine the different
cases of b. We saw (see beginning of density matrices) that density matrices of
different case are joined to one by a linear combination, each with a weight equally
to the probability of it occurring

pa=Y_pup(b).
b

Since we some over all possible values of b then we get

pa=> Db <pib > |ﬁkb|2|¢kb>AA<¢kb|> = > 1Bkl Ier) aa (e,
b kp k

which is the same result we got when Bob hadn’t made any measurement. Thus
if Bob makes a non-selective measurement, Alice’s measurements will not be influ-
enced. m

Before proceeding one should notice one consequence of the proof. If we start
with a non-entangled state then the reduced matrix describes a pure state and if
we start with an entangled state we end with a non-pure state

(Wap) = V) ale)s = pa =) aa(v] = p5
Wap) =D ailvi)aleis = pa =3 lail’lvidaalvil = ph

or simply
non-entangled = pure

entangled = non-pure.
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2.3.3.4. The GHJW theorem'”. We saw before that different physical descrip-
tion may bring about the same density matrix. That is we may have a source
emitting states |1);) with probability p; ({ps,|t:)}) and we may have a source emit-
ting states |p;) with probability ¢;. If both sources result in the same density

matrix
pa =Y i) (Wil =D ailes)(wil,

then we say that they are two different realization of the density matrix p4. Note
that the set {|¢;)} and {|p;)} are not necessarily sets of orthogonal states (within
the set, or between the sets).

The GHIJW theorem says that all realizations, consisting of up to n pure states
(¢t = 1,...,n), of the same density matrix p4, may be produced from a single
pure state |U4p) € Ha ® Hp, where Hp is (at least) n dimensional. To produce
the different realizations, one must measure (non-selectively) for each realization a
suitable operator B in the Hp space.

PROOF. Assume two realizations of the same of the same density matrix p4

{pi; i)} = pa = Zpiwz')(wz'l,
{ai |0} = pa = ailei) (@il

We may perform a “purification” of the two, by enlarging our Hilbert space to
Ha®Hp
purification

{pi, [1)} T |®1)ap = Y _ Vil ali)s  (lailay) g = 6ij),
{pi, 1)} 2 o) g = S Vaileid alBids (5{(8ilB) 5 = 6i),

where the states in Hp in each case are orthonormal (the |a;) are orthonormal and
the |3;) are orthonormal). The result of the “purifications” are the two pure states
|®1)ap and |P2)ap which after a partial trace, each gives the density matrix p4.

We know (see second proof in previous subsection) that if we measure a pure
state non-selectively'® using an operator B with non-degenerate eigenvectors |3;),
the resulting density matrix will behave as if our pure system was of the form

> Valei) alBi)s-

Thus if we measure it using the operator UBBU§1 our eigen values will be Ug|3;)
and the resulting density matrix will behave as if our pure system was of the form

Z V@il 3:) aUB|B:) 5.

Therefore, if we prove that
|P1)ap = (14 @ Up)|P2)aB,
then
[@1)ap =Y Vi) alai)s =Y VEl @) aUslBi) s,

and measuring |®3) 4p using Up B will give us the same realization as would have
|P1)AB-

17GHJW stands for Gisin, Hughston, Jozsa and Wooters.

18Non—selectively means that we make the measurement B and then allow another measure-
ment on space H 4 to be performed, in order to determine p4 (from the statistics we obtain). As
we have already seen, this procedure does not effect the density matrix p 4. This is different from
the case of the selective measurement where after the measurement B we throw away result which
do not give us the eigenvalues we wanted.
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Thus, in order to complete the proof we are left to show that there must exist
a unitary operator Up such that

[®1)ap = (14 @ Ug)|®2)aB-

To prove this we use the Schmidt decomposition (see below). By the Schmidt
decomposition |®1) 45 and |P2) 45 may be written as

1) a8 =D VAilai)albi)s ( giZZij;A — )

B =0
aalla), =3,
9245 = S VRlaalie (e 250 ).

Furthermore we must have
|a5) = lai),
)\; = )\ia
since both states after taking a partial trace of them give the same diagonal density
matrix, and the elements on the diagonal are the \;|a;){a;|. Thus

an = ey Al00a =00

|(I) >A _ Z /_)\-|a->A|b/-> A(aﬂa;-)A = (5ij
2/AB 7 |Ue i/ B B(b;|b§>B:61J .
Since |b;) g and |b})p are orthonormal bases then there must exist a unitary trans-
formation between them

bi)p = Ug|b)) 5,
so that
|®1)a = (14 @ Up)|P2) aB.
This completes the proof. (|

2.4. Entanglement and the Schmidt decomposition

We shall say that a state [pap) is entangled if we cannot decompose it into a
tensor product (no matter which basis we choose). For example the state

[Vap) = ala)al0)p + B]1)4|0) B,
is not entangled since we can write it as a tensor product
[hap) = [ela)a + B]1)a] ® |0) 5.

For two spin % particles the most general form of a non-entangled state may be
written as

[Yap) = l[al0)a+b[1)a] ® [a]0)5 + G]1) 5]
aa|0) 4|05 + af]0) a[1) B + ba[1) 4|0) 5 + bB[1) a|1) 5.

Thus the state

1
V2
is an entangled state. To see this, note that in the general non-entangled state, if
ace # 0 and bG8 # 0 then af and ba must also be non-zero. Thus if | 4p5) non-
entangled and includes elements |0)4]0)p and |1)4|1)p it must also include the
mixed elements |0) 4]|1)p and |1) 4|0)p. Our state includes |0)4|0)p and [1)4|1)p
but not |0)4|1)p and |1)4|0)p, so it cannot be non-entangled and is therefore
entangled.

[Yap) = —=(10)40)5 + [1)a[1)p) (entangled)
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THEOREM. For any state |V ap) € Ha®Hp there is an orthonormal basis |i) 4
(i=1,...,Na) of Ha and an orthonormal basis |i)p (i = 1,...,Np) of Hp such
that |V ap) can be written as

N<min(Ng,NB)

Z Vili) ali) B
i=1
The coefficients \; are called the Schmidt coefficients, and the decomposition is

called the Schmidt decomposition.

Note, that different states [4p), in general, required a different choice of the
bases. Also note, that if define unitary operators U4 and Up which operate on H 4
and Hp respectively then Uap = Us ® Up when operating on |1 45), changes the
the bases, but not the Schmidt coefficients A;.

PrOOF. To prove the theorem we need two auxiliary lemmas first.

LEMMA. (Polar decomposition). Every matrix A may be written as a product
of a unitary matriz U and a positive (non-negative eigenvalues) Hermitian matrix
H:

A=UH.

PROOF. We can clearly write A as

1
A=A—=VAtA.
VATA

Now, At A is a positive Hermitian matrix,'? so it may be written as
AAT =Nl
i

Thus, we may write

VAAT =3 Vil

and indeed using this definition
2
2
(\/AAT) - <Z \/)\i|i><i|> = 3N i) i = AAT.

Clearly, the inverse of vV AAT is

1 1.,
D SRviid

since

1 1 o [
\/MVAAE(Z\/EIZWI) zj:\/TjIJMJI ZXZ:IZWI:JL

i

Now, we define
1

A
vV AAT
1914 is positive, since for a given state |¢)) we we may define

Cle) = Ald),
where |p) is some normalized state and C' is some complex number (A[y) isn’t necessarily nor-
malized). Thus we have

U

@I(ATA) ) = (AT (A[)IC* (plp) > 0.
This is true for any state |1), and therefore AT A, by definition, is positive.
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and
H = VAAT
Clearly U is unitary (UTU = 1), and H is Hermitian (H' = H), so we have what
we were looking for
A=UH.
O

LEMMA. (Singular value decomposition). Every matrix A may be written as a
product of a unitary matrix U a diagonal matriz D and another unitary matriz V :

A=UDV
PRrROOF. According to the previous lemma, we can always write A as
A=UH.
Since H is Hermitian, then there is a unitary matrix 7" which diagonalizes it
TTHT =D
= H =TDTT,
therefore we can write
A=U,TDT".
We now define
U=U,T
and
V=Tt
they are both clearly unitary, and we therefore have
A=UDV.

O

Having proved these lemmas, we may now prove the Schmidt decomposition.
By definition state |¥ 45) can be written in general as

(Wap) = aijlai)alB)) s,
i

where |a;) is an orthonormal basis of H4 and |3;) is an orthonormal basis of Hp.
The coeflicients a;; define a matrix A

(A)ij = Qij-
By the second lemma there are U, D,V such that (since D is diagonal)
A=UDV = a;; = Aij = > UiDiVij-
k

substituting this into |¥ 4 ) gives then

|Wap) = ZUikakajlai>A|ﬁj>B

.5,k

Z Dy, (Z Uik|04i>A> Z ViilBj) B
A i J

20By definition
Wap) =Y Bijlviales) -
1,7
If we expand each of the states |1;) 4 using the basis |a;) 4 and similarly for Hp, we get the above
result.
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Now, since U and V are unitary matrices then they transform an orthonormal basis
into a new orthonormal basis, and we may define two new orthonormal bases

|k)a = Z Uik|as)a

and

B)p =Y ViylBs) b
J
Using these definitions the we now have

|[Wag) = ZDkk|k>A|k>B;
%

which is almost the Schmidt decomposition. To have the Schmidt decomposition,
we must have Dy, = /A and therefore Dy, must be positive. In general Dy can
always be written as /Are?’*. If we push the phase e?* into the definition of our
orthonormal bases, then we finally get the desired form.

O

As an example let us examine two cases. The first is

\/L§(|O>A|O>B + |1>A|1>B)-

This state, is already in a Schmidt decomposition, since |0) and |1) are orthonormal,
and the same ket, does not appear in two different elements.
However if we examine

|Wap) =

|Vap) =

L
V2

this is not a Schmidt decomposition, since |T,) g is not orthonormal to |1,) 5.
We may now ask, how do we find the Schmidt decomposition appropriate for
a given state? If the \; are non-degenerate this is quite simple. If the Schmidt

decomposition is
Wag) =Y VAili)ali)s
i
then the reduced density matrices in H4 and Hp are

pa=TralWap)(Wap| =Y (il (1Vap)(Yasl)lj)s = ZM|¢>AA<@'|

J

(IT2alT08 +11)4l1.)B),

pr=Trp|Wap)(Vap| =D alil (1Vap)(Pagl)5)a =D NilD)sslil.
J 3

We see that the same \; appear in both density matrices when they are diagonalized.
Further more, in the density matrix A; is the coefficient of both |i) 44 (i| in p, and
of |7)pp(i| in pp (the same value for the index i in all). Thus if we diagonalize each
of the reduced density matrices we can match equally coefficients on the diagonally
and deduce the Schmidt decomposition. if )\; appears as the coefficient which
includes that these are the coefficients of the appropriate.

If we now return to our previous example

(104l + L) all) ),

|\PAB> = \/5

then
1
pB = §(|TZ>BB<TZ|+|TZ>BB<TZ|)

242 2—/2
= 1 |0) (0] + 1

1) Ba(1],
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where we define

4422 V2
0)p = 312/ (IT )B +\/§|lz>3>,

05 =\ 1700z (10 - 522500 ).

For pa we get

pa =

3 [Bhanitl+ (|TZ>A+ %uzn) (Tt + atl)]
A (AR IR IWIRES AR ARSIRIVIN]
2+

= 204 252

[ 12 + 82 3+2V2
|0>A: m <|TZ>A 2+2\/—|l> )

[ 12 — 82 24/2
|1>A: mQTz) 2_2\/—“) )

We can no finally write down the Schmidt decomposition

2+\f 2-V2
4

Daall
1 1) aa(l],

where we define

Wap) = 10)4l0)5 + [1)all)s

Note that if the Schmidt Coefﬁments )\; are degenerate, then the eigenvalues of
the density matrices will also be degenerate, and we won’t be able to make the one-
to-one correspondence between the orthonormal states of H4 and Hp. This means
that we cannot use the density matrices to find the Schmidt decomposition, but we
can still find using the method described in the proof of the Schmidt decomposition.







Part 2

Entanglement






CHAPTER 3

Hidden variables

3.1. The EPR' Paradox

Assume a two particle wave function of the form?
W = C(S(Q?l — X9 — L)(S(pl +p2),

where W is the wingner function, § are not exactly delta functions but only ar-
bitrarily good, normalizable, approximations. The operators x1 — x2 and p; + ps
commute, so we can measure both simultaneously.

From the wave functions we know that

x1 —xe = L (distance between particles)

p1+p2~0 (total mommentum),

thus, if Alice measures x; then she knows x2 ~ ;1 — L and if she measures p; then
she knows py = —p;. We assume in all this that the distance L is large enough so
that in the time it takes to make a measurement, light can’t travel between the two
particles, and particle 2 isn’t effected by measurements on 1.

We define an element of reality as a quantity which may be predicted with
certainty without disturbing the system at all. In our case here both x2 and ps are
elements of reality, because we may find them without disturbing particle 1 (only
particle 2). Since the measurements are done far away from particle 2, then the
particle is not effected by them and s, po must be both elements of reality.

However, from the uncertainty principle, we cannot know both zs and ps, and
thus we find a contradiction with quantum mechanics, which tells us that the theory
is incomplete. Further more, since the result of the measurement of the system is
unaffected by the measurement on particle 1, one might think that the result of the
measurements on 2, where already “written” somewhere. This lead to the thought
of hidden variables theory (HV).

We should also mention Bohm'’s version of the EPR paradox, sometimes known
as EPRB. His version is discrete. He uses the entangled state

1
V2
which has a total spin of zero. One can now measure the spin (in the z-direction)

of particle 1 and deduce that of particle 2. From here on it is similar to the original
EPR paradox.

%) (Tila = 1iT2)

1Einstein—Podolsky—Rosen
2Can also be described by squeezed states

Y& (z1 — 22 — L)o(p1 + p2) = i@lza"\n>1|n>2~

41
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3.2. Bell inequalities

The EPR paradox led to the thought that there might exist hidden variable
theories which give the same predictions as quantum mechanics. Bohm had found
(1952) the pilot wave interpretation which was a non-local hidden variable theory.
Bell has shown that above 2 dimensional Hilbert space one cannot have a local
hidden variable theory (actually he showed an inequality which such a theory must
obey, and quantum mechanically doesn’t obey it experimentally - see below)

1

3.2.1. A hidden variables theory for spin % Assume a system of spin 3

in a state
We know that in quantum mechanics we have®
(Oa)ypo =T+ 2 = cos¥,
where
oAa="N-0.
Can we produce a hidden variable theory, which will reproduce the same results?
Let us assume as a parameter a unit vector A with equall probability to be on

the upper half (z > 0) of a unit sphere (and zero probability to be on the lower
part). We define the value V,(72) of measuring oy, as

Vo () = sign (ﬁ . 5\) = sign (cos b, -

Since we assume that \ is (for some unknown reason) uniformly distributed on the
upper half unit sphere, then in an area of 27 - O"Tk we get negative values for 7 - A
and in the rest of the area upper half sphere 27w — 27 - 947} we get a positive value
for -\ (note that the area of half a sphere is %4#7‘2, which for r = 1 gives 27). As
a result, the average value we get is

~ (*1) . on)\ + (+1) . (277 - gn/\) 2971)\
Vs = =1- .
(Vi (@) = -
This result however, doesn’t give us the quantum result. To achieve that we use a
different 7 in V(7). we shall use 7/ with an angle 8’ with the z-axis (instead of z)

such that

/

1—— =cosf=n-2z.
T

We can make a mapping of 6 and 6’ and therefore we got a desired hidden variable
theory.
We could have constructed our hidden variable theory differently. We could
have constructed a different model, with a parameter 0 < A < 1 such that
o _{ 1 0<)\<C082g
m 1 cos?f <A<l
= (05) = cos0,
where of course
n-Z=cosb.
We would now like to see if it is possible to construct a hidden variable theory
for a system of more then one spin, say a system of two entangled spins. We

3

(oa)yy = (1.lcosBoz + sinfcos oy + sinbsin oy |T,)
COSG(TZ‘Uz‘Tz> + SiHGCOS¢<TZ‘Ux|TZ> + SineSin¢<Tz|O—y‘Tz>
= cosf0+040



3.2. BELL INEQUALITIES 43

shall see that we cannot build a local hidden variable theory, in this case (which is
consistent with quantum mechanics).

Assume a system of two spins with total angular momentum zero. Therefore,
if we measure spin 1 in the z direction and get “up”, then measuring spin 2, also in
the z direction must give “down”. We need a model to give us this behavior. We
can’t use Bell’s previous model, since the A in each spin will be independent and
we won’t get the desired result. We shall therefore try another model

Vi, (07, ) = sign(k; - 1s),

where 7 is an index of the particles. In our system

= —n2
and we shall denote
d == kl y b = kQ.
In other words, the directions of the spins now play the role of A in the previous
model. If we assume that 7 is random then we get, as in QM

(V1(@))a, = (Va(0))ay=—i, = 0.
Now let us calculate (Vi (@)Va(b))s,. Clearly, if & = b we get the regular QM result
W(@)Vz(a))a, = -1

Now for general ¢ and l;, we can draw a sphere and on it two half-spheres, one
around a and the second around b. For 711 which fall in the intersection of the two,
or where non-cover the sphere we have

. 2m — 20
ey

Vi(a)Va(b) = =1 (in area of 5 ),

and in the rest we have

2
vmm@zﬂammd;m.
Y

If we denote as 8 the angle between a and l;, and take the average over the areas
we get

R N 26
Vi@Ve(0))a, = ~1+ —.
The result in QM is
(0aoj) = —cosb.

Not surprisingly, we got different results. The question is can we correct our model
as before, so that we get the correct answer. We shall see that no. The reason is
that the parameter in the results is the angle between a and b. We can not make
a deterministic change, separately on each function Vz(l%) (where we now only the
direction of one measurement device, not both) so that we will get a correct result

when combined.

3.2.2. The CHSH? inequality. Let us assume that a hidden variables the-
ory exists. We again study the system of two spin % particles with total angular
momentum 0. This time however, particle 1 can be measured either in direction
a or @' and particle 2 can be measured either in direction borl. Although we
cannot measure both @ and &’ simultaneously (nor b and ¥/ ), since there are hid-
den variables, we can know in advance what the result would be, should we make
the measurements. We shall use these “results”. We shall denote the result of

4Clauser Horne Shimony and Holt.
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measuring o; by a the result of measuring o; by @’ and so on. Recall that each
measurement can give only 41, thus we may write that

(a+a )b+ (a —a )b =42,
since either
atad =0=(a—d)=%2 (b ==+1)
or
a—d =0=(@+d)=%2 (b==1).

Although we don’t know the occurrence distribution of +2 and of —2 as results in
our hidden variables theory, we can conclude that we must have

[{(a+a" )b+ (a' —a)b')| <2 (for hidden variables)
or
[{(ab+a’'b+a'b’ —ab’)] <2 (for hidden variables)

writing this in standard QM form we can write

‘<O’d0'g + Oa' 0}, + 0o/ Op — U@O’B,>

<2 (for hidden variables)
or

|<0’;10’l;> + <0‘;1/UB> + <U@ra’5/> — <U@0’5/>

<2 (for hidden variables).

Each one of the four averages, in the absolute value, can be measured in experiment
and then the inequality checked. This inequality is called the CHSH inequality.

Let us see if QM (always) obeys this inequality. As an example we shall take
the case

ala ; bLb ; a l;:cosg.
Since in QM (&%1)&7(5)> =7 -7 then (if we choose correctly)

4 2
2
(oaroy) = cos T £
4 2
3T \/5
(0a0j,) = cos T -5

and we get

|(oaoy) + (oarop) + (oaroy) — (0aoy,)

=2v2 ¢ 2.

Experiments confirm that QM indeed holds in this case, and therefore QM cannot
be a local hidden variables theory. Local here means that every particle has its own
set of hidden variables which determine its behavior, regardless of what the others
do (after the hidden variables are determined).

Note, that it can be shown, that for two spins the maximum violation is when
the absolute value equals 2+/2 as we got here.
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3.2.3. Bell’s inequalities. Bell was the first to give a proof that QM con-
tradicts local hidden variables. Assume two spins emitted with opposite spins, as
before. We measure spin 1, either indirection @ or in direction ¢ and we measure
spin 2, either in direction b or in direction é (the same ¢ as a for spin 1). We shall
denote the results of such measurements as a, b, ¢1, ca respectively (¢; the result of
measuring spin ¢ in direction ¢). Since the spins are in opposite direction we shall
use

C=C = —C2.
Note that we can either measure a, b or measure a, c or b, ¢, but not all three, however
since we assume hidden variables we can know the result of all three measurement
in advance (even if we make only two of them). Since the spins are in opposite
direction (and the measurements take values of +1) we can write

+a(b—c2) = (1 + bey),
since if b = ¢o then b = —c; and both sides give zero, and if b = —cs, then both

sides give 2 up to a sign. Since the results has a & on the left and (be;) > —1, then
taking the average on all possible hidden variables gives

[(ab) — {ac2)| < 1+ (ber),

or using ¢ =c¢; = —cg
[(ab) + {ac)| <1+ (be),
Before going on we should prove the result for (ag)ag)> of two spins of opposite
spin.

The Bell states we already encountered are also called maximally entangled.
They are maximally entangled in the respect that they give the maximally violation
of the Bell inequalities

v™ = 5 (00415 = 1DaI0)5)
Ut = = (0)4l1)5 + [1)410))
b = % (10)410)5 — 1)) )
6" = == (100410)z + DalL) ).

V2
3.3. Contextually

3.3.1. Definition of Non-Contextually. Non-contextually is a hidden vari-
ables “theory”. Which assumes:

Non-contextually: The result of a measurement is independent of whether
other compatible (commuting) measurements are made. If [A, B] = [4,C] =
0 then measuring A; measuring A and B ; or measuring A and C would
all give the same result for A.

Functional consistency: If [4, B] = 0 and measuring A, B would give
(respectively) «, 3, then measuring f (A, B) would give f(«, 3). The result
f(a, B) may be assumed to have been measured even if the measurement
was never taken

NoOTE. Non-contextually can not be tested experimentally since one can not
make the different measurements on a state: once measure only A and once both
A, B. Once a measurement is made the state collapses other compatible tests, will
leave « (the result of measuring A) unchanged.
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PROBLEM 3.3.1. Is the functional consistency assumption relay new, or is more
or less included the non-contextually assumption?

3.3.1.1. Mathematical formulation. Non-contextually means that one may de-
fine a truth function ¢(P), where t(P) € {0,1} (i.e. a value of either 0 or 1), such
that for every complete set of orthogonal projections {P;}

Y Pi=I (PP;=6;P, Pl =P,

the truth function obeys

S HP) =1 (tP) € 0,1]).
3
The truth function ¢ tells us in each possible basis (depending on our measuring
device) which value we would measure. The difference between the non-contextually
and the standard case, is that in the standard case the truth function ¢ gives the
probability and therefore may return any value between 0 and 1, i.e. t(P) € [0, 1].

3.3.2. Contradicting Non-Contextually. Contradicting non-contextually
is achieved, not by comparing it to experiments, but rather, by showing that it
is logically inconstant (assuming a continuous Hilbert space of 3 dimensions or
higher). Two theorems to prove this are the Gleason theorem and the Kochen-
Specker theorems (Bell also had one). For a 4-dimensional Hilbert space Mermin

3.3.2.1. The Gleason theorem. Gleason replaced the usual axioms of QM by a
smaller (more abstract) set of axioms:

(1) Elementary tests (yes-no questions) are represented are represented by
projectors in a complex vector space.

(2) Compatible tests (yes-no questions that can be answered simultaneously)
correspond to commuting projectors.

(3) If P, and P, are orthogonal projectors, then the projector P,, = P, + P,
has the expectation value

<Puv> = <Pu> + <Pv>

This new set does not contradict the regular axioms, and therefore any result ob-
tained from it must also be true for the standard set.

THEOREM. The above azxioms plus continuity of the vector space require that
the expectation value of any Projector P must be of the form

(P)="Tr(pP) = (A)= Tr(pA),

where p is a nmon-negative operator with unit trace (i.e. a density matriz) which
depends only on the state of the system; not on the “quantity” measured.

If we now assume that a truth function ¢ indeed exists then it must obey
(P)y = t(P). However, contrary to the truth function (in non-contextually) which
returns discrete values (0 or 1), it is clear that the function (P) = Tr (pP) would
return a continuous spectrum of values (if the projections P are continuous). This
gives a contradiction and therefore non-contextually contradicts Gleason’s axioms
and thus also the standard axioms of QM.

PROBLEM 3.3.2. Is Gleason’s theorem relay a proof? In the book (Peres) he
doesn’t seem to treat it as a real proof.
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3.3.2.2. The Kochen-Specker theorem.

THEOREM. In a Hilbert space of 3-dimensions or higher, it is impossible to
define a truth function t which associates a value of either 0 or 1 with every possible
projection P such that if

> Pi=I and [P, P}]=0,

then

Zt(Pi) =1 where t(P;)€{0,1}

i

PRrROOF. (Due to Peres)

We start by proving the theorem for the case of 3 dimensions. Instead of
referring to projections one may use the vectors defining them: if u is a vector,
then it defines the projection P, = uu’. More precisely, it is sufficient to refer to
rays, since the length (including negative lengths) plays no role. A complete set of
commuting projections may therefore be defined by a complete set of orthogonal
states/vectors/rays. the truth function t associates with each such ray a value of
either 0 or 1.

The proof of the theorem has the following general form:

e Choose several complete sets of orthogonal rays, some of them sharing the
same rays (but of course not sharing all of the rays). The same ray, in
different sets, must of course correspond to the same value of the truth-
function ¢, in all sets.

e Since some sets share rays, this creates constraints on the truth values
allowed in different sets. The proof shows, that these constraints cannot
all be maintained without a creating a contradiction (for all possible truth
functions).

Since the 3-dimensional Hilbert space is isomorphic to R? we may work in R3. We
shall study here only 33 different rays®. The possible values of the ray components
treated will be 0,41, ++v/2, where for simplicity of notation /2 will be denoted as
2; and —1, —/2 will be denoted as 1, 2 respectively. Note that the 33 rays are not
all the possible rays one can construct using the given components (for example
the ray 111 won’t be used). One important feature of the set of rays is that it has
the rotation symmetry of a cube. The proof is given in the following table. In each
row a set of three orthogonal rays are given under the “Orthogonal triad”; one of
these must correspond to a truth value of 1 (refereed to as green) and the other
two must correspond to a truth value of 0 (referred to as red). The green (truth
value 1) ray is written first in bold-face and then the other two (red — truth value
0). If the red rays have already been mentioned in a previous row they are written
in italics. If needed later, more rays, orthogonal to the green (truth value 1) ray
are also given under the column “Other rays”. These extra rays must be red (truth
value 0), since they are orthogonal to to the green ray. The third column explains
why the first ray was chosen as green.

5This is a subset of all possible rays but it suffices to show a contradiction.
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Orthogonal triad | Other rays | The first ray is green because of

001 100 010 | 110 110 | arbitrary choice of z axis

101 101 010 arbitrary choice of x vs. —x

011 011 100 arbitrary choice of y vs. —y

112 112 110 | 201 021 | arbitrary choice of = vs. y

102 201 010 | 211 orthogonality to 2nd and 3rd rays
211 011 211|102 orthogonality to 2nd and 3rd rays
201 010 102 | 112 orthogonality to 2nd and 3rd rays
112 110 1121|021 orthogonality to 2nd and 3rd rays
012 100 021 | 121 orthogonality to 2nd and 3rd rays
121 101 121|012 orthogonality to 2nd and 3rd rays

From the table, the rays 100 (first row), 021 (fourth row), and 012 (last row) are
all red (truth value 0). However these three rays are all orthogonal to one another.
This creates a contradiction since this gives > #(u) = 0 instead of Y t(u) = 1, as
required by non-contextually for complete orthogonal rays/vectors/states.

The proof so far has been for 3 dimensions; for higher dimensions d > 3 one
can use the same proof® but add d — 3 rays which are orthogonal to all the 33 used
above (after adding to all the rays here d — 3 components of 0, in order to make
them d-dimensional). The same d — 3 rays are added to the orthogonal sets of each
row in the table (making each a set of d orthogonal rays). These new d — 3 rays
are always red (truth value 0) due to the first row. Since, fundamentally, the same
table is used, then the same contradiction appears. O

3.3.2.3. Mermin’s proof (4 dimensions). Mermin has given a simple proof con-
tradicting the premises of non-contextually in 4 dimensions. He examined the
following array of operators’

1®o0, 0,1 o0,RQ0,
Oz ®1 1Qo, 0, Q0. .
O R0, 0,Q0; 0y Q 0y

In this array all the operators have eigenvalues of +1, and the three operators in
each row, as well as in each column, commute with each other. Further more, the
product of the first two operators (from the left) in each row, and the first two
(from the top) in each column, give the third operator in the row/column. The
only exception, is in the final columns, where the product gives —o, ® o, instead
of —o, ® ay.

Now, if non-contextuality is possible, then by choosing the values (+1) for the
four operators determines the values for the rest of the array [e.g. if 1 ® o, would
return 1 and o, ® 1 would return —1, then 0, ® 0, = (1 ® 0,)(0, ® 1) would return
—1=1-(-1)]. However, since the product of the first two operators in the lower
row (o, ®0y) gives minus the product of the first two operators in the third column

6For 4 dimensions there is also a different proof using only 24 rays.
"Reminder: The Pauli matrices are

(o0 1\ (0 =i\ _ (1 0
=11 0)7" =i o) "TLo0o -1 )

and they obey the relations

02 =02 =g =
OgOy =10, ; Oyoz = —i0z = |oz,0y] = 2i02,
0200 =10y ; 020, =—loy = [0:,0z] = 2i0y,
Oy0, =10y ; 0,0y = —loyz = |0y,0:]= 2i0z,

which may be summarized by
O'Z'O'j = 51']']]. =+ ieiijk.
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(—oy ® oy), then there is no possible choice of values +1 which will not lead to

a contradiction. Mathematically, if there exist a value function V' which gives the

value of the operator that would have been measured, then using the assumption

of functional consistency premise on the last row gives

Viey®oy) = V(0 ®0,)V(0.®0,)=[V(1®0,)V(c, @1)][V(0, 1) V(LR 0y)]

V1l®o,)V(e, @)V (0, @1L)V(L R 0y).

On the other hand, using functional consistency on the last column gives

V(iey®oy) = —V(0,00,)V(0,Q0,)=—-[VA®0,)V(c,1)][V(0, 1)V (1R 0y)]
= - VI®o,)V(e, @1)V(c, @ H)V(1 ® 0,).

Thus we have found that V (o, ® 0y) = —V (0, ® 0,) which is impossible since the

eigenvalues of all our operators (and hence the allowed values to be measured) are

+1. This contradiction means once again that the assumptions of non-contextually
are contradict quantum mechanics.






CHAPTER 4

Uses of Entanglement

4.1. Encoding information

Recall the four Bell states (which are maximally entangled)

v = 5 (0415 = 1DAl0)5).
Ut = 5 (0)al)s + 1Dal0)).
6™ = 25 (0041005 = [DalL).
6% = == (100410)5 + 1)al1) ).

N

2
These four states span the whole Hilbert space of two spin % particles.
We know define two operators By and Bs

B = 0';40'5,

By = Ufof,
which commute!

[B1, B2] = 0.

These two operators have two eigenvalues each of +1

| Bell state | eigenvalue B, | eigenvalue B» |

s +1 -1
) —1 —1
ot +1 +1
b —1 +1

We see that measuring a single operator, cannot distinguish between the four
Bell states, but measuring both operators (they commute) determines a single state
(see which eigenvalues are measured for each operator and compare to the above
table). The only problem is that the two operators By and Bs are both non-local -
they operate simultaneously on both particle A and on particle B (even when they
are far away).

We saw that we can encode 2 bits of information (the eigenvalue of B; and
eigenvalue of Bs) in the four Bell states. Now, let us assume that Charlie creates
one of the four Bell states and gives one particle (particle A) to Alice and one to
Bob (particle B). We might ask whether Alice and Bob can determine the given
state using only local operations (LO) and classical communication (CC) where
local operations means that Alice can use any operator which operates only on

1They commute since we are dealing with two particles and not just one. Using o,0,; =
—030z = 10y, we find that

A B _A_B
[0’10'170'20'2]

51
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particle A (and maybe other particles which belong to Alice) and Bob can perform
any operation which operates only on particle B (and maybe other particles which
belong to Bob).? Classical communication means that Alice and Bob may transmit
classical bits between them, but not qubits (Alice can’t send particle A to Bob, but
she can pass a sheet of paper saying what was the result of her measurement +1
or —1). The combination of both local operations and classical communication is
often denoted as LOCC.

Using only local operations, the best that allice and Bob can do is extract a
single bit of information. They can either both measure o, on their particles and
compare results, or both measure o, and compare results. In the o, case, if both
get a spin in the same direction, they know that the Bell state is either ¢ or ¢T.
On the other hand if the get results of opposite directions they know that the Bell
state is either 4™ or ¢)™. If however, they measure in the o, direction, then if their
results are in the same direction, the Bell state is either 1)+ or ¢*. Otherwise the
Bell state is either ¢y~ or ¢ .3 Since they are both performing local operations, then
o, and o, do not commute (unlike 0205 and 040 F) and therefore they cannot do
both types of measurements and find the specific Bell state.

We conclude therefore that using only local operations and classical communi-
cation Alice and Bob can extract only a single bit of information.

4.2. Cryptography

Lets assume that Alice and Bob want to communicate (send messages between
them), but that Eve wants eavesdrop to their messages. Alice and Bob of course
want to prevent this.

The solution to this problem is simple, and is the same classically and QM (we
shall see the difference later on). First, Alice and Bob agree (before hand) on a
common key K which is a sequence of L bits, e.g.

K =01100...1.
Now, in order to encrypt her message M e.g.

M =01010...,

2In the H4 ® Hp Hilbert space, a local operation of Alice would be written as
Ua®1p,

and similarly for a local operation of Bob.
3Using

one finds that

L (L) alte)s = T alle)s),

i
v = = (alls — L) alla)s)
6™ = 25 () alla)s + L)all)s).
ot = —= (1) alleds + L) allo)s)

V2
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Alice performs a xor? operation on her message and key K and generates a new
message M, e.g.

01010
M Mek_ 01100
00110

Since Eve doesn’t know the key she cannot decipher the message, however Bob
which does know the key may perform another xor on the sent message M’ and
retrieve the original message M.

The only problem left for Alice and Bob is how to generate the key without Eve
learning it as well (they must transmit messages which Eve might intercept). We
shall now use quantum mechanics to generate such a key. The problem is known
as quantum key sharing.

Let us assume that Charlie (not Eve) produces entangled states in the ¢~ Bell
state

1

V2

and each times sends one (qubit) of the pair to Alice and the second (qubit) to Bob.
Alice and Bob can measure their qubits in the z-direction, the result will random
but correlated (if Alice get “up” the Bob gets “down” and vice versa) and so they
can create their key. However Eve, since she knows the direction Alice and Bob
measure in, can learn the key with out Alice and Bob finding out about it. She
Basically has to measure the spin in the z-direction of Bob’s (or Alice’s) particle
and then let it pass on to Bob (or Alice). Bob will measure the same result as Eve
(due to the collapse) and this result will be correlated to Alice’s result).

Let us assume however that making a measurement destroys the particle (but
unitary operators, do not), can Eve still measure the spin whiteout Alice and Bob
knowing about it? Yes she can. Assume that Eve has her own spin % particle in
the “up” state. The total state (Alice Bob and Eve) will now be

) ans = = (1al)s = 1DalD)s) D

Y- (10)al1) B = [1)l0)B),

We are now looking for a unitary operator such that

U 1
[Wo)ase =5 —= [(INalNe) s — (1) all)s) [1)5]-
V2
This transformation leaves particle E' unaffected if A is in the spin up state, and it
flips the spin of particle E if A is in the down state. It can be written explicitly as®

Uar = Ucnor = Naa(ll @1+ |)aa(l|®cZ
1 1
= 5(11,4+o;“)®11E+§(11A—o—;“)@m—f

4The xor operation is denoted by @ and is addition modulo 2 i.e.
000=0
0pl=1640=1
1e1=0.

5Recall that
JI'Tz> = |lz> > UI'lz> = |Tz>
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or in matrix form

0

10 10 0 0 0 1
UCNOT_(O 0)®(0 1>+(0 1)®(10>_ , 01
10

This unitary operator is known as a controlled-not (CNOT). The particle A which
does not change (but determines how E will change) is called the control, while
particle E which may change is called the target. The CNOT is symbolized as

p—— control

O =
— O

—GB— target
Another way to write the CNOT is to use UonoT = %(JIA +o@1g+ %(JIA —
02) ® oF, which can also be written as

1
Ucnor =14 ®1g — 5(]114 —o)(1g —ol).
Now, since cr]?C =1 then
L-0p)=2—-0;) =D —0p)"=2"""1-0p) (n#0).

Therefore we can write®

Uonor = e~i5@a—of)@e—cf)

We now return to the key sharing problem. We saw that if Eve knows in which
direction Alice and Bob measure their spins, then she can find out the key, without
them knowing about it.” This is true as long as Alice and Bob always measure in
the z-axis. If they suddenly switch to measuring in the z-axis (and Eve keeps using
the same CNOT) then they will now see that someone is interfering since they will
now find that
(o707) =0
if Eve is using the previous CNOT, where as if Eve is not listening then they would
find
(ohoP) = -1.

What Alice and Bob can do therefore is to measure their spins in random
direction independent of the other: Alice chooses randomly on her side in which
direction to measure, = or z, and Bob chooses randomly on his side if to measure in
the x or z direction. After performing all the measurements Alice and Bob Publish
in the open the direction and result of some of their measurements (but not all).
From those measurements which they both performed in the same direction they
find the average of the product. If it is —1 then with a good probability, Eve did

6Since 02,08 each commute with themselves and with each other, we may write
m m A nx_ E _.m_A_FE
UcnoT = e '1e'1%2 '2% 7192 %

A " ;
The operators ¢4 and e'1%x , are local operations, and e %7 is just a phase. Therefore, up
to local operations and a phase we may write that

m A_E
UcnoT =€ ‘49272 (up to local operations and a phase).

TWe can take the partial trace over Eve’s particle and we’ll get different reduced density
matrices pap if Eve used the CNOT and if she hadn’t. However

Tr(papotol) = -1

in both cases, so Alice and Bob cannot know that Eve has been listening (and if one gets “up”
the second will measure “down” so they cannot in fer from this any change).
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not listen in, and if it is closer to 0 then Eve did listen in (neglecting noise in the
system). If they conclude that Eve did not listen in, they can publish the rest
of the directions they measured in (but this time without the results). From the
measurements which they both made in the same direction the can now produce
the key K.

Alice and Bob can achieve the previous protocol even without having entangled
states between them. Alice can create spins in one of the four states

120, 1205 112)s [L2)-

She then sends them to Bob who measures them randomly in either the = direction
or z direction. From here on the protocol is the same as before (except that this
time if Alice and Bob measure/create in the same direction they will find the same
result, both “up” or both “down” unlike the previous protocol, in which if Alice
measured “up” then Bob measured “down” and vice versa).

4.3. teleportation

Assume that Alice and Bob have an entangled state [¢™ )., between them

16+)ap = % (10)a10)s + [1)a[1)s)

Now, Alice has a third particle A in state |¢)

[1)a = a|0)a + B[1)a,

and she wants to pass the state itself (not the particle) to Bob.® The sate of the
whole system (all three particles) is |1) 4|¢™ )as, however it can also be written as®

[0)l6F oy = (a|0>A+ﬂ|1>A)%(|o>a|o>b+|1>a|1>b>

- 2 (@]0) 4]0)al0)s + [0} a[1)a|1)s + B]1) 4[0)al0)s + BI1) A[1)al1)s)

V2
|¢+>Aa + |¢7>Aa |1/}+>Aa + |1,Z)7>Aa
b+ 2

= 5 a|0)
|w+>Aa — W}_)Aa |¢+>Aa B
5 B10)s + 5
[67) aa(@]0)s + BI1)s) + %|¢+>Aa0’2(0¢|0>b + B11)s)

all)p

|¢_>Aa B|1>b

97 ) aa (=)0 @10} + B1) + 3167) a0 (010} + BI1))

o= 4+ Nl 4

— N

6T aal)s + [UF) 400l ) + [ ) aa(—0)0b 1)y + |67 ) aa0l )] -

We see now that if Alice makes a measurement in the basis of the Bell states of
particles a, A then particle B would collapse to one of the states of the form o?|¢),

SWe may assume that particles a, b, A are of different types or of similar types - there is no
restriction.
9Recall that

[#7)ax = <5 (0)alla = 1)al0))
[¥%) a0 = 5 (0)allha + 1)al00)
67040 = < (0)al0)a = D alL)a).
167 aa = % (10) 410)a + 1) 4[1)a) -
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(i =0,1,2,3 where o9 = 1).!° The result of Alice’s measurement is two bits (the
two bits needed to determine which of the four Bell states she found). Alice can
send the two bits to Bob, who can then perform on his particle b the appropriate
inverse operator (in this case the same o;). After this operation Bob will hold in
his hand particle b in a state which was previously associated with particle A held
by Alice.

the following things should be noted:

e The thing that was passed between Alice and Bob (besides the two bits of
information), was a state, not a particle. The state which once described
particle A now describes particle b.

e the no-cloning theorem still holds. After the process, the particle A is no
longer in its original state but in an entangled state with a.

e The two bits of information we use are completely random (since the
collapse is random to one of four possible states). So they are not the
ones carrying the information.

e Although Alice sent Bob two bits of information, Bob was able to extract
two continuous variables (o« and ). However, Bob never knows what
these two variables were. He only knows that they were passed correctly.

One consequence of teleportation is that allows one to do non-local operations
(assume you have an entangled state). Simply teleport one state to a particle in
the vicinity of the second particle, make the measurement there (locally) and then
teleport back the new state of the particle.

4.4. Remote operations

To our list of types of bits we now add the ebit which is simply an entangled
state. By changing the basis we choose for each particle (or equivalently performing
a unitary operation non each) we can always bring to the Bell state |¢T)

1
V2
Bennet wrote “equations” which describe the different process. The “equa-
tions” were constructed from ebits, qubits and (classical) bits. For example for
teleportation one needs an entangled state and to pass two classical bits (the result
of Alice’s measurement on her two states). Since teleportation is actually the com-

munication of one qubit (the state, not the particle is passed from Alice to Bob),
then it can be written as

ebit = —=(]0)|0) + [1)|1)).

lebitap + 2bita_p = 1gbit,4_, 5.

One could also use teleportation to create an entangled state. Simply do a local
operation (say a CNOT) on two particles and entangle them. Then teleport the
state of one of them to a distant particle and you have two distant entangled
particles. This would be written as

teleportation = ebit 4.

Dense coding may also be described in this manner. In dense coding we started with
an entangled state, Alice then performed a local operation on her particle (encoded
two bits in to it) and then sent the particle to Bob (equivalent to teleportation).
In Bennett’s language this would be written as

teleportation 4_, g + ebitap = 2bita_.p.

100K, for i = 2 the state is icrghb)b not UZW)b.
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In quantum computation we would like to create interactions between distant
particles, i.e. non-local (or remote) operations. However, the rules of the game are
as follows:

Locality: Only local operations are allowed. This includes local unitary
operators and local measurements. Note that local operation alone cannot
create entanglement.

Classical communication: Only classical communication is allowed be-
tween our systems (only passing of classical bits). It is not allowed to
exchange quantum particles (i.e. not allowed to exchange qubits). Note
that classical communication together with local operations, still cannot
create entanglement.

Entanglement resources: There are pairs of particles in entangled states,
ready to be used. These pairs are given/prepared before the beginning
of the calculation and no more pairs may be added after the start of the
calculation.

Given the rules of the game we would like to create protocols that will produce
the effect of non-local unitary operations. These protocols must give the desired
operator regardless of the state we perform the operation on. Such a process will
require both the use of entangled pairs (ebits) and the communication of classical
bits (usually random ones).

One simple method of doing any non-local operation is with two teleportations.
Simply teleport one state to the locality of the second perform a local operation on
the two and then teleport the state of one particle back (note that the resultant
state will not be back on the original state, but rather on a new one). Such a
procedure (two teleportations) will require from us to use 2 ebits and send 4 bits
of classical information (1 ebit and 2 bits for each teleportation - see above).

We would like to see if we can do this more efficiently. We shall study the
CNOT operation. We shall see that one teleportation and one classical bit suffice
to create a CNOT.

Cram. A CNOT is equivalent to a teleportation in the sense that
CNOT + 1 bitq—.p = teleport 4_. 3,
teleport 4 _,p + 1 bity—.p = CNOT.

PRrROOF. To prove the claim we assume an initial state

1) 4l0) B = (a]0)a + 8[1)4) |0) 5.
If we perform a remote CNOT, with [¢)) 4 as the control then we get

CNOT [¢)a|0)p = «[0)a]0)p + B]1)all)B

Te)a+1l.)a [Ta)a —1la)a
QTK’)B +ﬁT|1>B
1 1
= EHJA (al0)p — B|1)B) + 7§|lx>A (all)p +B10)B) -

Now if Alice measures o, of particle A and sends the result (1 bit) to Bob, then
Bob can perform on his particle ¢, if Alice measured “up” or perform o, if Alice
measured “down”. By doing this particle B will now be in state 1) and we have
teleportation, where we have used a remote CNOT and a transfer of 1 classical bit
of information (the result of Alice’s measurement).

For how to do the opposite: create a CNOT using teleportation and a single
bit see the stator below (creating a stator). O
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4.5. State-operators (stators)

We define a state-operator, or for short stator, as “creature” which is a combi-
nation of states in one Hilbert space and operators in another. Generally speaking
it will be written as

S=> cliyawOp,

where the |i) 4 are states in the Hilbert space H (of say, particle A) and OF are
operators which operate on states in the Hilbert space Hp. Thus when the stator
is applied on a state in Hp the result is a state in H4 ® Hp

S|y € Ha@Hp (|¢Y)p € HE).

We will be interested in pairs of operators which obey
AS = BS,

where A operates on H4 and B operates Hp. Such pairs do not necessarily consist
of two Hermitian operators, but we will be interested in the cases where they are.
For example if
S=10)a®lp+[l)a®o?,
then
0;45 = Jf S.
If a pair of operators A, B obey the relation
AS = BS,

then necessarily
A"S = B"S,
and therefore (using a Taylor expansion)
f(A)S = f(B)S.
Specifically, if A, B are Hermitian then
¢S = ¢PBg,

where by definition e**4 and e¢’*” are unitary operators.

Now, let us assume that Alice has a (unitary) operator U, = elaos , and Bob
o

wants to use the same parameter «, to perform e 2 on his particle. To do this

we use our previous stator
S=10)a@1p+[)a®o?,.
We start by Alice performing her operator on the stator S, i.e. performing
UaS = €72 3.
For our stator here we have 05 = 0285 = SoZ, and therefore we can write
eiaafs _ Seiaaf .
Thus we get
. B . B
UaSIt) s = Se'*7 [)p = (|0)4 @ 1 + 1) a ® 07 ) 7= [¢)) .

Alice now measures her spin and sends the result to Bob. If Alice found 0 then
Bob does nothing, however if she found 1, then Bob must fix his state (get rid of
the extra o operator) by performing o2 on it.

We can generalize the last operation, in order to achieve a remote CNOT (up
to local operations and a phase )

- A
Ucnor = e "7 o (up to local operations and a phase).
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To do this we generalize our stator to
S=1T.)a ®1ap +|lu)a @ 0lar,
which obeys
028 =088 = SooB,
Therefore if Alice applies e "5 we get

= A _B

e G = SeTiHOL

Thus, as in the previous case

x A

e i Sl al)s = SeT'ETE%w ) al) s
.t _A_B
= (T2)a®1ap + [lu)a ®0fol) e 5727 |) alY) b

Alice then measures the spin in the x direction of particle a. If she finds “up”, then
Alice performs o2 on particle A and Bob performs o2 on his particle B. Otherwise
they do nothing. In both cases the final result is that we were able to perform the

. i gAGB .
operation e "19= %= on the remote particles A, B.

4.5.1. Creating a stator. Assume a general, two-level system, unitary op-
erator U. We wish to construct a stator of the form!!

S=10)a®1lp+|1)a®U"E.
We start with three particles, an ancilla b and the two particles A, B. We start
with the configuration
1
V2

where particles A,b are entangled in advance. Bob performs a local “CNOT”
between particles B and b (particle B is the target) and we get

%(|O)A|O>b + 1) al1))[0) 5

We now write particle b in the = basis

S5 1004100+ A UP)s = FUTd+ L0 ali) + 5120 = L DAU )

v) (10)410)s + [1) a[1)6)|4) B,

CNOTp, 1
CNOTmy - 2

\/5(|O>A|O>b + 1) Al UP)|9) 5

= ST (004 + 1aUP) s + 5 1Labs (10)a — [1)4U) 935,

Bob, now measures the spin of his ancilla b in the z direction. Thus collapsing the
system into one of the states

%mb (1004 + [)aUB) |05 ob = "up”,

1 ” ”

Euﬁb (|O>A - |1>AUB) V) B UZ = "down”.

Now, Bob sends the result of his measurement to Alice, who accordingly decides,
whether to perform a o2 on her system (if o2 = ”down”) or if to do nothing
(0% ="up”). We can now disregard the particle b, and since this process was done

for any general |1)), then we can say that we performed the stator S.

1Ty create the more general stator
S=10)a®Upo+11)a ® Up1

we simply need
S =58Upy = [|0)A ®1p+|1)a® (UB1U]§01)] Uso.
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The creation of a CNOT using a teleportation and a single bit is very similar.
The only difference is that instead of starting with an entangled pair, we create it
using teleportation (begin with two spins, locally entangle them and then teleport
one to Alice/Bob).

4.6. POVM (Positive Operator Valued Measures)

When we perform regular measurements we cause the state of the system to
collapse. We would like to avoid this collapse. To do this we use an auxiliary
particle, called an ancilla, which we first interact with the system, and after words
measure it - thus collapsing the the ancilla and not the system.

We shall first review the standard Von Neumann measurements. In these mea-
surements, the operator describing the quantity measured is

A=Y NI,

where II; is a projection on one of the orthogonal subspaces @

Y-t
HiHj = ]léij,
and where \; is the eigenvalue associated with the subspace which II; projects on

to. When we make a measurement the result is one of the \;, and for such a result
the state |1) of the system collapses to II;|¢)) times a normalization

oy Taeasure 4 1L |¢)
([T )
If we start with a mixture (a density matrix), then
measure A 1ipIl;
Tr(I;p)
We now turn to the new type of measurements. We start adding an auxiliary
particle, an ancilla, in a known state

|\P>tot = |7/}>Sys |0>a-

We shall assume that the ancilla a belongs to a Hilbert space of dimension N,, and
therefore in some orthonormal base (which |0), belongs to)

N,
Z |:u>aa<M| =1,.
pn=1

We now cause the ancilla and our system to interact for a short time. The effect of
this interaction may be described by a unitary operator U which operates on both
U|W)tot. This can also be written as

U|\Il>tot = 1aU|\Il>tot = (Z |U>aa<ﬂ|> U|0>a|w>sys

> (alplU10)a) [1)alt)sys-

w
If we now define the Kraus operator
M, = a(pU[0)q,

which operates on the Hilbert space of the system, then the last equation may be
written as

Ul¥)tor = Z M,u|,u>a|7/}>SYS'
"
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If we now measure p for the ancilla, then the state would collapse to a single

‘M>aMu|1/’>sySa

measured p
",

U|\I/>tot
this would occur with a probability prob(u)

prob(,u) = tot (‘II|UV]L |,u>aa<M|U|\I/>tot
= Sys<7/’|MlMu|7/’>sys-

Since the sum of probabilities (for all 1) must be 1, then

1= meb(ﬂ) = sys (¢ (Z M;];Mu> [")sys
I "
or (since this is true for any [t))sys ) simply'?

> MM, =1y
I

In analogy to the Von Neumann measurements, we may now write, for mea-
surements using an ancilla

[9)sys Ineasured i, M,|¥)sys (not normalized),

measured p MupMJ
Tr(M#pM:ﬂ)

F, = M);MM a positive operator (Z F, =1g),
n

prob(u) = Tr(FMPsys)a
where in the first equation we look (after the measurement) only at the system itself
and disregard the ancilla, and where M :[M 1 18 a positive operator since we saw that
prob(u) = Sys<¢|MZM#|1/J>SyS. Probability is always non-negative, and |1)sys could
be any state, and therefore M ):M , must be a positive operator (M ):M u is clearly
Hermitian, which is also a necessary condition).

Since F), = MlMM is a positive operator, then it is called a positive operator
valued measure or POVM for short.

We see that we got a very similar behavior to that of the Von Neumann mea-
surements, where the Krause operators M, replace the projections II;. The only
difference is that, here, the Krause operators are not necessarily orthogonal, and as
a consequence the number of eigenvalues p may exceed the number of dimensions of
the Hilbert space of the system itself (the dimension N, of the space of the ancilla
is arbitrary).

Note, that it may be shown that if there exists operators M, that obey the
above rules, then there exists an appropriate ancilla for the system.

An important difference between regular (Von neumann) measurements and
the POVM ones, is that in the latter case, the results are not eigenvalues of an
operator and the system alone, but rather of an operator and the system together
with the ancilla. However, one can find correlations between the measured p and
the state of the system.

12This could also be found directly from the definition of the My,

D oMMy = a(0lUT W aa(u|U]0)a = a(O]UTUI0)a = Lsys.
I I
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4.6.1. Neumark’s theorem (without proof). We have just seen that by
adding an ancilla and thus enlarging our Hilbert space we could reach the POVM
formalism. The contrary is also true, given an n dimensional Hilbert space with
a POVM set of N elements (F,, p = 1,...,N), then we can always realize it as
standard measurements in an N dimensional Hilbert space. This theorem is known
as Neumark’s theorem.

4.6.2. Distinguishing between non-orthogonal states. This is especially
good for distinguishing between non-orthogonal states of the system, as is shown
next.

Assume two non-orthogonal states of a system

=11y e = 1) = Tl la),

V2

We know that they have the same probability % to occur (there are no other possi-
bilities), and we wish to know which one has occurred (in which state the particle
we are holding out of the ensemble is). If we measure o, then we may get two
results. If we find o, = 1 (probability % + % . %), we cannot deduce anything since
both |1,) and |1,) have a non zero part which is |T,). If however we measure
o, = —1 (probability % . %) then we know for certain that the particle was in state
[T.) (since only it has a non-zero component in the “down” z direction). Thus we
see, that by using a standard measurement we will know, for certain, the state of
the system only in i of the cases.!® In other words we do not no the answer for
certain, in % of the measurements.
Now, instead of making standard measurements, let us define

Fr= L)

Fy = Al) (L,
Fy =1, — F1 — Fb.
Note that in these definitions, F; uses a state orthogonal to |¢2) and F» uses a
state orthogonal to |¢1). This time, if we measure p = 1, then we know the system
is in state |,) (since the probability of measuring g = 1 for the case of |¢) is
(2| F1]p2) = 0), and if we measure p = 2, then we know the system is in state
[T.). If however, we measure p = 3, then we cannot know the state of the system.
We see that only in the case of p = 3 we cannot tell the state of the particle. The
probability of 4 = 3 occurring is simply**

1A 1) A
Prob(u3)1<——+——>1§,

13We could do the same using o, instead. This time we would also know in i of the cases
which direction the spin was, however this tome those cases will tell us that the particle was in the
“up” z direction. Measuring in any other direction (except £2 or +&) will give us now information
at all, since they all have non-zero projections on both & and 2.

MThere is a probability % of state |¢1) occurring and a probability % of state |¢)2. The

probability of measuring 4 =1 and p = 2 for |¢1) are

A
prob(p = jy,) = (WalFil¢n) = 5 5 prob(p = 2)jyy) = (Y1[Faftpr) =0
and similarly for |¢)2)
A
prob(s = 2)jy,) = (W2lFalya) = 5 5 prob(n =1D)jy,) = (2|F1l¢2) = 0.

Recalling that each state occurs wit probability %, the probability of getting p # 1,2 (i.e. getting
u=3)1is
1A 1A
b(p=3)=1—-==4+=-=].
prob(p = 3) ( t3 2)
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which can also be found using the trace
prob(u = 3) = Tr(pF)
where

1 1

We would like to find A such that the probability of not knowing for certain the
original state will be minimal (.i.e. prob(p = 3) = 1— 3 will be minimal).'® clearly
by our definitions F; and Fy are positive operators (if and only if A > 0). The
condition we require is that F5 will also be positive (and we are looking for the
maximum A which gives this). Since it is a 2 X 2 matrix it is enough to require that
the trace and determinant both have the same sign. The optimal A is then

A=2-2,
which gives us the minimum probability of not knowing for certain
1
rob(u =3) = —.
prob(u = 3) 7

This result is indeed better than the one we had before, with standard measure-
ments, which gave us a chance of failure of %. This is indeed an improvement
although not a very large one in this case.

4.7. Measure of entanglement (Distillation)

Let us assume that we have a system in a state

[W)ab = [0)al0)s + B1)all)e  (la] < B]),

where we know «, § and we assume |a| < |3|. Unless ||, |3 are both %, the state

is not maximally entangled (does not maximally violate the Bell inequality). We

now want to distill this state, in order to get the maximally entangled state
1
Jr
ab = —= 0 a 0 + 1 a 1 .
6 )as = 75 (00al0s + [Lal 1)

We want to do this using only local operations. To do this we shall use the Pro-
crustean method. If we define the Krause operator'®

M= 3 (210101 + a1

then whenever we measure pu = 0, the state we will find is
-0 Mo | T ap _ A

Ve (UMM Whas, oo (W] M| ¥)

where clearly (because of the normalization) we will find that
A 1

Val WM 0) V2

V) a = B(10)al0)s + [1)al1)s),

15Actually to make sure we get the best results we should have used different A’s for positive
measure

Fr= Ml
Fy = Xafl) (1ol

However, after all the optimization, we get the same result.
16Note, that although Mg operates only on the Hilbert space of particle a, the system we
consider is both particles a and b. The ancilla used for the POVM measurement is a third particle.
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We see therefore, that if choosing such a Kraus operator, will distill our state to
the Bell state whenever we measure u = 0. This will occur probability prob(u = 0)
given by

prob(p=0) = a(@[M{MolWhas = NG (5 (1]a{L] + (010 0]) (10)a]0)s + [1)al1)
= 2]g

Clearly, to increase the probability of the desired distillation, we would like |\| to
be as large as possible (3 is given). However we cannot raise it arbitrarily since we
require MJ My to be a positive operator. By our definition

B0 0
MTM _ 2 a* — 2
s (5 1) (3 )
Since, however we must have!”
1 0
T — 1 =
ZM#M#*JI* ( 0 1 >7
i
and the M 1M 1, are all positive operators then necessarily, we must have

g
@
= [AG* < |af*.

Using, this last result, we see that the maximum probability possible for distillation

(recall that |a| < |3]) is'®

[e3

520
o 1)

O™

2

A= <1

prob(p = 0) < 2|al? < 1.

M, =U (1— \/MgMO) ,

M2 =1-— M1 — Mo,
where U is any arbitrary unitary operator.
4.7.1. Distillation of n pairs. Assume that we now have two pairs of non-

maximally entangled states, where the two pairs are described by the same state
which we know (we know the parameters «, (3)

[2)92 = (al0)a|0)s + Bl1)al1)s) (a]0)ar[O)er + BlL)ar|1)s)  (la] < 1B]).

As before we would like to extract a maximally entangled state out of this pair. We
can write the above state also as

) = 6210)a10) 0l0h -+ )a V2

10)a[1)ar[0)6] 1)y + |1>a|0>a’|1>b|0>b’)
% :

If now Alice measures the operator o = 0% + a‘z’/ on her two particles a, a’, then
there are three possible results

or=2
[W)®2 5= 10)a]0)a’ 0)5]0),

17We could also define the “complementary” M7y of My by
1= M} Moy + MM

= My = Uy/1 — M} M.

Requiring that it be a positive operator, would give us the same result.

18The requirement that |a| < |8|, comes in the form, that if we had the opposite then |2
would be larger than %, and we would get a probability of finding u = 0 of 2|\3|? which is greater
than 1.
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[0)®2 T2 1) 1) | Lo 1)y,
% (10Va L) 0% L)y -+ |10a|0Var [195]0))

where the last case, which is of interest to us, has the probability
prob(u = 0) = 2ajf?,

to occur. If the original state |¥)®? indeed collapse to this last state, then we
almost have a purely entangled state. All that is needed is that both Alice and Bob
perform local CNOT operations on their two particles, where the primed particles
(a’, V') are the targets. As a result we get

)% 2=

jwe = % (10)al1)ar[0)s[1)e +11)al0)ar [1)6]0)s)
cNOT %Y, 1
—— = (0a|D)ar|0)6[ L) + [1)al1)ar[1)s[1)er)

V2
L
ﬁl

We now have two particles a,b in an entangled state and two more in the same

“up” state.
Now let us examine a more general case, with n pairs

[0)E" = (]0)a,[0)s, + BlL)a; [1)6,)*"

n n
o [T10)ac 10}, + a8 > { [Wa 1o, [T 100a 10}, |+
i=1 j=1 i#j
that is we have a tensor product of n pairs numbered i = 1,...,n. In analogy to
the previous case we now define
ot = Z Oz

We can group the elements making up the product above, according to the co-
efficient o™g@"~™. Clearly (use the binom expansion) the coefficient o™ g3"~™

appears (:1) = Wim), When Alice measures o she will therfore get result

Jar[L)o (10)al0)s + [1)a[1)s) -

m — (n—m) = 2m —n with a probaility of () |ozmﬂ”*m|2 (similar to the factor of
2|aB]? we had for n = 2 above)

2
prob(c% =2m —n) = <n) ’amﬂ(n—m)’ _
m

If we now examine n — oo the probability will be maximal, and approach a delta
function at m = |a|?>n + O(y/n).'? Thus for large n we may examine only the
case of m = |a|?n. For a given m all the elements we add are all orthogonal to
one another and are each symmetric in Alice and Bob’s particles, therefore we can
make a change of base?” so that that the system have the form (not normalized)
for a given m

n! a2m52(n—m) )

ml(n —m)!

n n
0)al0)p+1)all)p+---+ A B
0)410)5 + [1)4]1) (")l )s
19T his is true regardless of the values of a, 3 (as long as none of them is zero).
2074 s enough to make a change of names. We simply number all the permeations of m
elements out of » and then call the jth permutation |j)4. We do the same for |j)p, and we
automatically get

0041005 + [ alys + - +1 (" )al (")) 5.

n n
m m
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where A is a new “particle” with ( ) states which replace all the a; particles
(i =1,...,n) which were originally held by Alice, and similarly for B which replaces
Bob’s bi S. NOW that for a given m all the A, B pairs are symmetric, let us view the
case of k identical, maximally entangled states. This situation will be described as
(up to normalization)

(|O>ai|0>bi + |1>ai|1>bi)®k
Doing the product we will get 2% elements which are all orthogonal to each other
and with the same coefficient (the case of & = 3 above). Therefore if we have above

(TZ) orthogonal elements each with the same coefficient, then we can deduce that
this is equivalent to nH entangled pairs, where we define the function H such that

= ()

We are interested in the most like case of m, which is m = |a|?n and we therefore
have

WH(m = [o*n) = 1og2( " )

|af?n

log, ((|a|2 ) EZ!IOéI2 ))
log (m)

where in the last equality we used the fact that (|a|?+|3]? = 1). Using the Stirling’s
formula

logn! ~ %log@ﬂn) +nlogn —nloge ~ nlogn,
we get here
nH(m = |of*n) =~ nlogn —nlal*logy(n|al?) —n||*log,(n|B[)

= n[logyn — (la* + |6]*)logy n — |a|* logy |af* — |6 log, | 5]°]

= —n(lo|*logy |af® + |B]* log, 5[] -
If we define

p=laf?
= (1-p) =167,
Then we may write
H = —[plogy p+ (1 —p)log, p|.
To conclude we saw that if we use the scheme of measuring 0% (the sum of

spins in the z direction of Alice’s particle), then on the average we will get out of
initially n non-maximally entangled states, n/{ maximally entangled states, where

nlH = —n [|a|2 log, [af? +|8]* log, |5|2]
= —n[plogyp+ (1 —p)log, p].
Or simply
n non-maxiamlly entangled — nH maxiamlly entangled.
The ratio of maximally entangled pairs, out of the original number of pairs is
maxiamlly entangled pairs

1
E = - H =— 21 2 21 2 -
) non-maxiamlly entangled pairs [|a| ogz|al” + 161 1og, |6 ]+O vn)’

¥ = «|0) + F|1) (single non-maximally entangled particle)
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We can therefore give E(v) the meaning of measure of entanglement of a single pair
of particles (because on average we can extract H < 1 pairs of maximally entangled
pairs).

The result we found here may be generalized further.?! If |¥)4p has the
Schmidt decomposition

[®)ap =Y Vprlk)alk)s,
k=1
then one gets the Shannon entropy

H(7)=-— Zpk log, pr (Shannon entropy).
k

We then say that
BE(V) = H() == pilog, pi
k

is the entanglement associated with |¥)4p. If two systems have no correlations
between them then we simply add their entanglement

E(r @ ¢2) = E(¢1) + E(t)2).
This is true, since the Schmidt decomposition in such a case is
|"/)1 & 7/12> = Z \/p_i|i>Al |7:>B1 Z \/E|]>A2 |j>B2 = Z \VPidj |i>A1 |i>Bl |j>A2 |j>Bzv
i j i,j
where the last element is also in a Schmidt decomposition form. Using the formula
for the Shannon entropy we get

H(pr @12) = = pigslogs(pigy) = — Y pigs (logy pi +1ogz ¢;)
.5 ,J
= =Y P qlogeq; — Y pi Y qilogepi=— > g;logaq; — Y qilogspi
= H(¢r) + H(1a).

Since the Shannon entry may be added then so can the entanglement.

Note, that the entanglement measure we defined is a good measure in the
sense that it does not depend on the base we choose locally. If we make a local
unitary transformation of the form Uy ® Up (unlike a unitary transformation Uap
which may be non-local), then the specific orthonormal basis vectors we use in the
Schmidt decomposition will change, but the Schmidt coefficients will not (a unitary
transformation, transforms an orthonormal basis to an orthonormal basis).

Note also that although we can use POVM’s to distinguish between non-
orthogonal states, with a better chance than regular measurements, we cannot
use it to increase entanglement of the system (on average).

As we shall see, the quantity H has the traits of classical entropy. It is called
the Shanon entropy.

21gee also Von Neumann entropy S and entanglement measure.






CHAPTER 5

Quantum information

5.1. Data compression (classical)

Assume that we have a very long message of n letters, written in an alphabet
of k letters. As in any language some letters appear more often then others. We
can therefore describe the language by the probability of each letter to appear (we
assume that the probability of appearance is independent of the letter/letters before
or after it). The set of letters and probabilities we denote as X}

k
X = {awpatisy (Yope=1).
r=1

This is actually equivalent to a density matrix of states.

We would now like to compress our message before sending it, i.e. send less
letters/bits which will convey the same message. Since the message is long, then in
a typical message of length n, the a, will appear p,n times. The number of possible
ways to order the letters of a typical message are therefore®

n!
Using the definition of the Shannon entropy we can therefore write (using the
Stirling approximation)2
n!
Thus to encode the the different typical messages, we can simply number them
1,2,...,2™" and then send this number instead. The number of bits we need in

order to encode all these number is nH. We therefore say that we can encode a
message of n letters using an alphabet of k letters, using just nH bits

nH bits (H = — me log, pz)-

#typical messsages = ~ 2nH

n letters compression
k letter alphabet

This of course holds only for the typical messages, whose weight in the overall
ensemble of messages increases as n — o0.
Another way of reaching the same conclusion, is to examine a single message
of length n
message = (T1,%2,...,Tn)
where in the ith position the letter a,, appears. The probability of such a message
occurring is

prob(message) = prob(z1, 22, ..., Tn) = DayDas * * * Pa,,
1We use here the same logic as was used above, in determining a measure for entanglement.

2Recall that

log(n!) ~ nlogn.
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or

log, [prob(z1, 22, . . ., Tp)] = l0ge (Puy Py * * * Puz,) = Z logy pa, -
By the central limit theorem, for n — oo we have

1
- log, [prob(z1, za, ..., x,)] ~ —(logy p) = H,

where the average on the right is with respect to the probability distribution defined
by the p;’s. We thus see that the probability of a typical message to occur is 27",
As we saw the number of typical messages is 2", and thus we see that the set of
all the typical messages occurs with a probability very close to one, so that the case
of other messages may be neglected.

More rigorously (without proof), we may write that for any £, > 0 there exists
ne s sufficiently large such that for any n > n. s the following is true: There is a
set of “typical” messages (out of all possible sequences of length n) with a total
probability greater than 1 — e to occur, such that each “typical” message has a
probability P to occur,® which obeys

27n(H+5) <P< 27n(H75).

Since the total probability of all the typical messages to occur is greater then 1 —¢,
then we can put a bound on the number N, s of “typical” messages”

(1 _ 6)2n(H75) S NE,(; S 2n(H75).

Thus we see that in the limit of n — oo only 2" of the 2" possible messages will
occur, and therefore we can use nH bits to encode these “typical” messages.

To conclude we see that H gives a measure of uncertainty of letters in the
message. If H = 0 then only one letter appears in the message, and is therefore
predetermined. If however,” H = log, n then all letters are equally likely to appear
and we cannot compress our message. We can also say that H is the information
that each letter carries. If we again look at the case of H = 0 then all letters are
identical and the addition of a new one does not give us new information, if on the
other hand we have H = log, n, then each added letter gives us new information
about the message which requires an extra log, n bits to encode it.

5.2. Data compression (Quantum)

We would now like to do the equivalent of classical data compression in the
quantum case. In the quantum case the letters will be replaced by pure quantum
states, so the ensemble describing the “language” is now replaced by a density
matrix. The difference between the classical case and the quantum case arises
when the density matrix is constructed of non-orthogonal states (p = > p;|vi) (]

3Each typical message may have a slightly different probability to occur, but all these different
probabilities obey the inequality given.
4The bound comes from

NPpax >1—¢
NP, <1

5When all letters are likely to appear then

n

1 1 1
H:72710g27 = —logy — = logy n.
—n n n
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where the [1;) are not necessarily orthogonal)®. In such a case one cannot perfectly
distinguish the different states (the different letters).

The measure we shall use to determine how good our compression is, will be
the fidelity F. If our original message is |¢;) and after sending and decompressing
it the state is |¢s) then the fidelity is defined by how close the two state vectors
are

F = [{piles)]*.
For a random (original) state/message described by a density matrix p, encoded as

|p) the fidelity is defined as

F = (¢lple) = Tr([p)(¢lp),

which for a pure state degenerates to the first definition. If both the original message
and the decompressed message have different probabilities of occurring then we take
the fidelity as the average (weighted by the probabilities).

Let us start with an example, assume a density matrix

1 1

we would like to find a state |p) with a maximum fidelity for this density matrix.
If we diagonalize the matrix we get

p = cos” Z[1:){1al +sin® T L) (Lal,
where o
. T+
n = v
1) = cos gI1.) +sin gL.),
L) = sin 1) = cos ZL.).
It can easily be shown that the maximum fidelity is reached when

o) = [Ta)

and

which gives
F = (¢|pl¢) = cos? % =0.853. ...

Now let us assume that Alice has a message constisting of three particles emit-
ted from a source with the same density matrix p as above (p = Z|1.)(1.| +
$112)(1.]). Alice wants to send the message to Bob but may send only 2 parti-
cles (qubits) to him. We might think that the best state for Bob to receive is
simply

lp) =p®@p @ [T5)(Tal,

where the density matrices p stand for the original particles sent from Alice, and
[T,) is the same state we used above for maximum fidelity (the |1,) state is not sent
from Alice to Bob. It is prepared locally by Bob based on his prior knowledge of
p). Since the first two particles, which Alice sent, are the original ones, then their
fidelity will be 1, thus the fidelity will change only because of the last particle and
we’ll get
o T

F=1-1-cos 5:0.853....

However, Alice can increase the fidelity of her message. Since she is sending
only two qubits, the Hilbert space described by her new state belongs to a subspace

6We can of course diagonalize the density matrix and get orthonormal states. However,
the real physics (for some reason) is that our source emits non-orthogonal states with different
probabilities.
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of the original Hilbert space. We would like to project the original three qubits onto
a subspace which is more probable and thus gives us the maximum fidelity (see the
following). If we change our basis to the one in which p is diagonal, then for any
possible state |¢) of the three particles (due to the symmetry of the density matrix
with respect to |1,),]1,)) we get

|(Talalalt)|? = cos® g —0.62
[(Tatalal®)? = [(Talalal)? = [(LaTalal®)|? = cos® gsm 3 X —=0.107

KTalalal©)? = 1UaTalal)? = [LalaTalt)]? = cos® gsm 3 T —0.018
[(Lalalalth)]? = sin® 7 = 0.003

Since the dimension of the Hilbert subspace we can span using just 2 qubits is 4,
we are looking for the most probable 4-dimensional subspace spanned by 4 of the
above states. This subspace, H1, is just the span of the 4 most probable states,
namely

Hi = span{|T:TaTa): LaTaTa)s [TalaTa) [Talala)} C H.

and the remaining subspace is

Ho = span{[l; 1 Ta) [LaTala)s [Talala)s lalala)t CH,
and naturally we have”
H ="H1 & Ha.

The procedure we shall use is the following. Alice performs a unitary operation U
on the 3-particle state emitted from her sources. The unitary operator is such that

U:Hi— [)])]0),
and
U Hy — [1)0).

Having done that, Alice measures the last particle. This measurement has the
effect of projection onto either H; with probability of p; = 0.62 + 3 - 0.107 = 0.94
or onto Hy with probability of ps = 0.003 + 3 - 0.018 = 0.06. If Alice measures
0, she sends the first two qubits to Bob, Bob adds a third qubit in state |0) and
constructs the final decoded message by performing U~! (the same U that Alice
used). If, however, Alice measured 1, she sends the two qubits in a predetermined
state such that after Bob decodes (by the same method as before) he gets [1,1,14)
(that is, she sends U|1;7514)). Note that this is the most probable single state. If
we denote by II; the projection on subspace H; then the messages Bob decodes are

Iy )
(Y| ]ah)
IT2T4Ta) C H1  (with probability py = (4[II2]+)) = 0.06),

where the denominator in the first equation is merely for normalization purposes.
The fidelity of the received message can now be found, by comparing the message

C Hi (with probability p; = (¢|II1]¢) = 0.94),

"Note that we use addition (@) of spaces, and not a tensor product. This is because we are
dealing with subspaces.
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Bob decodes and the original one. Since, however, Alice may send different mes-
sages, depending on the result of her measurement, we regard the average fidelity®

F:O.94‘(¢|M

(Y[ ]9)
We see, that Although in our first example Alice had sent two of the three qubits
accurately, and in this example, none of them is sent with total accuracy, the total
fidelity in the latter case is higher.

2
+0.06 [ (9T, 14147 = 0.94% +0.06 - 0.62 = 0.92.

5.3. Shumacher’s noiseless encoding

Having solved the above example let us now generalize it. We would like to
have an analogy of Shannon’s theorem for the quantum case. Clearly, if our source
emits states which are mutually orthogonal, then we can distinguish them and we
can therefore use Shannon’s classical theorem for compressing the information. The
problem arises when the emitted states are not all mutually orthogonal.

Assume a source of states |1;) (not necessarily all orthogonal to each other,
i=1,..., N) described by the density matrix

N
P= sz|¢z><¢z|

i=1
A message of n (uncorrelated) letters will therefore be described by the density
matrix pj,

pn=p@p---@p=p".
—_——
n

Similarly to the subset of “typical” messages we had in the classical case, we shall
see that here we have a probable/likely subspace of the Hilbert space (for large
enough n). To see this we diagonalize our density matrix p

p=> Mlk)(k| (k) = 6pp).
k=1

Once we do this, we are back to the the classical theorem of Shannon (since
the states |k) are all mutually orthonormal and therefore distinguishable). We
now have an “alphabet” of N letters each with probability A\, of appearing. Using
Shannon theorem we can compress a message of n such letters to a message of nH
(H =" A logy Ag) bits or nH qubits. We now define the Von Neumann entropy
S as

S(p) = —Tr(plog, p),
which is most easily calculated (and actually thus defined) when p is diagonal. In
this case we get

N
S== Milogy A,
k=1

which is just the Shannon entropy for the diagonalized form of the density matrix
(but not of the original form, for which we would have used the p;’s). Thus we can
say that the dimension of the “likely” or “probable” Hilbert subspace is

dim Hypron = 275,

8Again note, that due to the special symmetry between the two possible states of the original
system |T,), |1,)(both with probability %), we do not treat here the cases differently, however for
a general case we would have to comute the fidelity for each possible state on Alice’s side, then
averaging over these cases with the appropriate probabilities for these states.
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As a consequence Alice can compress her message of n particles/states into n.S
qubits. Bob receiving the message can then decompress it and find the original
n state message. Note, however, that unless the possible states are all mutually
orthogonal then Bob cannot know for certain what message he has (although he
knows, that it is the same as Alice sent). By Holevo’s theorem (see earlier), he can
extract only 1 (classical) bit out of every qubit.

Before continuing, it is worth to note the difference between the Von Nemann
entropy S and the Shannon entropy H. Given the density matrix above

p=">_ pilthi) (i,

the Shannon entropy treats the different states |1;) as distinguishable even though
they are not necessarily mutually orthogonal, and thus

N
H(p) ==Y pilog,p;.
=1

On the other hand the Von Nemann entropy is found by first diagonalizing the
density matrix which gives

N
S==> Alogy A
k=1

The two definitions coincide when the states |i;) are mutually orthogonal, but do
not coincide otherwise. further more the Shannon entropy depends on the way the
density matrix was constructed (which states are actually emitted by the sources)
and not only on the density matrix itself.

5.3.0.1. Measure of entanglement. As we saw before the Shannon entropy H
gave us measure for the entanglement F (if we have n non-maximally entangled
pairs, then we can can distill from them nE maximally entangled pairs). We found
that after writing the state in the Scmidt decomposition form

|U)ap = Z Vorlk)alk)s  (Schmidt decomposition),
k

the measure of entanglement was
E(V) = H(¥) == pilog, pi-
k

Using the Schmidt decomposition we can write the density matrix of the two par-
ticles as

pan =Y _opilk)all)pp(llalkl

k.l

If we take a partial trace of pap over A or B we get

pa=Trppap = Zpk|k>AA<k|v
k=1

pB =1Trapap = Zpk|k>BB<k|'
k=1

Thus we can also write that

E=H(¥)=S(pa) =S(pp) (measure of entanglement).
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5.3.1. dilution. We have so far discussed only the problem distillation: turn-
ing n non-maximally entangled states to mS maximally entangled states. The
reverse, dilution, is also possible: turning n.S maximally entangled states to n non-
maximally entangled states. The protocol is very simple. Alice starts with n local
pairs in the non-maximal entangled state. To create the non-maximal entangled
pairs between her and Bob she must now teleport n particles to him. However,
Alice and Bob have only nS EPR pairs between them. To over come this, Alice
compresses the n particles she wants to send to Bob into nS particles and then
teleports them (using the nS EPR pairs) to Bob. Bob then decompress these back
into n particles so finally they have n non-maximally entangled states, just as they
wanted.

Note that this protocol holds only for the average case and for very large n,
since only then the compression will have the efficiency n.S.

5.4. Communication with noise (classical)

Assume that Alice wants to send a message to Bob, using an alphabet X =
{z,p:)Y_, (total of N letters and letter a, appears with probability p, ), while Bob
uses an alphabet Y = {y,¢,})_; (note that the two alphabets actually consist of
the same letters only with different probabilities). The problem is that there is
noise in the communication channel between them, and thus a letter sent by Alice
may change with different probabilities to different letters which Bob receives. We
denote the probability that Bob receives the letter y if Alice sent z as p(y|z)

p(ylz)
Xr —
Now, assuming that Bob knows Alice’s p,, and knows the noise behavior p(y|z),
what can he deduce from the message he receives?
We denote the probability that Alice sent x and Bob received y as p(z,y). By
the above definitions we get
p(@,y) = p(ylz)pe.
Similarly we also have (note the exchange of z,y in the last probability)
p(@,y) = pyp(zly).

We further assume that we know the Shannon entropy of x and y

H(X)=- me log, pz = 7<10g2p1>p::5

H(Y)=- Zpy log, py = —(logy py)yp, -
We Similarly define the total entropy H(X,Y) as
H(X,Y)==> p(x,y)logy p(z,y) = — (1085 p(2,4))p(a.y):
T,y
and the conditional entropy H(X|Y) as
H(X|Y) == p(z,y)log, p(zly) = —(10gs p(2[y))p(z,y)-
.,y
By the definition p(z,y) = p,p(z|y), the last definition can also be written as
H(X|Y) = 7<10g2 p(l’, y)>p(z,y) + <10g2 p(y)>p(z,y) = H(Xv Y) - H(Y)7
and similarly
H(Y|X) = H(X,Y) - H(X).
Note, that by definition we have
H(X|Y), H(Y|X) > 0.
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The meaning of the conditional entropy is that it tells us how much information
needs to be sent to Bob in order to convey a message, if he already knows the
sequence y. If Bob knows that he got a letter y then the probability of it coming
from a letter x is p(z|y). Therefore, as far as Bob is concerned, Alice does not use
the alphabet {x, p,} but rather the alphabet {z,p(z|y)}, and therefore in order to
convey the message (using Shannon’s theorem) it suffices to send him H(X|Y) bits
per letter (instead of H(X) bits, when he doesn’t know the y’s).
We can now define the mutual information I1(X;Y)

I(X;Y)= H(X) - HX|Y).

This quantity tells us how correlated the x’s and y’s are. It tells us how much infor-
mation (per letter) can one gain by knowing y.For example, if x,y are completely
not correlated, then having learned y doesn’t help at all and H(X|Y) = H(X)
which gives I = 0, so indeed no information is gained. On the other hand if they
are completely correlated (one-to-one) then having learned y we need no more in-
formation. In this case H(X|Y) =0 and I = H(X).

Note, that the mutual information I is symmetric:

I(X;Y) = HX)-HX|Y)=H(X)-H(X,Y)+H(Y)
= H(Y)-H(Y|X)
I(Y; X).

5.5. Accessible Information

We now turn to a quantum case. Assume that Alice has source of states which
emits particles in state |i;) with probability p;

p=">_ pilthi) (il

Now, Bob wants to determine which state has been emitted. For this he may choose
any POVM set {F,}. The probability that Bob measure y of the particle is in a
given state |¢),) is given by

Pylz) = (Vo | Fy|¢z)-

We define the amount of information Bob can deduce from p as the accessible
information Acc(p)

Acc(p) =max I(X;Y).
(1) = max I(X:Y)

If the states |1);) are all mutually orthogonal then they are distinguishable (using
F, = |1y){1y]) and we are back to the classical case

Acc(p) = H(X).
If however, the states are not all mutually orthogonal, then there is no general
formula but it can be proven that

Acc(p) < S(p),

where an equality is reached only for very long messages (n — 00).

5.6. Decoherence and the measurement problem

We call a pure state, a coherent one. We shall see that once the state in-
teracts with an environment, then the reduced density of the state (without the
environment) becomes non-pure. This process is called decoherence or dephasing.

As an example of decoherence, assume a pure state

[¥) = [0) +e™|1),
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which is described by the density matrix

9 1 eia
p=p = el 1 :

We now add an environment to the system which is in an initial state |€é)

5 1
[W)tot = [¥0)]€) = 7

We further assume that the interaction of the system and the environment is very
weak and we get after some time of interaction

1 .

7 (10)leo) +e[1)]er)) .

where |eg), |e1) are some states of the environment, not necessarily orthogonal.
The density matrix of the system alone (the reduced matrix after tracing over the
environment) is now

1 < (eoleo)  €(eoler) ) _1 < 1 e"*(eoler) ) .

P e ™elen)  (eler) )~ 2\ em™(eilen) 1

(10) +e™[1)) le).

|‘I’>tot -

Except for very special cases that |eg) and |e;) differ only by a phase, the new
density matrix is no longer a pure one.

5.6.1. density matrices and entanglement. Let us now examine how this
effects entanglement. This time we shall start with a system plus environment in a

state
= (DAl + 1)l108) D

We now activate an interaction Uap between particles A and E such that

1
7 (INalmeIMe+Ihall)sll)E)-

We can write this state as a density matrix papr = UAE|\IJ><\II|UI1E. Taking the
partial trace over the environment F we get

|\Il>tot =

UAE|\I]>tot =

pa5 = 2 (M aalll © 1D6( +Waatll @ 1D ss(D.

This looks like an entangled state, but is it? If we look at the entangled state

25 (Dalls +1Dall)s).
and write its density matrix, we will get a different result, than the above (there
will appear mixed elements with both “up” and “down” states).

The criteria for entanglement in density matrices, is slightly different than the
one for pure states. Here we say that a density matrix is entangled if we cannot
write it as a sum of product density states. That is

PAB F ZPiPA ® pp = entangled.

5.6.2. The measurement problem. We saw that interaction with the envi-
ronment leads to decoherence, and the behavior of a system as if it were described
by a density matrix. This seems to explain collapse, but it does not, since first of
all it does not explain why the collapse is to a certain state, and it doesn’t solve the
problem that macroscopically large systems may be in superposition - the system
plus the environment are still in a superposition (Schrodinger’s cat, both alive and
dead).
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5.7. Error correction - Shor’s algorithm

Assume that we want to send a classical bit over a noisy channel. If we simply
send one bit (say 0) it might be corrupted by the noise and the bit received (say 1)
will be different than the one sent. When dealing with classical bits it is relatively
simple to solve the problem (when the noise is weak). We simply duplicate the bit
two extra times and send three identical instead of just one

0 = 000,
1=111.
Assuming the noise to be weak, at most one bit of the three will be corrupted, we
can then correct the error by using the majority rule method (if one bit differs from
the other two it is changed to agree with the two).
We now turn to the quantum case. The problem here is two fold. First, due
to the no cloning theorem, we cannot duplicate our qubits; second, if we make
measurement to determine what has changed we collapse our state and change it.

Before solving the problem, let us first see what type of errors might occur. We
start with a general qubit and an environment

[W)tor = (|0) + 5[1)) [Env.).

The most general unitary operator which couples the environment and the qubit
but does not entangle them may be written as

U = efenvfenvoys = 1 4 ¢10, + 90, + €30,

where the €; are some constants and the Pauli matrices on the right operate on the
qubit. We can write the effect of each element in the sum

0) 2 [0)
1) 1)
I(l)i Ix {éi (bit flip),
0) o il1)
1) —i[0)
0) o 10)

o o) (phase flip).

We see that there are basically two errors we should treat, the bit flip and the phase
flip (the effect of o, can be reproduced by their combination and an extra global
phase).

Let us start by treating the bit flip. Although we cannot duplicate qubits, we
can use a CNOT (actually two) which will give a similar effect. We add to our
qubit two more qubits in a known “up” state, and perform a unitary operator U,
which is actually a CNOT of the original qubit with each of the two new ones

1 1
U E(QIOHBID)IO)\@ :E(Oé|0>|0>|0>+ﬂ\1>|1>\1>)-

Now, assume that a bit flip occurs in one of the three qubits

) _— ?5(04|1>|0>|0> + A10)[1)[1))

7 (a]0}]0)|0) 4 B|1)[1)[1)) — or Ve (a]0)[1)|0) 4+ BI1)[0)[1)) .
5 (@0)|0)[1) + B[1)[1)[0))

If we make a measurement we will cause a collapse of the wave function, unless the

wave function is already an eigenvector. The possible state are all eigen values of
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1

the operators olo? and o2 but the values measured are different according to

which bit has ﬂlpped.

z Z’

| olo? | o203 | flipped bit |

1 1 non
-1 1 1
1 -1 3
-1 -1 2

Let us now generalize the above procedure to take care of all possible errors.
Shor suggested the use of 9 qubits to protect a single one. He suggested to use a
unitary operation such that

T—1= (TTT+ L) (1T + LD 01T+ L),

2\f

l—=1= (T = L) (1T = L) (111 = L)

2\f
If we define

0)

1) =—=1T-111),
then the qubit ¥ = % (al 4 8]) becomes

7 11+ 1L,
\/_

v =5 (a1 +81) L = (@00)0) + ADDIL).
We can protect each of the |0) and |1) against bit flip by the same method as above.
For protection against a single phase flip, we notice that under a phase flip (of a
single qubit) |0) becomes |1) and vice versa |1) becomes |0). Thus, if we treat |0)
and |1) as a single two-level “particle”, the problem of a phase flip is the same as
the problem of a bit flip we had before.

Note, that although Shor’s algorithm, was the first quantum error-correction
code, it is not the most efficient. The most efficient code requires just 5 qubits
(instead of the 9 here) to protect a single one.



