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Summary

These are notes for a course given at Stanford University and the University of Amsterdam for
advanced undergraduates and graduate students. The course gives an introduction to quantum
information theory. Somewhat unconventionally, it uses symmetries as a guiding principle to study
fundamental features of quantum information and solve quantum information processing tasks.
For more thorough introductions to the subject, see the textbooks by Nielsen and Chuang [NC10],
Wilde [Will7]|, or Watrous [Wat18], or the lecture notes by Preskill [Pre22].
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Chapter 1

Introduction to quantum mechanics,
uncertainty principle

By now, quantum information science is an established field, with theoreticians and experimen-
talists seeking to leverage the laws of quantum mechanics to process information and compute in
fundamentally new and interesting ways. But quantum information theory also offers a fresh
perspective on fundamental physics, by providing us with a versatile language and a useful
toolbox to clarify abstract notions such as information and computing and how they are realized
in the physical world.

This course on Symmetry and Quantum Information will give an introduction to this way of
thinking and provide you with a concrete toolbox for your future endeavors in quantum information
and computing. We will discuss a number of fundamental information theoretic problems, such as
the storage, measurement, compression, and transmission of quantum information. Our guiding
principle will be to identify the symmetries that are hidden behind these problems (an approach
that many of you may well be familiar from your previous courses in mathematics and physics),
and we will learn how to leverage those symmetries using the machinery of group representation
theory to solve the problems at hand.

1.1 Axioms of quantum mechanics

Today, we start with an introduction to the axioms (laws, postulates) of quantum mechanics.
We will careful go through each axiom and discuss a number of consequences and challenges that
will motivate much of what we will study in this course. While the following list will be roughly
what you remember from a previous course on quantum mechanics, you should think of it as a
first attempt. As we go along this term, we will extend our repertoire and rephrase these rules in
a way that (while equivalent) is more useful from the perspective of quantum information theory.

Axiom A (Systems). To every quantum mechanical system, we associate a Hilbert space H.
For a joint system composed of two subsystems A and B, with Hilbert spaces Ha and Hp, the
Hilbert space is the tensor product Hap := Ha @ HB.

Throughout this course we will restrict to finite-dimensional Hilbert spaces. Recall that a
finite-dimensional Hilbert space is nothing but a vector space together with an inner product,
which we denote by (-|-). By convention, the inner product is linear in the second argument.

The simplest quantum mechanical system is the qubit (short for quantum bit), described by
the two-dimensional Hilbert space H = C2. Thus a system composed of n qubits corresponds
to (C*)®" = C2®@ C?*®...® C%. Note that the dimension of the latter space is 2", which is



exponential in the number of qubits. This explains some of the difficulty in simulating quantum
mechanics on an ordinary “classical” (i.e., non-quantum) computer.

Axiom B (Pure States). Unit vectors |¢)) € H describe the state of quantum mechanical systems.

Here we use Dirac’s “bra-ket” notation, with “kets” |1) denoting vectors in ‘H and “bras” (¢
denoting the corresponding dual vector in H*, i.e., (0| := (¢|-). Thus, “bra” and “ket” together
give the inner product: (¢|y)) = (¢||1). A unit vector is a vector |¢)) whose norm (or norm
squared) is equal to one, i.e., (1[1)) = 1. We will denote by X' the adjoint of an operator X
between two Hilbert spaces. We can think of |¢)) € H as an operator € — #, so that (1| = [¢)1.

Note that the notation |1) (1| is precisely the projection onto the one-dimensional subspace
spanned by [¢). When we say projection or “projector”, we always mean an orthogonal projection,
that is, a linear operator P that satisfies P> = P! = P. In coordinates (i.e., for H = C%):

U J Vigr ... P1da
=1 |, @Wl=@ - Pa), Bl) =D i, ) (o= : 2
(0 =1 Yad1 ... Yada

and the adjoint is given by the conjugate transpose: X = (X)T = XT,

When we speak of a basis of a Hilbert space then we always mean an orthonormal basis. The
standard basis or computational basis of C? is denoted by [0),[1),...,|d — 1). In particular, for
a qubit, the computational basis is given by

We can think of these as the two states of a classical bit that has been embedded into a qubit:
{0,1} > &+ |z) € C2. This makes sense because these two states are orthogonal, (0|1) = 0, and
as we shall see below this means that they can be perfectly distinguished. For n qubits, we write

i1 i) = [its ey in) o= i) ® . @ Jin)

for the computational basis of (C2)®".
The fact that for any two states |¢) and [¢) we have an entire continuum of “superposition”
states a|@) + B |¢) of states is sometimes called the superposition principle.

Some states of a composite system H 4 @H g can be written as a tensor product, |¥) = |a)®|f).
Such states are called product states; otherwise they are called entangled. An example of an
entangled state of two qubits is the following,

1
V2

which is known as a maximally entangled state, an EPR pair, or simply as an ebit. In Exercise 1.1
you can show that this state is indeed entangled.

|®F) := — (]00) +|11)) € C? ® C?, (1.1)

In Chapter 2, we will see some first indications that entanglement can be a powerful resource
for quantum information processing. In Chapter 3, we will see that it can lead to strong
correlations that go beyond what can be produced by a classical local theory.

Axiom C (Unitary dynamics). Given a unitary operator U on H, the transformation ) — U |)
s physical. In other words, in principle one can engineer an evolution of a quantum system for
some finite time such that, when we start in an arbitrary initial state |, the final state is U |1)).

6



Recall that a unitary operator U is one such that UUT = UTU = I, i.e., the adjoint is the
inverse (we denote identity operators by I). Unitary matrices are precisely those linear maps
that map unit vectors to unit vector. We denote the set of unitary operators by U(H). We will
use pictures such as the following to indicate an evolution by some unitary U:

) U )

The relationship to the Schrédinger equation is that, in order to implement a given unitary, one
can evolve the quantum system for some time with a suitable Hamiltonian.

The next axiom explains how to extract classical information from a quantum system. Before
stating it, we recall the spectral theorem for Hermitian operators. This theorem asserts that any
Hermitian operator O can be diagonalized, with real eigenvalues and an orthonormal eigenbasis.
We can write this as O = )~ .o @ P;, where Q C R is the (finite) set of eigenvalues of O and
where P, denotes the orthogonal projection onto the eigenspace corresponding to eigenvalue x € €.
Eigenspaces for distinct eigenvalues are orthogonal: we have P, P, = d,,F,. If an eigenspace is
one-dimensional and spanned by some unit vector |e;), we can write P, = |e,)(ey|.

Axiom D (Observables). Any Hermitian operator O on H corresponds to an observable quantity
or measurement. Let O =) o x P, be the spectral decomposition. Then the Born rule asserts
that the probability of outcome x in state |¢) is given by

Pr(outcome x) = (Y| PL) = | P [1)]2 (1.2)

(We will often omit the subscript ¢ if the state is clear.) Moreover, if the outcome is x then the
quantum state of the system changes (“collapses”) into the post-measurement state

L Pe) P
WO = B0 = mET 8

Measurements will be indicated as follows:

o) — ==

— |¥")

The top right wire carries the measurement outcome, while the bottom one the post-measurement
state (we may leave out one or the other). We follow the convention that single lines correspond
to quantum systems, while double lines refer to classical information.

As a consequence of the Born rule in Eq. (1.2), the expectation value of the outcome of a
quantum measurement can be succinctly expressed in terms of the observable O:

Ey[outcome] = Yz (| Pleb) = ($|O),

€N

Axiom D states that, in general, measurement outcomes are probabilistic and lead to a
“collapse” of the quantum state. This is a very fundamental statement with numerous consequences.
For example, it implies that quantum information cannot be “cloned”, that is, copied (in contrast
to, say, the value of an ordinary bit in the memory of your computer). In fact, we will find
that when we want to process quantum information, we have to do so in a way that avoids
learning anything about the state of the quantum information itself — for learning is equivalent
to measuring an aspect of the state, and measurements in general lead to a “collapse” of the

7



quantum state in the sense of Eq. (1.3). We will later see how to make this precise. This is
a major challenge and closely related to the “fragility” of quantum information — but it also
gives rise to a powerful way of constructing quantum communication protocols known as the
decoupling principle, which we will discuss in Chapter 17.

Given an observable O, are there states 1) that are not “collapsed” by the measurement of
an observable? In other words, are the states for which the post-measurement state is equal to
the state before the measurement? It is not hard to see that this happens precisely when [¢) is
an eigenvector of O (by Eq. (1.3)), i.e., when Py [¢)) = 04 4, |¢), where zg is the corresponding
eigenvalue. Equivalently, this means that (¢|Py|¢)) = 65 4, i.€., the states that do not collapse
are precisely those states for which the measurement outcome is deterministic (“certain”).

A closely related question is when a pair of quantum states {|a),|3)} can be perfectly
distinguished by some observable. That is, when does there exists an observable O such that
when we measure on |«) we always obtain outcome +1, say, while if we measure on |3) we always
obtain outcome —1, as in the following figure?

) +1 18) 1

The answer is that this is possible precisely when the two states are orthogonal, i.e., («|3) = 0.
Indeed, in this case we can measure the observable O = |a)(a| — |8)(8|, which has |a) as an
eigenvector with eigenvalue +1 and |/3) as an eigenvector with eigenvalue —1. In Exercise 1.2, you
can show the converse: two states can be perfectly distinguished only when they are orthogonal.

We conclude our discussion of the axioms of quantum mechanics with one last observation.
A careful look at Axioms A-D reveals that any two states |¢)) and e |¢)) are completely
indistinguishable. This means that there is some redundancy when we characterize states
by unit vectors — we should really identify any two unit vectors that can be obtained from
each other by multiplication with a complex number of absolute value one (a “global phase”).
Mathematically, this means that we should work with the projective space P(#). One convenient
way to achieve this is to consider [¢))(¢|, which as mentioned is the orthogonal projection
onto the one-dimensional subspace spanned by a unit vector |¢)). Note that the subspace and
hence also the operator [¢)(1| are insensitive to multiplying the state by an overall phase
e’ Conversely, we can recover |t)) up to phase by choosing any unit vector in the range
of the operator |1)(1|, so this achieves precisely what we wanted. A useful notation is to
write ¢ := |¢)(¢)|. Note that we can rephrase all our axioms in terms of . For example,
the unitary dynamics |¢) — U |¢)) now becomes 9 +— UpUT = U |¢) (1| UT, Born’s rule reads
Pr(outcome x) = tr[¢) Py| = tr[|Y) (Y| Pr] = (¥| Py |1), and the corresponding post-measurement
state is ¢ = Py P,/ tr[Ppa)).

What kind of object is ¢? It is positive semidefinite (which we write as ¢ > 0) and its trace
is tr[y)] = tr[|Y) (¢|] = (Y|y) = 1. In Chapter 7 we will see that these two properties define the
notion of a density operator, which is a useful and physical generalization of the notion of a
quantum state as introduced in Axiom B.

1.2 Measuring a qubit

For an ordinary bit, there is essentially only a single interesting measurement: Is the bit in state 0
or is it in state 17 For a quantum bit, however, Axiom D provides us with (infinitely) many
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inequivalent measurements that we can perform. For example, consider the three Pauli matrices
01
x=(3 o) =M=,
0 —1
v=(] )= Rrl, (14)
1 0
z=(y &) =mo-ma.

which are all Hermitian and have eigenvalues £1 (so they are also unitary!). On the right-hand
side, we indicated their spectral decomposition in terms of the eigenvectors

= (o) - 1)

1
[+ =210+, 1= 7
(10) = 2[1));

1 1
V2 V2

as well as the computational basis vectors |0) and |1), which we have already met. The basis
vectors |+) and |—) make up the so-called Hadamard basis.

We briefly discuss some useful mathematical properties. First, the three Pauli matrices
together with the identity matrix form a basis of the real vector space of the Hermitian 2 x 2
matrices. This means that any Hermitian operator on C? can be written as O = al +8X+YY +67Z
for some suitable «, 8,7,0 € R. In fact, they form an orthogonal basis with respect to the inner
product (0, 0’) := tr[OT0’] = tr[00’]. The latter can be easily seen from the relations

L) (10) +i[1)),  [R)

X2=Y%2=2%2=17
and
XY =iZ YZ=iX, ZX=1iY, (1.5)

together with the fact that the Pauli matrices are traceless. Second, the Pauli matrices do not
commute. This follows from Eq. (1.5), which implies that [X,Y] := XY — Y X = 2iZ and
similarly [Y, Z] = 2iX and [Z, X] = 2iY. In fact, the Pauli matrices anti-commute, meaning that
{X,Y} = XY +YX =0 and similarly {Y, Z} = {Z, X} = 0. In Exercise 1.3 you can show that
this implies that if we measure two Pauli matrices then the order in which we do so is important!

1.3 An uncertainty relation

Above we discussed that when we measure an observable then the states for which outcome is
deterministic are precisely the observable’s eigenvectors. But no pair of Pauli operators has a
joint eigenvector, as is clear from the spectral decompositions in Eq. (1.4). Accordingly, for every
state |¢) and any pair of Pauli operators, say X and Z, there is necessarily some uncertainty in
either the measurement outcome for X or in the measurement outcome for Z (or both).

To make this statement quantitative, we need a way to quantify the uncertainty in a
measurement outcome. To this end, we can use

(WIX]9)* = (px (1) = px(=1)* = (2px (1) = 1)* = (1 = 2px(-1))%, (1.6)

where px (z) denotes the probability of outcome x when measuring the observable X in state |1)).
Clearly,

0< @WX[¥)* < 1.

9



(Y| Z|)|  Z-outcome

1 1S certain

region forbidden by the
uncertainty principle

J X-outcome
1s certain

. ]

Figure 1.1: An illustration of the region excluded by the uncertainty relation in Theorem 1.1.

When are these values saturated? The upper bound is saturated precisely when either px (1) =1
or px(—1) = 1, that is, when the measurement outcome is certain. On the other hand, the
lower bound is saturated when px (1) = px(—1) = 1/2, which means that the measurement
outcome is completely uncertain (i.e., uniformly random). Thus, (¢ X |1)? is a meaningful way
to quantify the certainty of the measurement outcome when the quantum bit is in state |¢) and
we measure the observable X. We can similarly quantify the certainty of an Z measurement
outcome by (1| Z|p)?.
By adding the upper bound for X and for Z, we obtain that

WIX ) + (|Z]y)* < 2.

But note that this upper bound can never be saturated — for otherwise |1)) would be a state such
that both outcomes are certain, and we have argued that no such state exists. This means that
we must in fact have (1| X[4)? + (] Z]1)? < 2. We will now show a significant strengthening.
Namely, we will show that the sum of the two “certainties” cannot even exceed one (see also
Fig. 1.1). Such a result is called an uncertainty relation.

Theorem 1.1 (Uncertainty relation for Pauli matrices). For every state |¢) € C2, it holds that

WIX[P)* + (1Z)* <1 <2, (17)
and similarly for the other two pairs of Pauli matrices.

Proof. We prove the result by a brute-force calculation (in a couple of weeks we will be able to
give a more beautiful argument). Let |¢)) = a|0) + 8 |1) € C? be an arbitrary unit vector. Then:

_ 2 \2 /- = N2
WIX[)* + (@] Z])* = (aB + fa)” + (aa — B)
— 72/624_0(2624_ ‘Oé|4+ |B|4
= (0 + 86 + F?) = |o® + 5",
and now the claim follows because |t) is a unit vector and hence |a? + 82| < |a|> + B> = 1. O

We close with one final remark on the interpretation of the above result. Similarly as in
Eq. (1.6), we can write

[(W1X [P} = 2max{px (1), px (=1} = 1 = 2pguess, x — 1,

where the quantity
DPguess, X ‘= maX{PX(l)apX(*l)}

10



is often called a guessing probability because it can be interpreted as the maximal probability of
correctly guessing the outcome of an X-measurement on the state 1) in advance of performing
it (just go for the outcome that has the larger probability — there is no better way). Now observe
that, Eq. (1.7) implies that |(1|X|)| + |[(1)|Z|¥)] < v/2 using the Cauchy-Schwarz inequality.
We can write this as follows in terms of guessing probabilities:

1
x + z<1+—=<2
Pguess, Pguess, \/§

This has a very transparent interpretation: it simply bounds the sum of the probabilities of
guessing the two measurement outcomes correctly.

Uncertainty relations of the above form are powerful since they make nontrivial predictions
for every quantum state (the upper bound is nontrivial and in fact independent of [¢)). More
sophisticated uncertainty relations play an important role in quantum cryptography.

Exercises

1.1 Entanglement criterion: Let [¥) =}, . M;;[i) ® |j) € C? ® ©? be an arbitrary quantum
state, expanded in the computational basis. Let M denote the d x d-matrix with entries M;;.

(a) Show that |¥) = |a) ® |3) for some |a), |8) € C? if and only if the rank of M is one.
(b) Conclude that the ebit state |®) defined in Eq. (1.1) is entangled.

1.2 Perfectly distinguishing quantum states: Show that if two quantum states |a) and |3)
can be perfectly distinguished by an observable, then the states must be orthogonal: («|3) = 0.

1.3 Order of meausurements: In this problem, you will see how the order of measurements
can matter in quantum mechanics. Let |¢)) be an arbitrary state of a qubit.

(a) Imagine that we first measure the Pauli matrix X, with outcome x, and then the Pauli
matrix Z, with outcome z. Derive a formula for the joint probability, denoted p(z — 2),
of the two measurement outcomes.

(b) Derive a similar formula for the joint probability p(x < z) corresponding to first
measuring Z and then X.

(c) Find a state [¢) such that p(x — 2) # p(x + 2).

In fact, this is a general feature of noncommutativity:

(d) Let O and O’ be two arbitrary observables. Show that the order of measurement is
irrelevant for every state precisely when [O, O’] = 0.

11
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Chapter 2

Entanglement as a resource, generalized
measurements

Last time we discussed the axioms of quantum mechanics and in particular the measurement of
observables. In particular, for any observable O with spectral decomposition O = > o x P,
the probability of obtaining an outcome x €  is given by Born’s rule, (¢|P;[v) = || Py 1) ]|%,
and the post-measurement state is given Py [1)) /|| P, |¢)]|. Note that the preceding only makes
use of the collection of projections { P, },cq rather than the observable O itself. As discussed,
we have that PJ‘,2 = P; =P, Y P, =1,and P,P, = 0,,P, for all z, y € Q. We will refer to
any collection of projections { P, },cq which these properties as a projective measurement. To
summarize:

0= 2P ¢ {Pileco
z€Q

While any projective measurement can be implemented by the measurement of an observable,
it is often useful to directly work with the projections. For example, we can then allow the
set of possible outcomes to be an arbitrary finite set €2, not necessarily a subset of R (as one
would get for the eigenvalues of a Hermitian operator). This is just a simple relabeling, but often
convenient.

Before we launch into the main subject of today’s lecture, let us discuss one last axiom that
we did not spell out explicitly in the last lecture:

Axiom E (Operations on subsystems). Consider a quantum system composed of two subsystems,
with joint Hilbert space Hap = Ha ® Hp. If we want to perform a unitary Ua on the subsystem
modeled by H 4, then the appropriate unitary on the joint system is U ® Ig. Similarly, if O4 is
an observable on H 4 then the appropriate observable on the joint system is O 4 ® Ip. Equivalently,
if {Pag}zeq is a projective measurement on H 4 then the corresponding projective measurement

on Hap is {Paz ® IB}acq.

Note that the set of possible measurement outcomes remains the same (O4 and O4 ® Ip
have the same eigenvalues, albeit with different multiplicities), which is of course what we expect.
Above and throughout these notes we follow the common convention of labeling subsystems by
A (“Alice”), B (“Bob”), etc., and using subscripts to indicate the subsystems that mathematical
objects such as states or operators are associated with.

Let us consider an example. Take the ebit state from Eq. (1.1),

B55) = 75 (00) +111) = = 3 iy ® i)

1€{0,1}

13



Take an arbitrary basis {|e;)},eq0,13 of €C* and denote by Py, := |es){e.|, the corresponding
projective measurement. If we apply this measurement on the first subsystem of the ebit, the
probability of outcomes according to the Born rule is given by

Prg+ (outcome z) = (2} 5| Pa, ® I5|@% )

_ ;Z(MA @ (ilp) (Paa ® I5)(13) 4 ® 1) )

1 ) ) ) )
=5 E (i4|Pazlia) (iBlIBliB)
; —_———

=0ij

1 . , 1
=3 > (ialPaglia) = 5 tlPasl = 3, (2.1)
7

since the trace of a projection is equal to its rank. Thus, for any basis measurement we obtain
either outcome with 50% probability. This is quite interesting — even though the joint system is
in a well-defined state, measurement outcomes on the subsystem are completely uninformative.
Nevertheless, ebits can be a useful resource in communication scenarios, as we will discuss next.
This will also help us clarify the distinctions between bits and qubits.

2.1 Encoding bits into qubits: superdense coding

Consider a scenario where a sender — commonly called Alice — would like to send one out of M
possible classical messages to a receiver — commonly called Bob — by sending a single qubit. Here
is a sketch of a possible communication protocol:

Sordles s Alce Receaps ok

—_—

m%e {Dxe Hcv:le;sqgi | vecaues 4> €CE
AR
\ ) s forens N CaF RN
Qust Stete (1G> e R

What is the maximal number M of possible classical messages such that Bob can always perfectly
decode? This requires that the quantum states |t,,) are all orthogonal, since only orthogonal
quantum states can be distinguished perfectly (i.e., with zero probability of error), as we discussed
last time. Thus, M < 2, since no three states in a two-dimensional Hilbert space can be orthogonal.
Moreover, M = 2 can clearly be achieved — simply encode the two messages using any orthonormal
basis, such as the computational basis: m — |¢y,) := |m) for m € {0,1}. In summary, we found
that by sending over a single qubit we can perfectly communicate a single bit, but no more.

In fact, as a consequence of the so-called Holevo bound, it es even impossible to communicate
at an asymptotic rate higher than the trivial rate of one classical bit per qubit sent.
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Superdense coding

We will now see that we can overcome this ‘no go” result by using entanglement. For this,
consider the following set of vectors in C? @ C?:

0) = 5 (100) + 1) = (T 9 7)0),
1
1) 1= —=(00) = [11)) = (Z& D) o). -
1B2) = jﬁmm +101) = (X @ 1) |07,
1Bs) = —=(]10) — [01)) = (XZ & I) [®*).

S

Note that {[8m)}mefo,1,2,3} is an orthonormal basis, so the four states can be perfectly distin-
guished by a two-qubit measurement (namely the one with projections Pap m = |Bm){(Bm|). This
is called the Bell basis of two qubits. Moreover, as indicated on the right, each of the four states
can be produced from the ebit by applying one out of the four unitaries I, Z, X, X Z on Alice’s
side. That is, we can write

‘er>AB = (UA,m ® IB) ‘(I)XB> )

where Ugg =1, Us = Z, and so forth.

The preceding considerations suggest a communication protocol known as superdense coding.
It allows Alice to communicate two bits (i.e., one out of four messages) by sending a single qubit
to Bob, provided Alice and Bob already share an ebit [BW92]:

Protocol 2.1 (Superdense coding). The goal is for Alice to communicate a two-bit message m €
{0,1,2,3} by sending one qubit to Bob.

1. Assume Alice and Bob share an ebit |®F ).

2. To send m € {0, 1, 2,3}, Alice applies the unitary Ug ,, to her qubit and sends the qubit
over to Bob.

3. Upon receiving Alice’s qubit, Bob applies the projective measurement {PAB,m}me{o,1,2,3} =
{1Bm) (Bml ap }mefo,1,2,33 on both qubits in his possession. The outcome is Alice’s message m.

The correctness of the protocol follows directly by the preceding discussion. Here is an illustration
of the protocol:

Mmelo 3% nossace

1

A |

( 1
E——) 8&@1

Of course, in order to establish the ebit between Alice and Bob, some form of prior (quantum)
communication must have occurred. The point however is the following: the ebit state used
in the protocol is completely independent (and can therefore be shared well in advance) of the
message m that is later sent in superdense coding. Thus, shared entanglement is a resource that,
once established, can be used for information processing tasks (such as the one we just saw:
communicating classical bits at twice the rate than what is possible without shared entanglement).

&>
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2.2 Encoding qubits into bits, teleportation

Now we consider the “dual” problem to the above. Suppose Alice has a qubit in some arbitrary
unknown state [¢) in her possession (i.e., a quantum message!) that she would like to communicate
to Bob. Can she do so if she is only able to send over a classical bit or bitstring «?

‘w> —@ claszical E |7’/}>

This is clearly impossible, provided that they want to achieve this task perfectly. An easy way to
see this is that there are only finitely possible values for x, but infinitely many quantum states —
so there must be two distinct quantum states corresponding to the same bitstring z, which is a
contradiction.

A sharper argument is the following: Suppose that the protocol works for arbitrary qubit
states, so in particular for |0) and |4). Then the protocol must send over different bitstrings x
for these two states. Because any two bitstrings are perfectly distinguishable, this means that
we have found a way to perfectly distinguish two quantum states that are not orthogonal. As
discussed in the last lecture, this is impossible.! In summary, we found that is not possible to
(perfectly) communicate an unknown qubit by sending any number of classical bits.

Teleportation

We will now see that this task becomes possible (and in fact two bits suffice) in the pres-
ence of shared entanglement. The protocol is called (quantum) teleportation and it looks as
follows [BBCT93]:

— >

The protocol uses the same elements as above, but in a different order and on different subsystems.
Let us first write down the protocol more precisely and then see why it works:

Protocol 2.2 (Superdense coding). The goal is for Alice to communicate a qubit M in some
arbitrary unknown state by sending two bits to Bob.

1. Assume Alice and Bob share an ebit [®75).

2. Next, Alice measures { Py ammef0,1,2,3} = UBm) (Bmlyratmefo,1,2,3) on both qubits in her
possession, and sends the outcome m over to Bob.

3. Upon receiving m, Bob applies the unitary Up ,,. Now the qubit B is in the same state
that M was in before the start of the protocol.

To verify that the protocol works as advertised we compute the joint state of all qubits after
Alice’s measurement if the message qubit M is initially in some arbitrary state |1),, and the

In Exercise 1.2 you showed that two qubit states can be distinguished by an observable measurement only if
they are orthogonal. The same is true for arbitrary procedures. See Section 2.4 and Exercise 2.4.
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measurement outcome is m € {0, 1,2,3}. Using the rules for measuring subsystems (Axioms D
and E), we should calculate:

(Priagn @ I)(|var) @ 125 5)) = (1Bram) @ Ip)((Brvam| @ Ip) ([va) @ |2F5))
(’ﬂMA,m) ® Ip) (<q)}\t[,4‘ ® IB) (UJJ{/Lm ® IAB) (W’M> ® ’(I):ZB»

= (1Bmam) @ I) (P34l @ Ip) (I @ [®5)) UJJ{/[,m ar) -

We now compute the underbraced expression:
(@14l © T5) (1w © 1835)) = 3 3" (il © (il © In) (Tas © 1) @ 1)
i,J
= %Z@,j liB) (im| = %IM—>B7
1,3
it is simply one half times I/, g, the identity map from qubit M to qubit B. Thus,

(Patam ® I5) ([0a1) © [835)) = 5 |Brsam) © U, [05) (2.3)

Thus we see that the three qubits are in state |Bp) 4 @ U];m |¢h) p right after the measurement.
In the last step of the protocol, Bob applies the unitary Ug ,, on his qubit to obtain the desired
state in his subsystem. Thus the teleportation protocols indeed works as advertised.

Equation (2.3) also shows that the four possible measurement outcomes m € {0, 1,2, 3}
occur with probability 1/4 each — irrespective of the state |1)),, of the qubit that Alice wants to
teleport to Bob. This means that Alice’s measurement does not reveal any information about
the teleported state. In Chapter 17 we will discuss the decoupling principle, which implies that
this is both necessary and sufficient for a teleportation protocol to succeed.

What happens if the message qubit is entangled with another subsystem? In other words,
what does the teleportation protocol do when the initial state is

) R @19 ) 4

where R is an additional “reference” system? In Exercise 2.1 you can show that the result is
V) sr @ |Bm) 4. Thus, Bob’s qubit is now entangled with R in the same way that previously
Alice’s qubit was entangled with E, which is exactly the desired behavior. This is also known as
entanglement swapping, because it can be used to establish entanglement between subsystems
that have not initially been entangled!

2.3 Resources for information processing tasks

We have now seen two examples where the maximally entangled state served as a resource that
enables information processing tasks. Similarly, the capability of sending a classical or a quantum
bit can be though of as resources. We can use some symbolic notation for this and denote the
former by [¢ — ¢]| and the latter by [¢ — ¢]. More generally, we write formal linear combinations
such as ebit + 2[¢ — ¢| for combinations of these resources and use inequalities > to compare
them. For example

g —q] > [c— ]
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means that if we are able to send over a qubit then we can also use this to send a bit. That is, an
inequality such as the above means that the left-hand side resources are sufficient to implement
the right-hand side ones (allowing arbitrary local quantum operations on Alice and Bob’s side).

We can use this notation to conveniently summarize the discussion of the preceding sections.
Thus,

DN
o

lg—ql 2 2[c—d],
ebit + [¢ — ¢] > 2[c — ¢,

where the second inequality summarizes superdense coding. Likewise, the fact that no number n €
N of classical bits enables the capability of communicating qubits, while teleportation shows that
two bits suffice in the presence of a shared ebit can be summarized as

nlc — ¢c] 2 (¢ — 4,
ebit + 2[c = ¢] > [¢ — q].

In other words, classical and quantum communication become equivalent when shared entangle-
ment is free (up to a factor two):

2[c =] =[qg—q] (mod ebit)
Furthermore, it is clear that
[¢ — q] > ebit,

because in order to establish a shared ebit, Alice can prepare it locally and send over one qubit
to Bob, and it is intuitive plausible (and we will prove later) that for any n € N,

nebit 2 [q¢ — q], nebit 2 [c — ],

meaning that shared entanglement alone cannot be used to communicate.

2.4 POVM measurements

We conclude today’s lecture by returning to the subject of measurements. So far, we always used
observables or projective measurements

0= ZﬁPx < {Px}meﬂ

e

Are these the most general “measurement” procedures we can think of? Certainly not! For
example, even if our goal is to extract information about a quantum system A, we could introduce
an auxiliary system B that we initialize in some fixed state, say |0) 5, and then apply an arbitrary
projective measurement {Psp ;}zcq on the joint system, as illustrated below:

{PAB,x}

s (e
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What is the probability of an outcome x € Q7?7 According to the Born rule, Eq. (1.2), it is

Pr|¢>(0utcome z) = ((Ya| ® (0B|)Papz(|tva) @ |0B))

= (Ya| | {a® (0B])Pap (14 ® |0B)) | |Pa)
—Qu

where we have introduce new operators {Qs}zcq on Ha. These operators have the following
properties:

(a) Qz >0 for all z € Q (meaning they are positive semidefinite), and

(b> erﬂ Q:C = IA'

We will call any collection of operators {Q;}rcq satisfying properties (a) and (b) a POVM
with outcomes in 2. POVM is short for positive-operator valued measure. The operators @,
are called POVM elements. As we saw above, the probability of outcomes when performing a
POVM measurement takes the familiar form of the Born rule:

Pr(outcome z) = (¢|Q|v) . (2.4)

A POVM measurement that has two possible outcomes is called a binary POVM measurement,
and it has the form {Q, I — @}, hence is specified by a single POVM element 0 < @ < I. Note
that the @, need not be pairwise orthogonal, nor will they in general be projections! In particular,
it will no longer be true that we can rewrite (¥|Q.|v) as ||Qz [1)||%.

Example 2.3. The four operators {5 [0)(0], 2 |1)(1|, 3 |+)(+|, 2 |-)(—|} make up a POVM with
four possible outcomes. Measuring it is the same as performing either a measurement in the
standard basis |0) , |1) or in the Hadamard basis|+) , |—), with 50% probability each.

Example 2.4. The operators {2 [0)(0[, 2 |[a")(a*|, 2 |a~)(a~|}, where |oF) = $|0) £+ Y311,
make up a POVM with three outcomes. Indeed, it is easily verified that
2

2 2 o
210y 01+ 2 o) ¥ + 2oy (| = 1.

Unlike the previous example, this POVM cannot be decomposed in an interesting way.

POVM measurements are the most general “memoryless” measurements (as we defined them,
with finitely many outcomes) provided by quantum mechanics. Importantly, any POVM can
be implemented by a projective measurement on a larger system. However, note that a POVM
only prescribes the probabilities of outcomes, but not the post-measurement state. In general,
there are many different ways of implementing a POVM by a projective measurement on a larger
system. For example, this can always be achieved as follows, as you can show in Exercise 2.3:

) —2

Uap (2.5)

o~ -

where B is a quantum system such that the Hilbert space Hp has one basis vector |zg) for each
possible measurement outcome x € €, Ugp is a unitary, and the measurement is simple the
corresponding basis measurement. We can think of this intuitively as coupling our quantum
system to a measurement apparatus, applying a unitary, and reading off the result by measuring
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the apparatus. Note that the last two steps can be combined into a single projective measurement
by taking Pap. = Ul 514 ® |2)(z|5)Uas.

We have just expanded our quantum information toolbox. While POVMs can always be
implemented by projective measurements on a larger system, they can sometimes outperform
projective measurements on the same system. In Exercise 2.2 you will see an example of this.
On the other hand, is it still true that only orthogonal states can be perfectly distinguished, as
you will show in Exercise 2.2.

Exercises

2.1 Entanglement swapping: Here you will discuss teleportation in a setting where the
message qubit can be entangled with another system.

(a)

(b)

()

Let [¢),,r be an arbitrary quantum state and consider the state [¢),,5 @ [®T) 5.
Suppose that the M and A subsystems are in Alice’ laboratory and the B subsystem
is in Bob’s laboratory, so that they can apply the teleportation protocol as in class.
(Neither Alice nor Bob have access to the R subsystem.) Show that after completion of
the teleportation protocol, the state of the B and R subsystems is |¢) gp.

Now assume that we have three nodes: Alice, Bob, and Charlie. Alice and Bob start
out by sharing an ebit, and Bob and Charlie also start out by sharing an ebit. In
other words, the initial state is [®F) 45 ® |®T)p . Explain how the three parties can
establish an ebit between Alice and Charlie without sending any quantum information.
Sketch how to extend the scheme in (b) to a linear chain of N nodes, assuming that
initially only neighboring nodes share ebits.

2.2 POVMs can outperform projective measurements [NC10, §2.2.6)]: Imagine a qubit
source that emits the two states [0) and |+) = (]0) + [1))/+/2 with equal probability 1/2. As
these are not orthogonal, they cannot be distinguished perfectly (Exercises 1.2 and 2.4).

Your task is to design a measurement that distinguishes the two states as well as you can in
the following scenario. Your measurement is allowed to report one of three possible outcomes:
that the true state is |0), that the true state is |[4), or that you are not sure (the measurement
has been inconclusive). However, it is not allowed to ever give a wrong answer! We define the
success probability of such a measurement as the probability that you identify the true state.

(a)
(b)

Show that for any projective measurements the success probability is at most 1/4.
Find a POVM measurement that achieves a success probability strictly larger than 1/4.

2.3 Implementing POVM measurements: In this exercise, you will show that every POVM
measurement can be realized by a projective measurement on a larger system. Thus, let
{Qz}zeq be an arbitrary POVM measurement on some Hilbert space H 4.

(a)

Let Hp be a Hilbert space with one basis vector |z) for each x € Q, and fix some
arbitrary xg € ). Show that the linear map

V)4 @ |z0) g Z VQu [¥) 4 ® |2) 5 (2.6)

is an isometry (an isometry is a linear map V' that preserves inner products; equivalently,
V1V = 1I). Here, v/Q, is the square root of the positive semidefinite operator @, defined
by taking the square root of each eigenvalue while keeping the same eigenspaces.
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Any isometry from a subspace into a larger Hilbert space can be extended to a unitary
operator on the larger space. Thus there is a unitary Uap on Ha ® Hp that extends the
isometry (2.6).

(b) Use Uap to design a projective measurement {Psp,} on the joint system such that

Qz = (1a @ (z0|g) Papx (14 ® |20) g)

for all outcomes z € (2.
(c) Conclude that any POVM measurement can be implemented as in (2.5).

2.4 Distinguishing quantum states: The trace distance between two (pure) quantum states |¢)
and [¢) can be defined as follows:

T(¢,¢) = max ((¢|Q[¢) — (¥[Q4)) (2.7)

0<Q<I

Here, 0 < @ < I means that both @ and I — Q) are positive semidefinite operators.
(a) Imagine you are handed either |¢) or |¢)) with probability 1/2 each. Show that the
optimal probability of correctly identifying the state by a POVM measurement is given by

1 1
—+-T .

Without using this formula: Why can this probability never be smaller than 1/27
(b) Conclude that only orthogonal states (i.e., (¢|1)) = 0) can be distinguished perfectly.
(c) Show that the trace distance is a metric. That is, T'(¢, 1) = 0 if and only if |p) = e |¢)),
T(p,v) =T (1, ), and the triangle inequality T'(¢, ) < T(p, x) + T(x, ) holds.

You will now derive an explicit formula for the trace distance. For this, consider the Hermitian
operator A :=|p)(¢| — |¢) (1| and its spectral decomposition A =" \; |e;)(e;].

(d) Show that the operator Q@ =}, _, le;)(e;| achieves the maximum in (2.7). Deduce
from this the following formulas for the trace distance:

T(o,9) = Z Ai = %Zp‘i"
Ai>0 3

(e) Conclude that the optimal probability of distinguishing the two states in (a) remains
unchanged if we restrict to projective measurements.

In class, we will also use the fidelity, which for pure states is simply the overlap [(¢|y)]:
(f) Show that trace distance and fidelity are related by the following formula:

T(¢,9) = V1= [ol)[*.

Hint: Argue that it suffices to verify this formula in the qubit case and with one state
equal to |0). Then use the formula from part (d).

Thus, states with fidelity close to one are almost indistinguishable by any measurement.
Note that the trace distance is a distance measure (it is & 0 if the states are close), while the
fidelity is a similarity measure (it is ~ 1 if the states are close).

2.5 Ambiguity of POVMs: Find two implementations of the same POVM, as in (2.5), that
produce different post-measurement states.
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Chapter 3

Quantum correlations, non-local games,
rigidity

In the past two lectures, we discussed some of the nonclassical features of quantum mechanics.
In particular, we explored superpositions (such as [+) = (|0) + [1))/+/2), entanglement (|¥) , 5 #
|) 4 ® |¢) 5), and non-commuting observables ([X,Y] # 0), and how these features impose both
challenges (e.g., non-orthogonal states cannot be distinguished perfectly) and opportunities (e.g.,
entanglement gives rise to superdense coding and teleportation).

Today, we will discuss another way of quantifying the distinction between classical and
quantum mechanics, namely through the correlations predicted by these theories. A modern
perspective of studying and comparing correlations is through the notions of a nonlocal game.
This is closely related to Bell inequalities, which you may remember from your quantum mechanics
class — but we will discuss some interesting new aspects that you may not have seen before.

3.1 The GHZ game

In a nonlocal game, we imagine that a number of collaborating players play against a referee.
The referee hands them questions and the players reply with appropriate answers that win them
the game. The players’ goal is to maximize their chance of winning. Before the game starts,
may agree upon a joint strategy — but then they are separated from each other and cannot
communicate while the game is being played (this can be ensured by the laws of special relativity).
The point then is the following: Since the players are constrained by the laws of physics, we can
design games where players utilizing a quantum strategy may have an advantage. This way of
reasoning about quantum correlations is eminently operational and quantitative, as we will see.
There are many well-known such games in the literature.

Here will discuss the Greenberger-Horne-Zeilinger (GHZ) game [Mer90, GHSZ90], but we
note that another well-known game is the two-player Clauser—Horne—Shimony-Holt (CHSH)
game. The GHZ game involves three players — Alice, Bob, and Charlie. Each receives as question
a bit z,y,z € {0,1} and their answers are likewise bits a, b,c € {0,1}. They win the game if the
sum of their answers modulo two is as in the following table:

T Yy z|adbdec
0 0 0 0
1 1 0 1
1 0 1 1
0 1 1 1
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Figure 3.1: Setup of the three-player GHZ game. The winning condition is that a®b®c = xVyVz.

Note that the referee only asks four out of eight possible question triples xyz. The winning
condition can be succinctly stated as follows: a @b ®c=xVyV z. We write @ for addition
modulo 2 and V for the logical OR. Figure 3.1 summarizes the setup.

3.2 Classical strategies

It is not hard to see that the GHZ game cannot be won if the players’ strategies are described by
a “local” and “realistic” theory. Here, “local” means that each player’s answer only depends on
their immediate surroundings, and “realistic” means that the strategy assigns a definite answer
to any possible question (that is, in advance of the question being asked). Thus in a local and
realistic theory we assume that

When we say that the players may jointly agree on a strategy before the game is being played, we
mean that they may select “question-answer functions” a, b, ¢ in a correlated way. For example,
when the players meet before the game is being played, they could toss a coin, resulting in
some random A € {0,1}, and agree on the strategy a(z) =z @ X, b(y) =y DA, c(z) = 2@ A
Mathematically, this means that the functions a, b, ¢ can be correlated random variables. This
does not at all influence the argument that follows. Equivalently, we could say that A is a “hidden
variable”, with some probability distribution py, and consider a = a(z,\) as a deterministic
function of both the input and the hidden variable. You can explore this in Exercise 3.3. If
the players’ strategy can be described by classical mechanics then the above would provide an
adequate model. Thus, strategies of this form are usually referred to as local hidden variable
strategies or simply as classical strategies.

Suppose now for sake of finding a contradiction that Alice, Bob, and Charlie can play the
GHZ game perfectly using such a classical strategy. Then,

1=001lplpl
= (a(0) ® b(0) ® ¢(0)) ® (a(l) & b(1) & ¢(0)) & (a(l) @ b(0) ® (1)) & (a(0) B b(1) B ¢(1))
=0.
The first equality is plainly true, the second holds since we assumed that the strategy is perfect,
and the last equality holds because a(x) @ a(x) = 0 etc., whatever the value of a(x). This is a
contradiction! We conclude that there is no perfect classical winning strategy for the GHZ game.

This means that if the referee selects each possible question triple xyz with equal probabil-
ity 1/4, then the game can be won with probability at most

Pwin,cl < 3/47 (31)
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since the players must get at least one of the four possible answers wrong (note that which one
they get wrong might well be a random variable). This winning probability can be achieved by,
e.g., the trivial strategy a(z) = b(y) = ¢(z) = 1. Equation (3.1) can be called a Bell inequality.
If you have seen this term before: do you see the connection?

3.3 Quantum strategies

In a quantum strategy, we imagine that the three players are described by quantum mechanics.
Thus they start out by sharing an arbitrary joint state 1) yp~ € Ha ® Hp ® Hc, where Ha is
the Hilbert space describing a quantum system in Alice’s possession, etc., and upon receiving
their questions z,y, z € {0,1} they will each measure corresponding observables A,, B, C, on
their respective Hilbert spaces. While it might not be immediately obvious, any classical strategy
is also a quantum strategy. You can show this in Exercise 3.3.

It will be convenient to take the eigenvalues (i.e., measurement outcomes) of the observables
to be in {£1} rather than in {0, 1}. That is, if Alice measure A, and obtains outcome (—1)%, she
sends back answer a to the referee, and similarly for the other players. The condition that A, has
eigenvalues &1 can be succinctly stated as A2 = I. In this case, the eigenvalues of the observable
Ay ® By ® C, are (—1)%+0+¢ = (—1)9®5%¢_and they correspond precisely to the sum modulo two
of the answers. In particular, a perfect quantum strategy for the GHZ game in which the players
win with 100% probability would consist of a quantum state |[¢)4pc) and observables {A,}, { By},
{C.} such that A2 = B? = C2? = I for all x,y,z and

(Ao ® By ® Co) [YaBc) = + [taBo) ,

(A1 ® B1 ® Cy) [YaBc) = — [taBo) , (3.2)
(A1 ® Bo ® C1) [YaBc) = — [aBc)

(Ao ® By ® C1) [YaBc) = — [aBe)

(recall from Chapter 1 that an observable always give the same outcome precisely when the state
is an eigenvector, with eigenvalue equal to that outcome). In Exercise 3.2 you can verify that,
more generally, the probability of winning the GHZ game (for a uniformly random choice of
questions zyz) can be written as:

1 1
Dwin,g = §+§<¢ABC\A0®BO®CO—A1 ® B1 ® Cy
-A1®@By®Ci — Ay ® B1 ® Ci |[YaBc) -

(3.3)

Remarkably, there is indeed a quantum strategy for the GHZ game that allows the players to
win the game with probability pwinq = 1. We assume that the players share the three-qubit state

1
Cape) = 5 (1000) — [110) — [101) — [011)) € C? e C? o C?, (3.4)
where the first qubit is in Alice’s possession, the second in Bob’s, and the third in Charlie’s (see
also Exercise 3.1). Upon receiving x = 0, Alice measures the Pauli observable Ay = Z = ((1) _01)

on her qubit, while upon receiving x = 1 she measures the Pauli observable A1 = X = (9}).

Bob and Charlie perform exactly the same strategy on their qubits. To see that this quantum
strategy wins the GHZ game every single time, we only need to verify (3.2) for this strategy.
Indeed:

(Z® Z® Z) |FABC’> = |FABC>,
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1
5 ([110) —1000) — (=1)[011) —~ (=1)[101)) = —~[F'apc),
and similarly (X ® Z® X) |T'apc) = (Z @ X ® X) |Tapc) = — [Tapc).

This shows that in a precise quantitative sense, quantum mechanics enables stronger non-local
correlations than what is possible using any local realistic classical theory.

(X ® X ®Z)|Tapc) =

A glance a device-independent quantum cryptography

When the three players perform the optimal strategy described above then not only do their
answers satisfy the winning condition but their answers a, b, ¢ are in fact uniformly random,
subject only to the constraint that a @ b® ¢ must sum to the desired value xVyV z. In particular,
a,b € {0,1} are two independent random bits. You can easily verify this by inspection. For
example, for x = y = z = 0, Alice, Bob, and Charlie each measure their local Z observable. The
eigenvectors are |abc) and so it is clear from Eq. (3.4) that we obtain abc € {000,110,101,011}
with equal probability 1/4.

The randomness obtained in this way is also private. We will only discuss this in a very
heuristic sense and you should be sceptical of the details, but I would still like to give you an
impression. Suppose that apart from Alice, Bob, Charlie, there is also an evil eavesdropper
(Evan) who would like to learn about the random bits generated in this way. Their joint state can
be described by a pure state | 4pcp). If Alice, Bob, and Charlie indeed share the state |I'4p¢)
then it must be the case that [ apcE) = |I'apc) ® |¢) (this holds not just for |I'4pc) but for
any “pure” quantum state). We will see how to formalize this statement in Chapter 8. Thus, our
three protagonists are in a product state with Evan. It follows that the bits a and b are not just
random but also independent from the outcomes of any measurement that Evan can do on the F
system (Exercise 3.4). All this means that the referee can use the players’ answers to generate
private randomess: by locking lock Alice, Bob, and Charlie (best thought of as quantum devices)
into a laboratory, ensuring that the devices cannot communicate with each other and the outside
world, and interrogating them with questions, as in the following picture:

\ ':// / el Cea LSS
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But of course there is a catch: the referee cannot trust Alice, Bob, and Charlie to actually play
the quantum strategy described above. So this observation might seem not very useful at first
glance. . .however, what if the optimal strategy for winning the GHZ game was actually unique?
In this case, the referee could test Alice, Bob, and Charlie with randomly selected questions and
check that they pass the test every time. After a while, the referee become increasingly confident
that the players are in fact able to win the GHZ game every time. But then, by uniqueness of the
winning strategy, the referee will in fact know the precise strategy that Alice, Bob, and Charlie
are pursuing! In other words, the referee would not have to put any trust into Alice, Bob, and
Charlie — they would rather prove themselves by winning the GHZ game every time.

This remarkable idea for generating private random bits was proposed by Colbeck [Col09].
Note that we need private random bits in the first place to generate the random questions — thus
this protocol proposes to achieve a task known as randomness expansion. Private random bits
cannot be generated without an initial seed of random bits. The argument sketched so far is of
course not rigorous at all: we do not take into account that Alice, Bob, Charlie may not behave
the same way every time we play the game, that they may have a (quantum) memory, we ignored
questions of robustness and finite statistics, etc. However, these challenges can be circumvented
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and secure randomness expansion protocols using completely untrusted devices do exist [AM16].
This general line of research is known as device-independent quantum cryptography, since it
does not rely on assumptions on the inner workings of the devices involved, but only on their
observed correlations [MY98|.

3.4 Rigidity of the GHZ game

In the remainder of the lecture, we will show that the perfect winning strategy for the GHZ game
is indeed essentially unique, following Colbeck and Kent [CK11]. We say that the GHZ game is
rigid or that it is a self-test for the three-qubit quantum strategy described above.

Let us first observe that in our three-qubit strategy, the state |['4pc) is already uniquely
determined by the measurement operators. This follows from Eq. (3.2), because any +1-
eigenvector of Z ® Z ® Z is necessarily of the form « |000) + ]110) 4+~ |101) + § |011), and the
other three conditions are only satisfied if « = —f = —y = —§. Thus we obtain (3.4) up to an
irrelevant overall phase.

Let us now consider a general quantum strategy given by a state |apc) € Ha @ Hp @ He
and observables A, By, C, with A2 = I, Bi = I, and C? = I such that Eq. (3.2) is satisfied.
Our approach to proving the rigidity theorem will be to uncover some hidden symmetries that
allow us to reduce to the case of three qubits:

Claim 3.1 (Informal). In any optimal strategy, the observables must anticommute: “{Ap, A1} =0,
{Bo,B1} =0, {Cy,C1} =07 (see below for fine-print).

We will prove this claim later, but let us see first see how anticommutativity allows us to
identify three qubits on which the observables A, act like the Pauli operators from our optimal
quantum strategy.

How to find a qubit?

Consider, e.g., the pair of observables Ay, A;. By assumption, they satisfy A2 = A? = I as well
as {Ag, A1} = 0. Since A2 = %1, its eigenvalues are 1. If |¢) be an eigenvector of Ay with
eigenvalue +1, i.e., Ag|p) = £ |¢), then

ApAr|p) = —A14o|9) = —A1(£1[0)) = FA10,

so Aj |¢) is an eigenvector of Ay with eigenvalue F1. This means that the unitary A; interchanges
the two eigenspaces of Ay. In particular, both must have the same dimension, which we shall
denote by m4. Moreover, if {|eg ;) }j=1,. m, is an orthonormal basis of the +1-eigenspace then
the vectors |e1 ;) := Aj |eg ;) form an orthonormal basis of the —1-eigenspace. Thus, the unitary
defined by

Ua: Ha = CP@C™,  leij) = |i,j) = i) ®@15) -
maps Ag and Ay to the Pauli Z and X operators acting on the right-hand side qubit:
UAU ' =ZoI, UAU =X®I.
Indeed,
UAU [i,j) = UAoleis) = U(=1)" leiz) = (=1)'|i, j) = (Z® 1) |i, )

UAUT i, j) = UA1 |eij) = Uleigry) = i @ 1,5) = (X @ 1) |i, 5)
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To summarize: We found that H4 =2 C2®C™4 such that Ay, A; act by Z® 1, X @I, respectively.
The same argument works for Bob and Charlie’s pairs of observables. Thus the total Hilbert
space decomposes as

HA®Hp®He = (C° 0 C?® C?) @ (O™ @ C™8 @ C¢)
and the measurement operators act as in the three-qubit solution on the first tensor factor. E.g.,
A2 (ZeIe)e(IxIx]),
A2 XRID)UII®I),

etc. We discussed above that in the three-qubit solution the state is uniquely determined by the
measurement operators. Thus,

[Yapc) =0 @),
where |T') € C? ® C? ® C? is the three-qubit state from Eq. (3.4) and |7/) € C™4 @ C™2 @ C™C
some auxiliary state (which is irrelevant because the observables do not act on it). This is the
desired rigidity result.

Anticommutations from correlations (proof of claim 3.1)

We still need to prove Theorem 3.1. We first rewrite the optimality condition in Eq. (3.2) as

Ag 1) = +BoCy 1)
Ao [¢) = =B1Ch |¢)
Ay 1) = =B1Cy )
Ay [¢p) = =BoCh |4y .

Above we used that B; = I and C? = I, and we write Ay instead of A9 ® Ip ® I¢, etc., to make
the formulas easier to read. From the first two and last two equations, respectively,

Ao ) =+ (BuClo — BiC) |9}

A1 [9) = — 3 (BiCo+ BoC) )
Hence,
AgAq [Y) = —% (B1Co + BoCh) (BoCo — B1Ch) [¥) = —i (B1Bo — CoC1 + C1Co — BoB1) [¥)
A1Ag [Y) = _% (BoCo — B1C1) (B1Co + BoCh) |¢) = _% (BoB1 — C1Co + CoC1 — B1Bo) [4) ,

where we used that A;, By, and C, operators commute pairwise (recall that these are just
shorthand notation for A, ® I® I, I ® B, ® I, and I ® I ® C). Note that the right-hand side is
the same for both equations! Thus we have proved:

{Ao, A1} [¥) =0

This is almost what we wanted to show!

How can we show that {Ag, A1} = 07 This is in fact not exactly true — hence the “quotes”
in Theorem 3.1. But what is true is that {4, A1} = 0 on a subspace Ha of Ha such that
1) apc € Ha ® Hp @ He. Indeed, we can expand

V) apc = Zsi lei) 4 @ | fi) po
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where the |e;) and |f;) are orthonormal and s; > 0 — this is called the Schmidt decomposition
and we will discuss it in more detail in MW: ref. If there are dim H 4 terms then the |e;) form
a basis of H4 and so {4, A1} [¢)) = 0 implies that {Ag, A1} = 0. Otherwise, we can restrict to
the subspace H 4 := span{|e;) ,}. In the latter case, [¢)) ypo € Ha ® Hp ®Hc, the operators A,
are block diagonal with respect to H ® 7-[ , and {A4g, A1} =0 on Ha. We can proceed likewise
for By and C..

Statement of the rigidity theorem

What have we proved? In mathematical terms, we have established the following theorem:

Theorem 3.2 (Rigidity for the GHZ game). Consider any perfect quantum strategy for the GHZ
game given by a state [Yapc) € Ha @ Hp ® He and £1-valued observables {A,}, {By}, {C.}.
Then there are isometries Vy: C? @ C™A — Hy, Vp: C2@ C™8 = Hp, Vo: C? @ C™C = He,
for suitable ma, mp, mc € N, and a state |y) € C™4 @ C™8 @ C™C such that

V) ape = Va®@ Ve @ Ve)(IT') @ |7))

and
ViAdgVa=2Zo1, Viava=X®l,
ViBoVs =21, ViBVg =X @1,
Vicoweo =21, Viewe=Xol

In the coming weeks, we will revisit the techniques used above in a more systematic way. At
the end of the term you will be well equipped to write up a fully formal proof of Theorem 3.2.

Outlook

There are many interesting aspects of nonlocal games beyond what we discussed in this lecture.
For example, is the rigidity theorem robust, in the sense that if players win the GHZ game with
probability close to 100% then their strategy must be “close” to the three-qubit strategy in some
suitable sense? And how do the results that we discussed generalize to a setting where one
plays many repetitions of a game — in multiple rounds (sequentially) or even at the same time
(in parallel)? It is clear that if p is the optimal winning probability for a single instance then
for n repetitions the winning probability is at least p™ , but perhaps one can do better by using
strategies that exploit correlations or entanglement in a clever way? All this is also related to
remarkable progress in quantum complexity theory, where multi-prover interactive protocols play
an important role, for example on the topics of delegating and verifying quantum computations
(see, e.g., [Vid20]).

Exercises

3.1 GHZ state: Find unitaries Ua,Upg, Uc such that

L (j000) + 111)).

V2

Conclude that one can also win the GHZ game by using the right-hand side state, which is
known as the GHZ state. Why is this no contradiction to the rigidity theorem?

(Ua@Up®@Uc) Tapc) =
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3.2 Quantum strategies: Verify that the winning probability of a general quantum strategy for
the GHZ game, specified by a state [1)4pc) and observables A, B, C., is given by Eq. (3.3).

3.3 Classical strategies: When they meet before the game is started, they toss a biased coin.
Let 7 denote the probability that the coin comes up heads. Depending on the outcome of the
coin toss, which we denote by A € {HEADS, TAILS}, they use one of two possible deterministic
strategies ay(x),bx(y), ca(2) to play the game.

(a) Suppose that Alice, Bob, and Charlie play the following randomized classical strategy:
Find a formula analogous to Eq. (3.3) for the winning probability pyin,c of their strategy.

(b) In class we argued that the bound pyina < 3/4 also applies to randomized classical
strategies. Verify this explicitly for the strategy described above by using the formula
you derived in (a).

(c) Any classical strategy can be realized by a quantum strategy. Show this explicitly for the
randomized classical strategy described above, by constructing a quantum state [¢4pc)
and observables A;, By, C, such that pyin.c = Pwin,qg-

3.4 Product states yield independent measurement outcomes: Suppose that Alice and
Bob share a quantum state |V 45) € Ha®@Hp. Alice performs a POVM measurement {Q 4 5}
and Bob a POVM measurement {Rp ,}, so the joint probability of their outcomes is given by

p(l"y) = <\IIAB|QA,{£ & RB,y|\I/AB> .

Show that if |U 4p) is a product state then the measurement outcomes of Alice and Bob are
independent random variables.

3.5 Symmetries of ebit and singlet: Recall the ebit state |®7 ) = % (100) + [11)).

(a) Show that (M & I)|®}5) = (I @ MT)|®% ) for every operator M.
(b) Deduce that (U @ U) |@} ) = |®7 ) for every unitary U.

Now consider the singlet W, ) := % (|10) — |01)), which is another of the Bell states in Eq. (2.2).

(a) Show that (M @ M) |V, ) = det(M) |V, ;) for every operator M.

30



Chapter 4

Pure state estimation, symmetric
subspace

Suppose we are given a quantum system and we would like to learn about its quantum state. Is
there a measurement that gives us a classical description “1)” of the state |¢))? Clearly, this cannot
be done perfectly — for otherwise we could distinguish non-orthogonal states (by comparing their
classical descriptions), which we already know to be impossible.

How about if we are given not just one copy of a state, but in fact many copies \w>®"? Note
that if ¢ # ¢ are any two distinct states, whether orthogonal or not, then |(¢|¢)| < 1 and thus

(%) (18)°™) = (€"¢%™) = (¥|p)™ — 0,

suggesting that we may be able to distinguish them arbitrarily well in the limit of n — oo
copies. Of course, since [(1)|¢)| can be arbitrarily close to one, we have to be careful. But when
|{(1)|¢)| = 1 then the two states are almost indistinguishable by any measurement (Exercise 2.4),
and so we make only a small error by conflating them. In the above discussion it is good
to recall from Chapter 1 that two vectors [¢)) and e |¢)) that only differ by an overall phase
should be really thought of as the same quantum state (they cannot be distinguished by any
procedure). We also discussed that a good way of getting rid of this ambiguity is by considering
the projector 1) = [¢)(1)| in place of |[¢)). We will always use this convention: if |¢) is a unit
vector then 1) refers to the corresponding projector. We call 1) or |1)) a pure quantum state.*
Given the preceding discussion, it is plausible that we can achieve the following task (Fig. 4.1):

Problem 4.1 (Pure state estimation). Find a POVM {Qéﬁ}éeQ on (C%)®" with possible outcomes
in the set Q = {¢ = |¢)(¢|} of pure state on €%, such that when we measure ¢&" = |¢)®" (¢|*",

~

we obtain an outcome ¢ that is “close” to ¢ (on average, or even with high probability).

We will quantify “closeness” using (the square of) the fidelity |<g2>|qz5>\, which you know from
Exercise 2.4. Of course how well we can do will depend on the number n of copies of the state
that we are given (the more the easier) and the Hilbert space dimension d (the larger the harder).

!The name suggests that there also exist a more general notion of a quantum state. Indeed we have already
seen the need for this. For example, if two qubits are in the ebit state, then states of the individual qubits cannot
be described by pure states (i.e., vectors in C?). Can you see how this follows from Eq. (2.1)? Next week, in
Chapter 7, we will introduce a more general notion of a quantum state which allows us to model this situation.
These are the so-called non-pure or mixed quantum states. In turn, such mixed states can always be described
in terms of subsystems of a larger quantum system that is in a pure state. Thus the situation is completely
parallel to the case of measurements, where we identified a larger class of measurements (POVMs) which could
nevertheless be reduced to ordinary projective measurements on a larger system. But for today we focus on the
important case of pure states. Later in this course we will learn how to solve the state estimation or “tomography”
problem for general (i.e., not necessarily pure) quantum states (Chapter 14).
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Figure 4.1: Ilustration of pure state estimation (Theorem 4.1). We put the outcome “(5” in
quotes to emphasize that it is the classical description of a quantum state.

4.1 Continuous POVMs and uniform measure

In the statement of the pure state estimation problem, we are faced with a formal difficulty. The
set of outcomes (2 is infinite (even continuously so), but so far we have only discussed POVMs
with a finite number of possible outcomes. How can we generalize the concept of a POVM to an
infinite set of outcomes 2 (e.g., the set of all pure states, or the set of all real numbers R, ...)?

For simplicity, let us assume that the space of outcomes 2 carries some natural measure dz.
(E.g., if @ = R, we could choose the Lebesgue measure.) If w replace the > by this measure, we
arrive at the following definition. A collection of operators {Qg}zcq is a (continuous) POVM
with outcomes in the measure space € if

(a) Qg >0 for all x € Q, as before, and
(b) JodrQ, =1

Moreover, x — @, must be a measurable function. (We will always consider Borel measures, so
that measurability is ensured by continuity.) The corresponding version of the Born rule states
that the probability density of the outcomes, with respect to the measure dz, is given by

py (@) = (Y]Qzv) - (4.1)

Thus, probabilities and expectation values can be computed as follows:
Pr,,(outcome € S) = /Sdm (V|Qz|¥)

B, [/(2)] = /Q dx (9]Qul) (). (4.2)

Remark 4.2. Given the above, we can assign to any (measurable) subset X C € an operator
Q(X) == [y dzQ,. Then it holds that (i) Q(X) > 0, (ii) Q(?) = 0, and (iii) Q(U, Xx) =
> Q(X}) for any collection (X}) of disjoint subsets of 2. Thus, @ behaves just like a measure —
except that each Q(X) is a positive semidefinite operator rather than a nonnegative number.
This explains the term “positive semidefinite operator-valued measure (POVM)”.

Note also that POVMs with finitely many outcomes as discussed in Section 2.4 are a special
case of the above setup. Indeed, if Q) is discrete then we can always choose dx to be the counting
measure, which assigns to any subset S C €2 its cardinality. Then, [ dz =" and so we recognize
the postulates from Section 2.4.

Just like in the discrete case, any continuous POVM is physical in the sense that it can be
implemented using the laws of quantum mechanics. You might be concerned whether we need
infinite-dimensional Hilbert spaces in order to implement continuous POVMs. This is not so:
any continuous POVM on a finite-dimensional Hilbert space can be implemented in the following
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fashion: (i) sample A from some suitable probability distribution, and (ii) measure a finite POVM
depending on A. For the details, see [CDSO07].

Returning to Theorem 4.1, we still need to specify which measure d¢ we would like to put
on the set of pure states. One desirable property is certainly that the measure should treat all
quantum states the same. That is, if we substitute [¢)) +— U |1)) then we would like all expectation
values to remain unchanged:

/ ay f(4) = / ap fUGT) (4.3)

for any integrable function f and any unitary d x d-matrix U € U(d). One can show that there
exists a unique probability measure dy that is unitarily invariant in this sense. It is called the
uniform (probability) measure on the set of pure quantum states. Sometimes, it is also referred
to as the Haar measure, because it is induced by the Haar probability measure of the unitary

group.
Remark 4.3. Here are three other measures that are similarly determined by their symmetries:

e For any finite set S, there exists a unique probability measure that is invariant under
relabeling (permuting) the elements of S: the uniform probability distribution on S.

e There exists a unique measure on R that assigns unit measure to the unit interval [0, 1],
and which is invariant under arbitrary translations z — x 4 a: the Lebesgue measure.

e There exists a unique probability measure on the unit sphere S? that is invariant under
rotations in SO(3). The same is true for higher-dimensional unit spheres.

We can think of the set of pure states as the unit sphere of C? modulo overall phases in U(1).
Thus the third example makes it quite plausible that the uniform measure diy on the set of pure
states should exist. In fact, the pure states of a qubit can be exactly identified with S?. This is
known as the Bloch sphere, see Exercise 7.3.

4.2 Symmetric subspace

In order to come up with a gopod POVM for estimating pure states, let us analyze the symmetries
inherent in this problem. A first observation is that n copies of a quantum state |¢) € C? is
described by

)" = o) @ - @) € (CF)*",

which is a state that is invariant under permuting the subsystems (copies).

To make this more precise, we can use the symmetric group on n symbols, which is denoted S,,.
Its elements are permutations 7: {1,...,n} — {1,...,n}. Thus, S, has n! elements. This is
indeed a group, meaning that products and inverses are again contained in .S,,. Moreover, for any
permutation w € S,,, we can define a corresponding operator R, on the Hilbert space ((Dd)®":

Re: (CHE" = (CH®", Re 1) ® ... @ [thn) = [hr-101)) @ - .. ® [thr-1()) (4.4)

Then it holds that
Ri=1 and R:R;=R:. (4.5)

Indeed, the latter is guaranteed by our judicious use of inverses in Eq. (4.4):

ReRp|[P1) ® ... ® [Yhn) = Ry [hr1(1)) @ -+ @ [Pr-1))
= RT Wjﬂ’—l(l)> D...® |1r[}7r—1(n)>
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= [Yr-1(r-11))) ® - - - ® |[Yr-1(r-1(n)))

= [YEm-11) @ - @ [Y(rm)-1(n))

=Ror|1) @ ... @ |Yn).
Note thatEq. (4.5) also implies that R7! = R 1. An assignment 7 — R, that satisfies Eq. (4.5)
is called a representation. Thus, the above defines a representation of the symmetric group S,, on
the vector space (C?)®". In fact, it is a unitary representation, which means that the operators Ry

are all unitary: Rjr = R7!. Next week, we will more formally introduce the machinery of group
and representation theory, but today we would like to see why it is useful.

Let us return to the states |¢)®". Clearly, they have the property that R |¢)®" = |¢)®" for
all 7 € S,,. Thus, the vectors ]qb)@n are elements of the so-called symmetric subspace

sym™(€9) = {|@) € (C)°" : R, |2) = |2) .

In physics this is also known as the n-particle sector of the d-mode bosonic Fock space. Given an
arbitrary vector |¥) € (C4)®" we can always symmetrize it to obtain a vector in the symmetric
subspace. To this end we define the symmetrizer:

1
My = — > R, (4.6)
ﬂ'ESn
Lemma 4.4. The operator II,, is the orthogonal projection onto Sym™(C?) C (C%)®n
Proof. It suffices to verify the following three properties:
(a) If |¥) is in the symmetric subspace then II,, |¥) = |¥):
I J9) == 3 Ral#) = = 3 |9) =
- 7r€Sn w 7T€Sn
(b) For any vector |¥) € ((Dd)®”, the vector |®) :=II,, |¥) is in the symmetric subspace:
R, |®) = R,11, |¥) = Z Ry |¥) = Z R |0) = Z Ry |U) =11, | ) = |®) .
' " resn n TESn n! 7' ESn

Here we used that 7 — 7’ = 77 is a bijection.
(c) The operator II,, is Hermitian:

1 L1 1
I}, = |Z == D Rl=— ) Rea=— ) B

n TESR ‘eSS, ' weS, ‘eSS,

-1

Here we used that 7 +— 77 is a bijection. O

In particular, we can obtain a basis of the symmetric subspace as follows: Take the standard

basis |i) of ©¢, consider the corresponding product basis |iy, ..., i,) on (C%)®" and apply the
symmetrizer. The resulting vectors do not depend on the order of the indices 41, ..., %y, but only
on the number of times

t; = #{ix =1}
each index i appears. The t;’s are called occupation numbers and the tuple (to,...,ts—1) is called

a type. Note that we have t; > 0 and Z?;ol t; = n. For distinct types we obtain orthogonal
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vectors, and together these vectors span the symmetric subspace. If we normalize them, we
obtain the occupation number basis of Sym"™(

[0, - - - s ta—1)) ,/ 2(|0)% @ - @ |d—1)®t1) (4.7)
1/ ed—1,.. ., d=1)
————

to times tg—1 times
In particular, the dimension of the symmetric subspace is equal to the number of types:

n+d—1> (n+d—1)

dim Sym™(C%) = tr1l, = < (4.8)

n

n!(d—1)!
In mathematics, types are also known as weights and the basis is called a weight basis.

Example 4.5. In the case of Sym?(C?), there are three types: (2,0), (1,1), and (0,2). The
corresponding occupation number basis consists of:

12,0)) = 100), 1, 1) = —= (|01) + [107),  [[0,2)) = |11).

1
V2
Note that we can complete this to a basis of C? ® C? by adding the singlet state (]10) —
|01))/v/2, which is antisymmetric. More generally, it is true that (C%4)®2 = Sym?(C?) & A*(C?),
where \"(C?) denotes the antisymmetric subspace, which consists of the vectors |®) € (C4)®"
that pick up a minus sign for any transposition (swap) in Sy,.

A resolution of the identity for the symmetric subspace

We studied the symmetric subspace because is contains the states |¢>®” that describe the input
in our pure state estimation problem. Now, not every vector in Sym”(@d) is of this form — for
example, %(!01} +10)) isn’t. Moreover, the states |$)*" are not orthogonal. Nevertheless,

there is a very useful formula for projection onto the symmetric subspace in terms of these states:

i, = (") s 0 ol (1.9)

where the measure d¢ is the uniform probability distribution on the set of pure states that we
discussed towards the end of Section 4.1. We will prove this formula in Section 5.4 by using
representation theory, see Theorem 5.7.

One way of interpreting the formula is that the vectors |w>®” form an “overcomplete basis
of the symmetric subspace. To see what this means, take an arbitrary vector |®) € Sym™(C?).
Then, using Eq. (4.9), we find that

\®:m@ﬁ(“” )/wwm¢m@ [ doca@) 16>

where c4(®) = (d+z_1) (¢®™|®). This shows that any vector in the symmetric subspace can be

79

written as a linear combination of the vectors [¢)®". See also Theorem 13.6.
Another way to interpret Eq. (4.9) is that it shows that

%= (" e e (4.10)

defines a continuous POVM on the symmetric subspace, with outcomes in the set of pure
states! Indeed, we clearly have Q) 52 0 and Eq. (4.9) precisely asserts that [ dgﬁ Q 3= I1,.
The POVM {Q} 5, is called the uniform POVM and will now use it to solve the pure-state
estimation problem.
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4.3 Pure state estimation

Recall the goal of pure state estimation: we are given n copies of some arbitrary unknown
quantum state |¢), and we want to obtain an estimate ¢ of the pure state ¢ = |¢)(¢|. We will
now show that the uniform POVM defined in Eq. (4.10) gives us a good estimate, following [Chil0,
BCHW16, Harl13]. As discussed, we will consider the fidelity squared, |(¢|¢)|? between estimate
and true state.

Thus, suppose we are in state $®" and suppose that we measure the unform POVM {Q q;}.

Then then the expected value of |(¢|$)[?* (which is a random quantity because the measurement
outcome ¢ is random) can be computed as follows using Eq. (4.2):

B[l6l6)] = [ b (6°"1Q410%") 161
(") [ ab raapes
" ) 4d (92D 1) (7Y g2t

(
(" >¢®”+1|< [ abi™ ) @ ) ooy
(",

n
n+d—1\/(n+d n n
N ><n+1) (T, |p2 (D)
-1
_ n+d—1\ /n+d :n+1:17d—1217i (4.11)
n n+1 n+d n+d n

The second equality follows from the definition of the POVM elements ) 3 in Eq. (4.10). To get

the fifth equality, use formula for the projector onto the symmetric subspace Sym”™*1(C?). The
rest are some simple algebraic manipulations and inequalities that I explained in class.

Success! We have shown that the uniform POVM (4.10) gives us a good estimate of the
unknown pure state ¢ as soon as n > d. We can also turn the above result into a statement about
the trace distance T'(¢, (;AS), which was introduced in Exercise 2.4. Using the relation between
fidelity and trace distance that you proved in part (f) of this exercise, it follows that the uniform
POVM achieves an average error as quantified by the trace distance of

B[1(6.8) = B[y1- (68| < /B[t - 6d] < /2.

n

The first inequality is Jensen’s inequality for the concave square root function, and the second
inequality is Eq. (4.11). This result is quite intuitive: On the one hand, ¢ has O(d) degrees of
freedoms (more precisely, 2(d — 1) real degrees of freedom, if we fix the norm to one and ignore
the phase), so we might expect that n = ©(d) copies are necessary and hopefully also sufficient if
our goal is to estimate ¢ to constant precision. On the other hand, if the dimension is fixed then
we might expect that using n copies we can estimate each component to precision O(1/4/n) (in
fact, this should be true even using a more naive procedure that measures one copy of ¢ at a
time). The bound that we derived agrees with both intuitions.

Exercises
4.1 Higher moments: Here you can generalize the proof given above from |(¢|@)[2 to |(p|¢)|".
This is a more stringent similarity measure, because |[($|3)|?* < [(¢|¢)|? unless ¢ = ¢.
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(a) Show that for any n, k,d € N, it holds that ("+d 1) (”*’;L‘f 1) >1-

(b) Generalize the proof given above to show that if we measure the unlform POVM {@Q <f>}
in the state ¢®", then the expected value of |(¢|¢)|?* is at least 1 — &4
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Chapter 5

Introduction to representation theory,
Schur’s lemma

Last time we discussed the problem of estimating an unknown pure state ¢ = |¢)(¢| given
n copies of it, i.e., ¢®" = [¢)®" (¢|®". We approached this by focusing on the permutation
symmetry of the input state |¢>®”, which means that it is an element of the symmetric subspace
Sym™(©?), and we discussed that the set of all such states forms an ‘overcomplete basis’ of this
subspace. By the latter we meant more formally that we have the following formula (Eq. (4.9):

= (") [aslor o, 6.)

=117,

We used this formula to show that the uniform POVM {Q; := ("+:f_1) |<ﬁ>®n ((]3]@)”} gives a
good solution to the quantum state estimation problem. Yet, we still need to prove Eq. (5.1).
One way of going about this would be to explicitly perform the integration. See, e.g., [Harl3]
for this approach. We will proceed differently and show that the symmetries of the left- and
right-hand side expressions alone imply that the equality II,, = IT/, must hold.

What are these symmetries? Of course, both operators are invariant under permutations, but
in fact there is an additional symmetry that we have not yet discussed: the two operators also
commute with U®", for any d x d unitary matrix U. This can be seen rather directly from the
definitions. For the left-hand side, which we recall was defined as IT,, = 2 >~ s, Br in Eq. (4.6),
this follows because we have [U®™, R;] = 0 (we will prove this intuitive fact below). For the
right-hand side, which we denoted by II/,, we can use the fact (see Eq. (4.3)) that the integral is
invariant under substituting |¢) — U |¢) or, equivalently, ¢ — UoUT, to obtain

vermwhe = ("0 [asw oo vt
(") [0 e~ (52)

To see that this symmetry indeed suffices will take us some work, since we first have to develop
the required mathematics. But this time will be well-invested, since we will be able to leverage
the techniques that we will learn throughout the remainder of this course!

A good reference for the material that follows is Part 1 of the textbook [Ser77].
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5.1 Groups and representations

Recall that a group G is given by a set together with an (associative) multiplication operation
(sometimes denoted - but mostly omitted), an identity element (denoted 1 unless there is a more
concrete notation), and inverses (denoted g~!).

For example, the symmetric group S, consists of all permutations of the set {1,...,n}. That
is, its elements are the bijective functions from this set to itself. The multiplication law is given
by the composition of functions, i.e., given two permutations 7 and and 7, we define w7 by
(r7)(x) :== mw(7(x)) for x € {1,...,n}. The identity element is the identity map, and inverses
are given by the usual inverse of functions. We already know this group from Section 4.2. Any
permutation can be written as a product of so-called transpositions x <> y. These are the
permutations that swap two elements x # y, while leaving all other elements fixed. We say that
the symmetric group is generated by the transpositions.

Example 5.1. The symmetric group S3 has 3! = 6 elements: the identity map, three transposi-
tions (1 <> 2, 1 <> 3, 2 +> 3), and two cyclic permutations (“3-cycles”), which send 1 -2 — 3 — 1
and 1 — 3 — 2 — 1, respectively. The latter can be written as products of two transpositions.

Another well-known example is the unitary group U(d), which consists of all unitary d x d-
matrices. The multiplication operation is matrix multiplication, the identity matrix serves as the
identity element, and inverses are given by the matrix inverses. The unitary group contains a
useful subgroup, the special unitary group, which consists of the matrices with unit determinant:

SU(d) = {U € U(d)| det(U) = 1}

Note that any unitary matrix U € U(d) can be written as the product of a complex number with
absolute value (which we can think of as a multiple of an identity matrix) and a matrix in SU(d):

U
U = det(U)V4——
4t Gy
eu(l) S——r

esu(d)

(5.3)

We can summarize this as U(d) = U(1) SU(d).

We can use groups to describe symmetries by letting them act on mathematical objects. For
example, we can let groups operate on vector spaces and ask that the action of each group element
is described by a linear map. This is called a representation. Formally, a (unitary) representation
of a group G consists of a Hilbert space H (which for us will always be finite-dimensional), along
with unitary operators { Ry }gec on H, such that

Ry = RyRy  (Yg,h € G).

This requirement also implies that R; = I (the identity element acts as the identity operator)
and that R} = R;l = Ry-1 for all g € G. In other words, a unitary representation is nothing but
a group homomorphism G — U(H). We will typically omit the term “unitary” because those are
the only representations that we will meet in this course. In fact, we will usually speak of “the
representation H”, omitting both the operators R, as long as they are clear from the context.
We also say that G “acts” on H.

Example 5.2. As discussed in Chapter 4, the n qudit Hilbert space H = (C%)®" is a represen-
tation of the symmetric group S,,, with operators (Eq. (4.4))

Rot (T = (@Y%, Relin) @ ... @ [6n) = r10)) ® . ® [Yror()) (7 € 5).
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In fact, it is also a representation of the unitary group U(d), with operators
Ty: (CHE - (CH®", Ty =U®" (U € U(d)).
Importantly, both actions commute: we have
[Rr,Ty] =0 (5.4)
for all m € S,, and U € U(d). While intuitively clear, we verify this by a short calculation:

U R (|¢1) @ ... @ [thn)) = (U [¢r-101))) @ ... @ (U [0r-1()))
=Rr (U[¢1) ©...® (Uln)) = ReUS" [h1) @ ... @ [¢hn) .

The symmetrizer II,, commutes with both group actions. For the action of U(d), this is a direct
consequence of Eq. (5.4), while for the action of S,, it is even true that R,II,, = II, R, = II,, for
all T € S, as follows from Theorem 4.4.

The Hilbert space (C%)®" is actually a rather complicated representation that we still need

to understand better. First we discuss some simpler examples which we can fully work out by
hand.

Example 5.3. Let us study some representations of the group S3, which discussed in Theorem 5.1.
Like any group, S3 has a one-dimensional trivial representation:

H=C,  Rg[0)=1[0) (7€)

where |0) denotes the standard basis vector of C. This is a maximally boring representation,
because every group element 7 € S,, acts by the (1 x 1) identity matrix.
The sign representation is also one-dimensional but more interesting:

H=C, R:10) =sign(m)[0) (7w €Sy)

Here, we use the sign of a permutation, which is uniquely defined by the following two properties:
sign(x «» y) = —1 for any transposition z < y, and sign(n7) = sign(7) sign(r) for any two
permutations 7,7 € S,,. Thus, sign(m) = +1 if 7 can be written as a product of an even number
of swaps, and otherwise sign(m) = —1. Thus, Ry« = —I, while Ry_,9 ,3,1 = I.

Finally, we will let S3 act on three-dimensional vectors imply by permuting the vectors’
coordinates. This is sometimes called the defining representation:

«
H=C'={al) +B12) +8B):a.ByeCY={|B |}, Rl =1Ir()). (55)

Y
Here, unusually, we denote the standard basis by |1) ,]2) ,|3) rather than |0), |1),|2) to get cleaner

formulas. Note that R, is simply the permutation matrix associated with the permutation = € S,,.
For example:

« o 1 00
Rovs | B = | v or Rog3=10 0 1
~ 3 01 0

Note that this matrix has determinant —1. It is not hard to see that the sign of a permutation is
always equal to the determinant of its representation matrix.

All three representations discussed in the example naturally generalize to .S,,.
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5.2 Decomposing representations

A useful way to analyze a representation is to decompose it into smaller building blocks. To
this end we call K C H an invariant subspace of a representation H if it is a linear subspace
such that for every vector |¢) € K and for every group element g € G, it holds that Ry |¢) € K.
In short: K is an invariant subspace if R, C K for all g € G. Every representation has two
invariant subspaces which are not particularly interesting: {0} and H itself. We say that K is
nontrivial if it is neither of the two. An irreducible representation or irrep is one that has no
nontrivial invariant subspaces.

If an representation is not irreducible, then it can be decomposed into smaller building blocks.
To see this, note that if X C # is an invariant subspace, so is its orthogonal complement K.

Indeed, if [¢) € K+ then, for all |¢) € K,
(¥|Rg|¢) = (Riw|o) = (Rg19b]8) = O,

since Ry [¢) € K. This shows that R, |¢) € K. As a consequence, the operators R, are block
diagonal with respect to the orthogonal direct sum H = K @ K+

. [RF 0
Ry = Ry & RY :[Og R,CL}, (5.6)
g

where R;H denotes the restriction of R, to the subspace K and R’;l the restriction to K. Note
that the operators {R,} turn K into a representation of G; likewise for {R,} and K. Thus
we have successfully decomposed the given representation H into “smaller” representations X
and K. If K is a nontrivial invariant subspace then these are indeed of lower dimension. In this
case, we can separately apply the same reasoning to K and K+ and continue this process until
we arrive at a decomposition

H=H1DPHo®D...DPHm (5.7)

that cannot be refined further, so we must have that each Hjy is irreducible. Note that in our
construction the summands are orthogonal to each other. We conclude that every representation
can be written as an orthogonal direct sum of irreducible representations. Moreover, we observe
that a representation is irreducible if and only if it is indecomposable.

Example 5.4. Any one-dimensional representation is irreducible. In particular, the trivial
and the sign representation in Theorem 5.3 are irreducible. However, the three-dimensional
representation defined in (5.5) is not irreducible, since

K=A{a[l)+B12)+83) : a+B+y=0t={[8]la+f+vy=0} (5.8)
gl

is a two-dimensional (and hence nontrivial) invariant subspace. In Exercise 5.1 you can show
that it is irreducible. Its orthogonal complement is given by

Kr=C()+12)+3) ={|a |}

(0}

As it is one-dimensional, it must be irreducible. Note that R, acts just like in (is “equivalent” to)
the trivial representation: we have R.(|1) + [2) +3)) = |1) + |2) + |3) for all 7 € S5.
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Example 5.5 (Symmetric subspace). As discussed in Theorem 5.2, we can think of (C%)®" as a
representation of both S,, and U(d).

From the perspective of the symmetric group S,, Sym™(C?) is clearly an invariant subspace.
However, any subspace W C Sym”(C?) is also a invariant, since R |¢) = |¢) holds for every
vector |¢) € Sym™(C?). Thus, Sym™(C?) is not irreducible as a representation of S,,.

From the perspective of the unitary group U(d), the symmetric subspace is also an invariant
subspace. This follows from Eq. (5.4). Indeed, for every |®) € Sym™(C¢) and U € U(d), we have

Re(U®"|®)) = U*"(Rx |®)) = U™" @),
and thus U®" |®) € Sym™(C?). In fact, Sym"(C?) is an irreducible representation of U(d)! We
will prove this carefully in Chapter 6.
Composing representations

So far we decomposed representations, but we can also assemble larger representations from
smaller building blocks. For example, given two representations }C and £ of the same group G,
with operators {R’;}geg and {Rg}geg, their direct sum is naturally a representation of G. Simply
define

H:=K&L,  Ry=RNoR: (9€G)
We can also turn their tensor product into a representation:
- ._ pkK L

H =KL, Ry:=R;®@R; (9€G)

In particular we may apply this in the case that £ = C" is a trivial representation of dimension m
(i.e., Rg = I,;,). It is instructive to observe that

RIC
g
RIC
KeCh=Ko..0K, Rieol,= !
m times K
RQ

Thus, £ ® C™ is a convenient way of denoting a direct sum of m copies of K.

5.3 Intertwiners and Schur’s lemma

An important part of representation theory is to classify all representations of a given group G.
But how can we compare different representations? In particular, when can we say that two
representations are “the same”?

Suppose that H and H' are two representations of a group G, with operators {R,}sec
and {R;}geg, respectively. A linear map J: H — H' is called an intertwiner if it holds that

JRy=R.J  (Vg€q).

In other words, it “intertwines” the group action, hence the name. Such maps are also called
equivariant. When the intertwiner is invertible, we can write the above as

JRyJT' =R,  (Vg€QG).
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Thus, a single isomorphism (change of coordinates) J relates all the representation opera-
tors (matrices). An invertible intertwiner is called an equivalence, and we say that the two
representations H and H' are equivalent. We denote this by H = H' or {R,} = {R]}.

An important tool in this context is known as Schur’s Lemma. Roughly speaking, it states
that there no nontrivial intertwiners between inequivalent irreps, while for equivalent ones they
are unique (up to a scalar). The formal statement is as follows:

Lemma 5.6 (Schur). Let J: H — H' be an intertwiner between irreducible representations.

(a) Either J is invertible (and hence H = H') or J = 0.
(b) If the two representations are the same (i.e., H = H' and Ry = R} for all g € G), then J
is proportional to the identity operator: J = A for some A € C.

Proof.  (a) Suppose that J # 0, so we want to show that J is invertible. Both ker(J) and
ran(J) are invariant subspaces, as is readily verified. Since H is irreducible, this means
that either ker(J) = {0} or ker(J) = H. We must have the former, since otherwise J = 0
—so J is injective. Similarly, since H' is irreducible, either ran(J) = {0} or ran(J) = H'.
We must have the latter, since otherwise J = 0 — thus, J is also surjective. We conclude
that J is invertible.

(b) Any operator J: H — H on a complex vector space has an eigenvalue A € C. Thus,
ker(J — AI) # {0}. But if J is an intertwiner then so is J — Al (here we use that R, = R;).
Thus ker(J — AI) is an invariant subspace other than {0}. Since # is irreducible, we must
therefore have that ker(J — M) = H. We conclude that J = AI. O

In part (a) of Schur’s lemma, J is in fact proportional to a unitary. You can show this in
Exercise 5.3. As a consequence, if H = H' then there always exists a unitary intertwiner. This is
true even if the representations are not irreducible.

5.4 Proof of the integral formula

We can use Schur’s lemma to prove the integral formula for the symmetrizer. The key idea
is the following: the right-hand side of Eq. (5.1) is an operator on the symmetric subspace.
and Eq. (5.2) shows that it is an intertwiner with respect to the action of U(d). Because the
symmetric subspace is irreducible (as we claimed in Theorem 5.5 and will prove in Chapter 6),
part (b) of Schur’s Lemma implies at once that the operator must be proportional to II,,. Finally
one can verify proportionality constant is one by comparing the trace.

We now give the formal statement and a more detailed proof.

Theorem 5.7. The symmetrizer IT,, = % > res, R is equal to

_(n+d-1 on s .on
= (") [as 1o o,

where d¢ denotes the uniform probability measure on the space of pure states {¢p} = {|$)(¢|}.

Proof. As in Eq. (5.1), we denote
n+d—1 n n
i, (") fas i o

Thus our goal is to prove that II,, = IT/,. Both the left-hand side are operators on (C%)®". Let
us abbreviate the symmetric subspace by H = Sym"™(C?), so that (C%)®" = H & H*. If we
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decompose the operators accordingly, we see that they are block diagonal:

1 o , [J o
m= 0 0] wa m=[7 9]

where I is the identity operator on H and J is some operator on H that we still need to
characterize. The former holds because II,, is the orthogonal projection onto the symmetric
subspace (Theorem 4.4), so it acts as the identity on H and sends all orthogonal vectors to zero.
The latter holds because every |¢)®
the symmetric subspace and it maps vectors orthogonal to the symmetric subspace to zero. We
can also decompose the group action. Since H is an invariant subspace for the action of U(d), so
is H#*, and hence

" is in the symmetric subspace, so I}, maps any vector into

en _ [Tﬁ} 0 }

0 T

with 7, 5‘ the restriction of U®" to the symmetric subspace and T, g‘l the restriction to the
orthogonal complement. In Eq. (5.2) we proved that the unitary invariance of the measure d¢
implies that

U, = IL,U%".
Using the block diagonal form of the operators, it follows that
THT = JT}E.

In other words, J is an intertwiner with respect to the action of U(d) on the symmetric
subspace H = Sym"(C?)! Because the latter is irreducible, part (b) of Schur’s lemma shows that
J must be proportional to I, i.e., there exists A € C such that J = AIy and therefore

I, = ATL,.

It remains to prove that A\ = 1. To this end, we compute the trace of the two operators:

1
trII,, = dim Sym"(C%) = <n +Z >
trIl/, = <”+d_ 1) /d¢ tr[|p)®" (¢|®"] = <”+ d- 1>.
n —_——— n
=(¢®n|¢pPn)=1

The former is Eq. (4.8), and in the latter we used that d¢ is a probability measure, so that [ d¢ = 1.
Thus, trII/, = trII,, # 0 and hence we must have A = 1, concluding the proof. O

Remark 5.8. Above we used Schur’s lemma for the action of U(d), but the symmetric subspace
is also an invariant subspace for the action of .S,,. This means that we have both

T 0

H
U®n — |: 2L Rﬂ' 0 :|
0 T

] and Rﬂ:[o R?fl

Since [Ty, R] = 0, it follows that [T}, R¥] = 0 for every U € U(d) and 7 € Sy, that is,

THR! = RETH.
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In other words, the operators sz are intertwiners with respect to the action of U(d), and the
operators T, [7]{ are intertwiners with respect to the action of .S,,. What can we learn by applying
Schur’s lemma in this situation?

Because the symmetric subspace is an irreducible U(d)-representation, part (b) of Schur’s
lemma implies that each R, oc I. But indeed, each R, acts trivially on the symmetric subspace
(by its very definition), so R; = I and the preceding is in complete agreement with what we
already know.

What if we consider the symmetric subspace as an S,-representation? It is clearly not the case
that the operators T;l are proportional to the identity. For example, we have X®2|0,0) = |1,1),
which is not proportional to |0,0). Fortunately this is no contradiction: Schur’s lemma is
simply not applicable in this case, because the symmetric subspace is not irreducible as an S,-
representation. In fact, as just discussed, S, acts trivially on the symmetric subspace and

hence H decomposes into ("ﬁﬁffl) many one-dimensional trivial representations of .S,,.

Exercises
5.1 Irreps of S3: Show that the representation defined in Eq. (5.8) is irreducible.

5.2 Defining representation of SU(2): The group U(2) acts on H = C? by matrix-vector-
multiplication. This is called the defining representation of U(2). Show that it is irreducible,
even if we only act by SU(2).

5.3 Schur’s lemma and unitarity: Here you can strengthen part (a) of Schur’s lemma.

(a) Show that if .J is an intertwiner then so is J.
(b) Conclude that any intertwiner between irreducible representation must be proportional
to a unitary operator.

5.4 Schur’s lemma: Let G be a commutative group (i.e., gh = hg for all g, h € G). Show that
any irreducible representation of (G is necessarily one-dimensional.

5.5 Spectral theorem: Let M be a Hermitian operator acting on a Hilbert space H.

(a) Show that R; := e*™* defines a unitary representation of the group G = R (with the
addition of real numbers as the group “multiplication”) on H.
(b) Decompose H into irreducible representations.
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Chapter 6

Irreducibility of the symmetric subspace

In last lecture’s introduction to representation theory, we states that the symmetric sub-
space Sym™(C4) is an irreducible representation of U(d). We used this irreducibility, together
with Schur’s lemma, to prove the important integral formula in Eq. (4.9) for the projector onto the
symmetric subspace. This week we will show that the symmetric subspace is indeed irreducible.

In the lecture we will only discuss the case of qubits (d = 2), but the proof strategy generalizes
directly and you can prove the general case in Exercise 6.1. To start, recall from Eq. (4.7) that
Sym"™(C?) has the following occupation number basis:

[7,0) = [0...0) = [0)®"

n times

1
—1,1) = — 1 1 1
[n—1,1) \/ﬁ|o 0 1)+] 0...0 10)+---+]1 0...0 )
n — 1 times n — 2 times n — 1 times
(6.1)
|
Hm,n—m»:ﬂm ]O....O 1....1 ) + permutations
m times n —m times
=1...1)=[1)®"
10, ) L_ ) =1)
n times

Thus, the m-th basis vector ||m,n — m)) is given by the uniform superposition of all bitstrings
with m zeros and n — m ones. Because m € {0,...,n}, there are n + 1 such basis vectors.

To prove that Sym”(C?) is irreducible, we will show that the following holds for any invariant
subspace K C Sym™(C?):

(a) if K # {0}, then I must contain at least one of the basis vectors ||m,n —m)), and
(b) if K contains one such basis vector, then it must in fact contain all these basis vectors.

Clearly, (a) and (b) together imply that either K = {0} or K = Sym™(C?). In other words,
Sym™(C?) has no nontrivial invariant subspaces and hence it is irreducible.
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6.1 Lie algebra and representation

To realize the above strategy, we need to get a better handle on invariant subspaces. Recall that
an invariant subspace K C Sym™(C?) is one such that

TyK C K (6.2)

for every U € U(2), where Ty = U®" is the action of U(2). This is a nonlinear condition in U,
which makes it rather difficult to work with.

We will now learn a powerful technique that can be used to linearize it. We will discuss this
next for general U(d). The basic idea is that the exponential map sums to products. Because we
deal with matrices, we need the matrix exponential, which for an arbitrary complex matrix A is
defined, e.g., via the usual power series e? := Yoo Ak—f. The matrix exponential has a number
of useful properties:

Lemma 6.1. For any d x d-matrixz A, it holds that

(a) (M) = el

(b) eA®T =ed @1

(c) If [A, B] = 0 commute, then eteP = eATB,
(d) UeAUT = VAUT,

(e) det(e?) = Al

All but the last can be directly verified from the power series. If M is Hermitian, with
spectral decomposition M = ). m; |¢;)(¢;|, then we can compute its exponential simply by
exponentiating each eigenvalue, i.e., eM = 3", e%|¢;)(¢;]. So at least in this case, the last
property is also easy to see. This observation also shows that any unitary matrix can be written
as the matrix exponential of an anti-Hermitian matrix:

U(d) = {eM | M= —M} - {eZH | Hf = H}

This generalizes the fact that any complex number of absolute value one can be written in the
form e for some 6 € R. To understand what this means geometrically, let M = —MT and
consider Uy = e*™ | which is a curve of unitaries parameterized by s € R. If we take the derivative
at s =0, we get

U() = 85:0 US = Us=0 €SM = M, (6.3)
so we can think of M as the tangent vector of the curve at Uy = I, as in the following picture:
ffaa

:};ﬁ\e/\' .
e

T=e°

Mathematically, we have used the fact that the group U(d) is a Lie group, which means that it
is not just a set but a smooth manifold and all group operations are smooth. The tangent space
of a Lie group at the identity is a Lie algebra, meaning that it is closed under commutators [-, -].
The Lie algebra of G = U(d) consists of the anti-Hermitian matrices (Eq. (6.3)). Indeed, if M
and N are anti-Hermitian then so is [M, N], because

[M,N]" = (MN —NM)" = N'M' — MINT = NM — MN = —[M, N].
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If we have an representation {Ry} of U(d) on some Hilbert space H then (assuming it is
smooth), we can also consider the corresponding curve Ry,. Then the “infinitesimal action” in
direction M is by definition

Ty i= Os=0 Ry, = Os=0Resm.

Because derivatives depend linearly on the tangent vector, the mapping M +— rps is a linear
map from the anti-Hermitian d x d-matrices to the anti-Hermitian operators on H. It is called
the Lie algebra representation on H, or the action of the Lie algebra. We will always use upper
case letters for Lie group actions and the corresponding lower case letters for the associated Lie
algebra actions. In fact, because the group action is on a complex vector space, the map M — rjs
is well-defined not just for anti-Hermitian matrices but for general complex d x d-matrices M.

Example 6.2. To convince you of these facts, let us specialize to the action Ty = U®™ of U(d)
on H = (C%)®". Here, the Lie algebra action is

tM:as:O(QSM)@n: 520(63M®...®63M):M@[@...®[+...+I®...®]®M7

using the product rule. It is plain that M — t,; is well-defined for arbitrary complex d x d
matrices, and a complex linear map to the space of linear operators on . This can also be seen
as follows: the formula for the group action makes sense not just for the unitary group but for
the entire the general linear group GL(d), which consists of all invertible n x n-matrices, and the
Lie algebra of the latter consists of all complex d x d-matrices.

In fact, one can also recover the Lie group action from the Lie algebra action. We will not
need this in today’s lecture, but it is still useful to know.

Lemma 6.3. It holds that Ry = €™ for every M = —MT.

Proof. The curve Vs := €™ is the unique solution to the first-order ordinary differential
equation Vg = Vsrys with initial condition Vy = I. It suffices to show that Wy := R_sm solves the
same ODE. Indeed, observe that Wy = Ry = I and for any s we have

Ws = 5:0W3+5 = E:ORe(ers)M
= g:OResMesM
= g:()ResM ResM
= ResMag:()ResM = Wsra,

where the second line follows from (c) of Theorem 6.1, the third uses the fact that Ry = Ry Ry
for any representation, and the fourth line holds because R sum is a linear operator and hence
commutes with the derivative. This concludes the proof. O

We can now state the key observation that “linearizes” Eq. (6.2).

Lemma 6.4. Let H be a representation of U(d) and let K C H be a subspace. Then the following
are equivalent:

(a) K is an invariant subspace for the action of U(d). That is, Ry C K for all U € U(d).

(b) K is an invariant subspace for the action of the Lie algebra of U(d). That is, ry/KC C IC for
all anti-Hermitian d x d-matrices M .

(c) K is an invariant subspace for the action of the Lie algebra of GL(d). That is, ry/K C K
for all complex d x d-matrices M.
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Proof. To prove that (a) implies (b), let M = —M?T. Then, for every |¢) € K we have that

T |@) = Os—o Resn |@)
K
S

The underbraced expression is in K because e*™ € U(d) and we assumed that K is an invariant
subspace for the U(d)-action. Since any (finite-dimensional) vector subspace is closed, the limit of
a sequence of vectors in I must again be in K. As the derivative is a limit of difference quotients,
each of which is in /C, the claim follows.

Next, we note that (b) implies (¢) by linearity. Indeed, we can write any matrix M in the
form M = A + 1B, with A and B anti-Hermitian. Then it holds that r3; = r4 + g and the
claim follows.

Finally we claim that (c) implies (a). Take any U € U(d) and write it as U = eM for some
anti-Hermitian M. Using Theorem 6.3, we find that, for every |¢) € K,

x .k

Ry |6) = R [6) = " [¢) = 3~ 7 1)
kzoxs'e},c—/

The underbraced expression is in X because r3;/C C K by assumption. As above it follows that
the limit Ry |¢) € K is also in K. O

Note that it suffices to check conditions (b) and (c) for operators M in a basis of the Lie
algebra.
6.2 Proof of irreducibility of the symmetric subspace

We now use the above techniques to prove that the symmetric subspace Sym™(C?) is an irreducible
representation of U(2). To implement the plan outlined at the beginning of the lecture, we will
use the Lie algebra action, which in the present setting is given by

tM=MeIQ - QQI+..+I1®---IQM,
as discussed in Theorem 6.2. The following examples show that this is a useful idea:

o If M =7 =({2) is the Pauli Z matrix, then tz acts as follows on the computational
basis of (C2)®":

n

tzlin, . oin) =Y (=1 lir,. .. dn) = (#0's = #1'8) li1, ..., i),

k=1
where #0’s denotes the number of zeros in 41,...,7, € {0,1} and #1’s the number of ones.
As a consequence:
tz|m,n—m)) = (m — (n—m))[lm,n —m)) = (2m — n)|lm,n — m). (6.4)

Thus, tz preserves the symmetric subspace and the occuption number basis vectors are
precisely the eigenvectors of ¢tz on that space. As m € {0,1,...,n}, the corresponding
eigenvalues are {—n,—n +2,...,n — 2,n}. Since these eigenvalues are all distinct, we can
recover ||m,n —m)) as the unique (up to phase) eigenvector of ¢z.
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o If My = |0)(1] = (J}), then ¢y, acts on a computational basis vector |i1,...,i,) by
inspecting each bit i;: if i = 1, then it is replaced by 0, and otherwise the term does not
contribute. For example,

tar, |011) = (My @ T @ 1) [011) + (I @ My @ I)[011) + (I ® I @ M) [011)
= |001) + (010} .

As a consequence, it is not hard to verify that, for m < n,

tar, [[m,n —m)) = \/(n—m)(m+1) [m+ 1Ln— (m+1)).

The precise proportionality constant is not important. What matters is that the propor-
tionality constant is nonzero unless m = n, in which case the basis vector is annihilated.

o If M_ = |1)(0| = (9Q) then, similarly, one can see that

ta_|lm,n—m)) =/ m(n—m+1)|jm—1,n—m+1). (6.5)

The proportionality constant is nonzero unless m = 0, in which case the basis vector is
annihilated.

Thus we have found three operators, tz, tar, , and ty;_, that allow us to identify and transition
between the basis vectors ||m,n —m)) for m € {0,1,...,n}. Because these operators also preserve
invariant subspaces (Theorem 6.4), this allows us to implement the proof strategy outlined above.

Theorem 6.5. The symmetric subspace Sym™(C?) is an irreducible representation of U(2).

Proof. Let K C Sym™(C?) be an arbitrary invariant subspace. We first use that tzKX C K by
Theorem 6.4. Because tz is a Hermitian operator (also when restricted to the subspace), it follows
that K must be spanned by eigenvectors of tz. Now, K C Sym"(C?), and we saw in Eq. (6.4)
that the eigenspaces of ¢ are all one-dimensional and spanned by the occupation number basis
vectors. Thus, if K # {0}, then K must contain at least one of the basis vectors ||m,n — m)) for
some m € {0,1,...,n}. On the other hand, we also know that ¢, L C K, again by Theorem 6.4.
It follows that if & # {0} then in fact all basis vectors ||m,n — m)) are contained in K, and
hence K = Sym”(C?). This concludes the proof that the symmetric subspace is irreducible when
regarded as a representation of the group U(2). O

Corollary 6.6. A subspace H C (C?)®" is an irreducible representation of SU(2) if and only if it
is an irreducible representation of U(2). In particular, Sym™(C?) is an irreducible representation

of SU(2).

Proof. Any unitary U € U(2) can be writen in the form U = A\U’, where A € U(1) and U’ € SU(2)
(Eq. (5.3)). Because Tyy = A"Tyr, it is clear that a subspace of (C?)®" is invariant for the action
of U(2) if and only if is invariant for the action of SU(2). O

Example 6.7. One particular consequence is that the decomposition from Theorem 4.5,
2
C* @ C* = Sym*(C*) @ [\ (C?)

is a decomposition into irreducible representations of U(2). Indeed, we just proved that Sym?(C?)
is irreducible, and because A*(C?) is one-dimensional (it is spanned by singlet state) the latter
must also be irreducible. More generally, it holds that

d
¢l e ! =Sym*(Ch) @ /\ (€9

is a decomposition into irreducible subspaces.
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Exercises

6.1 Irreducibility: Show that Sym"(C?) is an irreducible representation of U(d) and of SU(d),
by generalizing the argument given above.

6.2 Dual representations: This problem introduces the concept of a dual representation. To
start, consider a representation H of some group G, with operators {R,}. Let H* denote
the dual Hilbert space, whose elements are “bras” (¢|, and define operators R; on H* by

Ry (0] = (| Ry-1.

(a) Verify that the operators { R} turn H* into a representation of G. This representation
is called the dual representation of H.

(b) Show that H is irreducible if and only if H* is irreducible.

A representation H is called self-dual if H* = H.

(¢) Show that Sym*(C?) is a self-dual representation of SU(2). We will see next week that
this implies that any representation of SU(2) is self-dual.

(d) Is Sym*(C?) self-dual as a representation of U(2)?

(e) Show that any representation of Ss is self-dual.

More generally, all representations of .S, are self-dual. However, for d > 2, most representa-
tions of SU(d) are not self-dual.
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Chapter 7

Mixed states, partial traces,
purifications

This week we will introduce another bit of formalism to our toolbox by generalizing from “pure”

states, which are described by unit vectors in a Hilbert space, to so-called “mixed” quantum
states, which are mathematically described by certain operators called “density operators”. This
allows us to describe classical randomness and ensembles of quantum states, as well as the state
of subsystems when the global quantum state is entangled (cf. the footnote on p. 31).

7.1 Mixed states and density operators

Suppose that we have a device — a quantum information source — that emits certain different
quantum states |¢;) with probabilities p; each, where i ranges in some index set I:

Carithno, |7 prdoob(l\ag i

We call {p;,|¢i)}ier an ensemble of quantum states. Note that the states |1;) need not be
orthogonal. If we measure the (random) state emitted by the source by some POVM {Q }zeq,
the probability of outcomes is given by

Pr(outcome z) = Zpi Pr,, (outcome x)
= Zpi (i Qulti)
= sz' tr i) (Y] Qe

=tr [(sz |¢x><¢x|)@x:| )

=:p

where we first used the fact that state [¢;) is emitted with probability p; and then the Born
rule. Thus a single operator p captures all information that is needed to compute probabilities
of outcomes! We can interpret p as the average state of the ensemble, or as the average state
emitted by the source. Observe that

(a) p >0, i.e., it is positive semidefinite, and
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(b) trp=1.

We call an operator satisfying these two properties a density operator or density matrix — or
simply a quantum state on H. From here onwards we will always use the term “quantum state
in to mean density operators. As we just computed, the Born rule for density operators reads

79

Pr,(outcome z) = tr[p Q).

Likewise, the expectation value of an observable O can be computed in terms of the density
operator:

E,Joutcome] = tr[p O].

In Exercise 7.1 you can also verify that if we perform a projective measurement {P,},cq on a
quantum system in state p and we obtain some outcome x, then the post-measurement state
should be described by the density operator

;o P.pP,

tr(p Py

If the ensemble consists of a only one state [¢)) then p = [¢)(3)|. In this case we call p (or [1)))
a pure state; it is also common to write 1) = |1)(¢)|. We already know this terminology and
notation from the previous lectures. We record some useful characterizations of pure states:

Lemma 7.1. For a quantum state p, the following are equivalent:

(a) p is pure,

(b) tkp =1,
(c) the eigenvalues of p are {1,0,...,0},
(d) p* =p

(e) the so-called purity tr[p?] is equal to one.

All but the last are easy to see; for the last see Exercise 7.2.
If p is not pure, it is called a mixed state (but this term is also used to mean “not necessarily
pure”). In particular, every quantum system has a maximally mixed state, which is defined by

1

Ty = .
T dimH
It is the analog of a uniform distribution in probability theory.

Every density operator arises from some ensemble of pure quantum states. For example,
we can always write p = 2?21 pj |#5)(¢;], where d = dim(#H), {|¢;)} is an eigenbasis, and {p;}
are the corresponding eigenvalues. However, there are infinitely many other ways of writing a
mixed state in terms of an ensemble. For example, take any two non-orthogonal states of a qubit,
say |0) and |+), and consider their uniform mixture:

b= %(yo><o| + ) () = (iﬁ m)

Observe that neither are |0) and |+) eigenvectors of p, nor are {1/2,1/2} the eigenvalues (for
otherwise p would be equal to the maximally mixed state).

Density operators are not only useful to describe quantum information sources, but they
arise in many other situations. In physics, they are used to describe statistical ensembles (e.g.,
Gibbs states). Density operators also allow us to embed probability theory into quantum theory.
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The idea is simple: if {p,}9_, is the probability distribution of a random variable X, we can
associate with it the ensemble {p x|x)} on €¢ and hence the density operator

px = pal) <x|=< ) (7.1)

More generally, if p(z1, . . ., x,) is the joint probability distribution of random variables X7, ..., X,
the corresponding density operator is

PX1oXn = D D@1, wn) |71) (11| @ . @ |2 (2] (7.2)

T1,eey®p

We call states of the form Eqs. (7.1) and (7.2) classical states. Observe that if all probabilities
are the same then we obtain the maximally mixed state defined earlier.

7.2 Reduced density operators and partial trace

Density operators are also useful in another situation which appears to have nothing to do with
ensembles. Namely, they allow us to describe the state of subsystems if the global state is known.
To see this, suppose that pap is a quantum state on H 4 ® Hpg, as illustrated below:

ka

© |

We could like to find a mathematical object (hopefully, a density operator) that describes the state
of subsystem A. To this end we consider an arbitrary POVM {Q Az }zeq on Ha. According to
Axiom E, we need to consider the POVM {Q 4, ® Ip} when we want to perform this measurement
on the joint system AB. Thus, the probability of measurement outcomes can be computed as
follows:

Pr,,, (outcome z) = tr[pap (Qaz ® Ip)]
=Y (abl pap (Qa. ® Ip) |ab)

a,b

= Z (a] (1o ® (b])paB (Qaz ® Ip)(Ip @ |b)) |a)
a,b

=> (al(1a® (B)pan(Ip ® |b)Qaz |a)

a,b

=Y {adl (Z(IA ® (b)pas(ls @ |b>)> Qaz|a)
a b

- tr[(Z(IA ® (b))pap(Ip ® !b>)> QA,:c]

b

=:pa

The operator p4 just introduced is called the reduced state or the reduced density operator of pap
on subsystem A. We also call pgp an extension of p4. The computation above works not just
for POVM elements: for every operator N4 on H 4, we have

trlpap(Na @ Ip)] = tr[paNal. (7.3)
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It is not hard to conclude from this that p4 is again density operator. As we derived above, for
every POVM measurement {Q 45} on H4 we have

Pr,,,(outcome z) = tr[paQa ] = Pr,, (outcome z)
Similarly, for every observable O4 on H 4, we can compute its expectation value as
E, ,;[outcome] = tr[paO4] = E, , [outcome]

Thus, the reduced state p4 is the appropriate object for describing the state of subsystem A if
the overall state is pap.

To systematize the above, we define the partial trace of an operator Map on Ha ® Hp by
the same formulas as above:

trp[Mag] = > (14 ® (b)Map(Is @ |b)).
b

In particular, p4 = trg[pap]. We can also compute partial traces of operators that are not
quantum states (but in this case we will never write My). The following rule tells us how to
compute partial traces of tensor product operators, Map = Na ® Op:

tl"B[NA®OB] = NAtr[OB] (74)
This formula justifies the term “partial trace”.! It follows directly from the definition,
trp[Ma® Np| = > (1a® (b)) (Ma @ Np) (Ia @ |b)) = Ma »_ (b|Np|b) = Ma tr[Ng].
b b

and is quite useful to compute partial traces in practice. We demonstrate this in the following
example, which shows that even if p4p is a pure state, p4 can be mixed! This fact is an important
motivation for the introduction of the density operator formalism.

Example 7.2. Consider two qubits that are in the maximally entangled ebit state
1
V2

To compute the reduced states of the individual qubits, first note that the corresponding two-qubit

@7 5) = —=(100) +[11)).

density operator is

(\00> + 111>) ((00| + <11\)

= 5 (100)(00] + [11){00] + 00} (11| + [11){11})

- %(WO' ® [0)(0] + [1){0] @ [1)(0] + [0}1] @ [0)(1] + [1){1] @ [1)(1]).

_!
=5

noting that tr[|0)(0| 0] = tr[|1)(1]| 1] = 1, while tr[|0)(1]] = tr[|1)(0]] = 0. Thus, the reduced state
of A is the maximally mixed state, and similarly for B. Note that this matches precisely the
result of our calculation in Eq. (2.1) in Chapter 2.

PAB = \CI)XBM‘I’IB\ =

[ = Do =

We can compute the reduced state py using Eq. (7.4):

pa = tealpas] = 5 (0001 + ) = (2

= O

Tt also characterizes the partial trace uniquely, because trg is a linear map from the space of operators
on Ha ® Hp to the space of operators on H a, and the former is is spanned by the tensor product operators.
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We mention some other useful properties of the partial trace. The partial trace is cyclic on B:
trp[(I ® Op)Mag| = trp[Map(I ® Op)]
We can pull operators on A through the partial trace:
trg[(Na ® Ig)Map(Ny @ Ig)] = Natrg[Mag]Ng.

If we first perform a partial trace over one subsystem and then over the other, this is the same
as performing a partial trace over both. In particular: trotrg = tr. By combining the last two
properties, we obtain the following identity, which generalizes Eq. (7.3):

tr[Map(Na ® Ig)] = tr[trg[Map] Na],

Remark 7.3. A convention that you will find in the literature is that tensor products with
the identity operator are omitted. E.g., instead of X 4 ® Ip one writes X 4, since the subscript
already conveys the necessary information. Using this convention, Eqgs. (7.3) and (7.4) become

tr[papNa] = tr[paNal,
trp[NAOp] = Na tr[Op],

which is possibly easier to read.

7.3 Purification and Schmidt decomposition
Above we saw that the pure ebit state has mixed reduced states. This is is not an accident.

Lemma 7.4 (Schmidt decomposition). Every pure state |V ap) € Ha @ Hp has a so-called
Schmidt decomposition:

Wag) = silei) s @ |fi)p,
=1

where r € N s called the Schmidt rank, the numbers s; > 0 are called Schmidt coefficients, the
{lei) 4} are orthonormal vectors in Ha, and the {|f;) g} are orthonormal vecrtors in Hp.

This is just a restatement of the singular value decomposition. A similar calculation as in
Theorem 7.2 shows that the reduced states of |V 45) are given by

pa= sileel,  pp=_ sTIflfil. (7.5)
i=1 i=1

Thus, the reduced states have rank r and their nonzero eigenvalues are the squares s? of the
Schmidt coeflicients. In particular: p4 and pp have the same nonzero eigenvalues. We also see
from the above that most reduced states are mixed: p4 and pp are pure if and only if |W4p) is a
product state.

We can also go the other way around. Iff p4 is an arbitrary density operator H 4, then there
always exists an additional Hilbert space Hp and a pure state |V 4p) € Ha ® Hp such that

trp[|Vap) (Yasl] = pa.
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We call such a state |¥4p) a purification of p4. In other words, purifications are pure states
that extend the given density operator. To see that purifications always exist, consider a spectral
decomposition of the density operator: pa = > ._; p;i |¢i)(¢i|. Then,

(Wap) =>_ Vpil¢i) 4@ li)g € Ha®Hp (7.6)
=1

is a purification, where Hg = C".

The existence of purifications, while not hard to prove, is an important result, as it shows that
we can always replace mixed states by pure states, at the expense of adding an auxiliary Hilbert
space. This is analogous to Exercise 2.3, where you showed that generalized measurements can
always be implemented by ordinary measurements on a larger Hilbert space. For example, this
justifies why in Chapter 3 we were allowed to only consider quantum strategies involving pure
states (and observable measurements).

Purifications are not unique. We can see this already from Eq. (7.6): if we replace |ig) by
any other orthonormal basis, then we get another purification. However, this is essentially the
only freedom that we have: any two purifications are related by a unitary or isometry:

Lemma 7.5. Let |Vap) € Ha @ Hp and |V, 5) € Ha ® Hp be two purifications of the same
state pa. If dimHp < dimHp:, then there exists an isometry Vg_g: Hp — Hp such that

(T4 ® Veop) [WaB) = [Vyp) -
If Hp = Hpr then V is a unitary.

You can prove this in Exercise 7.5 by using the Schmidt decomposition.

7.4 The trace distance between quantum states

In Exercise 2.4 we introduced a natural distance measure between pure states, called the trace
distance. It can be extended to mixed states in the following way. Let p and o be two density
operators on some Hilbert space H. We define their trace distance to be

T = t — = t — .
(py0) = max tr[Q(p— o)l = max |tr[Q(p—o)]
This formula generalizes the one for pure states. The equality holds because tr[(I — Q)(p — 0)] =
—tr[Q(p —0)] and 0 < I — Q < I. The trace distance is a metric, and so in particular satisfies
the triangle inequality. It has the following alternative expression,

1
T(p,0) = 5o = o,

in terms of the trace norm, which for general Hermitian operators A with spectral decomposition
A =" Xilei) (e is defined by [|All1 = >,;|Ai|. The trace distance has a natural operational
interpretation in terms of the optimal probability of distinguishing p and o by a POVM measure-
ment. We discussed this in Exercise 2.2 in the case of pure states, but the result described there
holds in general.

The trace distance can only decrease when we trace out a system: for any two density
operators pap and o4p, we have

T(pa,oa) <T(paB,oaB)
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This is quite intuitive — it should not be easier to distinguish two states if one is only given access
to a subsystem. You can prove this in Exercise 7.7. In Exercise 2.2, you also proved that for pure
states p = |¢)(¢| and o = |¢) (1|, the trace distance can be expressed in terms of the overlap:

T(p,0) = V1= (¢l¥)) (7.7)

In Section 14.1 we will generalize the overlap to mixed states and state an analogous relation.

The trace distance also has another operational interpretation: it bounds the the difference

in expectation values for any observable measurement. You can show this in Exercise 7.6.

Exercises

7.1

7.2

7.3

7.4

Post-measurement state for density operators: Consider a quantum system described
by an ensemble of pure states {p;, [1;)}, with associated density operator p. Suppose that
we perform a projective measurement {P,}.cq.

(a) Verify that the probability of any measurement outcome is x is given by tr[pP,].

(b) Now suppose you observe measurement outcome z. Given this outcome, compute the
probability that the original state was in some specific state |¢;). Hint: Bayes’ theorem.

(c) Given that the outcome was x, determine the ensemble of post-measurement states,
and verify that the corresponding density operator is P,pP,/ tr[pPy].

Purity: Let p be a density operator on €% and consider its purity tr(p?).

(a) Show that tr[p?] € [1/d,1].
(b) Show that tr[p?] = 1 if and only if p is a pure state.

Bloch sphere: This exercise gives a geometric picture of the state space of a qubit. Recall
that the matrices I, X, Y, Z form a basis of the real vector space of Hermitian 2 x 2-matrices.

(a) Show that an operator p on €? is a density operator if and only if it can be written in the
form p = %(I—i—rXX—l—er—i—rZZ) for a vector » = (rx,ry,rz) € R3 of norm || < 1.

Thus, set of quantum states of a qubit is a three-dimensional ball. In particular, it is convex
(this is true in any dimension). The set of pure states is its surface, called the Bloch sphere:

(b) To see this, show that p is a pure state if and only if ||| = 1. More generally, how is
||r|| related to the eigenvalues of p?

(c) Show that if U is a unitary then the density matrix UpUT is parameterized by a vector =/
of the same norm: ||7/|| = ||r||. Conclude that for every unitary U € U(2) there exists a
rotation matrix O € SO(3) such that p — UpUT corresponds to r + 1/ = Or.

The final subproblem only relies on part (a):
(d) Re-prove Theorem 1.1 (the uncertainty relation) and show that it also holds for mixed states.

Symmetries imply normal forms: In this problem, you will show that quantum states
that commute with U or U®? are tightly constrained by these symmetries. Recall that the
single-qubit Hilbert space C? is an irreducible representation of U(2).

(a) Show that if p is a density operator on C? such that [p,U] = 0 for every unitary
U € U(2), then p=1/2.
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While the two-qubit Hilbert space C? @ C? is not irreducible, you know that it decomposes
into two irreducible representations of U(2). Let Tiriples = I2/3 and Tyingles = [¥7) (U7, As
always, IIy denotes the projector onto the symmetric subspace, and |V ™) = %(\1@ —|01))
denotes the singlet state.

(b) Show that if p is a density operator on C?®C? such that [p, U®?] = 0 for every U € U(2),
then there exists p € [0, 1] such that p = p Tiplet + (1 — P) Tsinglet -

Hint: Use Schur’s lemma.

7.5 Purifications: In this problem, you will establish some useful facts concerning purifications
that will also be helpful in the remainder of this problem set.

(a) Prove Theorem 7.5. Hint: Use the Schmidt decomposition.

Next, you will construct a particular purification and see how symmetries can be lifted.
Let p4 be a density operator on a Hilbert space H. For simplicity, assume that H 4 = C%.

(b) Show that [Vap) := (\/pa ® Ip) Zle lii) is a purification of py (often called the
standard purification). Here, Hp = €4, and V/pA is the positive semidefinite square
root, defined by taking the square root of each eigenvalue while keeping the same
eigenspaces.

(c) Show that this purification has the following symmetry: For every unitary Uy with [Ua, pa] =
0, we have (Us ® Ug) |Wap) = |V ap). Here, U denotes the complex conjugate of Ug.

7.6 Trace distance and observables: In this problem, you can show that density operators p
and o with small trace distance T'(p, o) have similar expectation values.

(a) Show that, for every two Hermitian operators M and N, |tr[MN]| < ||[M||1||N|loc-
Here, ||M]|; is the trace norm defined in class (i.e., the sum of absolute values of the
eigenvalues of M) and [|N||s := maxg|=1|[|N |¢)]| is the operator norm (which can
also be defined as the maximum of the absolute values of the eigenvalues of V).

(b) Conclude that, for every observable O, |tr[pO] — tr[cO]| < 20|00 T'(p, o).

(¢) Find a (nonzero) observable for which the bound in part (b) is an equality.

7.7 Monotonicity of the trace distance: Show that T(pa,04) < T(pap,cap) for any two
states pap and o4p.

7.8 Gentle measurement: In this problem, you will derive a useful technical result known as
the gentle measurement lemma. Let p be a quantum state and 0 < Q < I a POVM element.

(a) Show that if tr[p@Q] > 1 — & then T'(p, \/t?[zg]é) < e.
Hint: First prove the result for pure states.

(b) Explain in one sentence why this result is called the gentle measurement lemma.
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Chapter 8

Entanglement of pure and mixed states,
monogamy of entanglement

Yesterday, in Chapter 7 we introduced density operators, partial traces, and purifications. In
particular, we learned that any bipartite pure state has a Schmidt decomposiiton. This has a
number of important consequences.

8.1 Pure state entanglement

For one, it helps us to understand entanglement in pure states. For example, it shows that if
W) 45 = |¥) 4 ® |¥) 5 is a product state then its reduced density operators are pure. Conversely,
if either of the reduced density operators of a pure state |¥) , 5 is pure then |¥4p5) must be a
product state. In other words, if p4 or pp are mixed then this is a signature of entanglement
(for pure states)! This suggests that quantities built from the eigenvalues of the reduced density
operators such as the entanglement entropy that some of you might already know should be good
entanglement measures. You will explore this further in Exercise 8.1 and we will discuss the
entanglement entropy in Chapter 10.

How about if psp is a general density operator (not necessarily pure)? Then it is still true
that

pApure = pap = paQ pB (8.1)

(but pp can now be mixed). To see this, choose an arbitrary purification |¥ 4pc) of pap. Since
pa =trpel|Vasce) (Yapc|] is pure, we know from the preceding discussion that we must have

Yapc = |[Ya) ® |pBC) ,
where pa = |t)4) (4. But then

paB = trc[|Vapc) (Yapc|] = trel|va) (Yal @ |oBe) (dBc|] = [a) (Val @ trel|épe) (¢BC|] = pa ® pB,

since necessarily pp = tre[|épc) (¢Bc]|]. This is what we wanted to show.

Monogamy of entanglement is the idea that if two systems are strongly entangled then each
of them cannot be entangled very much with other systems. We can get some intuition why this
should be true as consequence of Eq. (8.1). For example, suppose that

PAB = |‘I’> <‘I’|AB
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Figure 8.1: Illustration of monogamy of entanglement.

where |¥) 45 is in a pure state — say, a maximally entangled state. Since pap is pure, any
extension p4pc must factorize,

PABC = PAB ® pc,

as implied by Eq. (8.1) (with A = AB and B = C). Thus, A and B are both completely
uncorrelated with C' (Fig. 8.1). In particular, pac = pa ® pc and ppc = pp ® pc are product
states.

Remark 8.1. The above analysis should perhaps be taken with a grain of salt. Since it only
relied on p4p being in a pure state, it is also applicable to, say, Y4 = |0) 4 ® |0) 5 — which is
a product state, not an entangled state! Nevertheless, the conclusion remains that also in this
case pac and ppc have to product states. However, this is a consequence of py = 10) (0| , and
pB = |0) (0| 5 being pure, not of entanglement between A and B.

Does monogamy hold more generally for mixed states and can it be made quantitative?
Indeed this is possible — and we will see that symmetry is the key.

8.2 Mixed state entanglement

First, though, we have to define what it means for a general quantum state to be entangled. For
pure states |V 4p), we already know that a state is entangled if and only if it is not a tensor
product,

V) ap # V) @ [¥) -

For mixed states, however, there are non-product quantum states that should nevertheless not
be considered entangled.

Example 8.2 (Classical joint distributions). Let p(x,y) be a probability distribution of two
random variables. Following (7.2), we construct a corresponding density operator

pap =y p(z.y)|z) (@, @ |y) (Yl -
z,y

In general, pap is not a product state (indeed, pap is a product state precisely when the two
random variables are independent). For example, if Alice and Bob know the outcome of a fair
coin flip, their state would be described by the density operator

1
PAB = 5 (100) {00 45 + [11) (11] 45) ,

that is not of product form. However, the “non-productness” in p4p corresponds to classical
correlations, so we do not want to think of p4p as being entangled.
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Figure 8.2: The set of separable states SEP is a convex subset of the set of all quantum states
Q. Hyperplanes (such as the pink one) that contain all separable states on one side give rise to
entanglement witnesses.

This suggests the following general definition: We say that a quantum state pap is entangled
if and only if it is mot a mixture of product states:

PAB 7 ZI%PX) ® Y. (8.2)

Here, {p;} is an arbitrary probability distribution and the pfj) and pg). States of the right-hand
side form are called separable or simply unentangled. If pap = |¢) (¥| 45 is a pure state then
pAB it is separable exactly if it is a tensor product, 1) 45 = |¥) 4 ® |¥) 5, so this generalizes our

definition of entanglement for pure states.

Remark 8.3. There are separable states other than the classical states in Theorem 8.2. This is
because we do not demand the operators {PS)} and {pg)} in Eq. (8.2) are orthogonal.

Remark 8.4. Separable states have a pleasant operational interpretation. They are the largest
class of quantum states o4p that can be created by Alice and Bob in their laboratories if allow
Alice and Bob to perform arbitrary quantum operations in their laboratory but restrict their
communication with each other to be classical.

Let us denote the set of all density operators on H4 ® Hp by
Qap = {pap : pap > 0,trpap = 1}
and the subset of separable states by
SEPsp = {pap separable}.

Both sets are conver. As a consequence of SEP4p being convex, it can be faithfully defined by
a collection of separating hyperplanes, i.e., hyperplanes that contain all separable state on one
side (Fig. 8.2). Any such hyperplane gives rise to an entanglement witness — a one-sided test
that can be used to certify that a state is entangled. Formally, an entanglement witness for a
quantum state p4p is an observable O gp such that tr[Oap pag] > 0, while tr[Oap oap] < 0 for
every separable state 0 4p5. You will explore this in Exercise 8.5.

On the other hand, testing whether an arbitrary quantum state pap is separable or entangled
is unfortunately a very difficult problem. In fact, deciding if a given density operator (given in
terms of all its matrix elements) is separable is an NP-hard problem [Gur03]! This means that we
are unlikely to ever find an efficient (as in, polynomial-time) algorithm. In practice, the situation
is less bleak since we have ways of testing whe a quantum state is approximately separable (see
below).
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Figure 8.3: (a) In a permutation symmetric state, any pair of particles is entangled in the same
way and should therefore not be entangled very much. (b) Similarly, if Alice is entangled with
many Bobs in the same way then she is not entangled very much with each of them.

8.3 Monogamy and symmetry

We are now ready to study the monogamy of entanglement in more detail. We will consider two
situations where we would expect monogamy to play a role:

De Finetti theorem

First, consider a permutation-symmetric state
N (md

Note that all the reduced density matrices pa,4; are the same. Thus, any particle is equally
entangled with any other particle, and so we would expect that by monogamy each pair is
therefore not “very much” entangled at all (Fig. 8.3, (a)).

The quantum de Finetti theorem asserts that our expectation is indeed correct:

mhm%/WMWMmWW: (8.3)

as long as k < n/d, where k+n = N. Here, p(1)) is some probability density over the set of pure
states that depends on the state p. In particular, p4, 4, is approximately a mixture of product
states for large n. To make “~” precise, we can use the trace distance as a distance measure
(Section 7.4).

Example 8.5 (Warning). The GHZ state |[7)4 4,4, = (J000) 4 [111))/v/2 is a state in the
symmetric subspace Sym?(C?). Note that, e.g., the first particle is maximally entangled with
the other two — so clearly it is not true that permutation symmetric states are unentangled.
However, if we look at the reduced state of two particles then we find

1 1 1
paraz = 5 (100) (00] + [11) (11]) = 2 0)° (0] + = |1)°2 (1]°2,

which is a mixture (not a superposition) of product states. This example shows that the partial
trace is indeed necessary.

Permutation symmetric states arise naturally in mean-field systems. The ground state |Ey) of
a mean-field Hamiltonian H = Zlgi <j<n hi; is necessarily in the symmetric subspace — provided
that the ground space is nondegenerate and that n is larger than the single-particle Hilbert space.
Thus, the de Finetti theorem shows that, locally, ground states of mean field systems look like
mixtures of product states — a property that is highly useful for their analysis. You will explore
this in more detail in Exercise 8.3.
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Figure 8.4: The extendibility hierarchy: If a state is n extendible then it is O(1/n)-close to being
separable.

Extendibility hierarchy

A closely related situation is the following: Suppose that pap is a quantum state that has an
extension pap, .. B, such that

pag, = pag  (Vi,7)

(Fig. 8.3, (b)). We say that pap has an n-extension. Thus A is equally entangled with all B; and
so we would expect that pap is not entangled “very much”. Indeed, it is true that, for large n,

PAB & mefi) ® Pg),
i

i.e., pap is again approximately a mixture of product states.

In contrast to situation (1), however, there is no longer a symmetry requirement between A
and B, i.e., this reasoning applies to general states pap. It turns out that one in this way obtains
a hierarchy of efficient approximates test for separability [DPS02, DPS04| (cf. [NOP09, HNW17]).
Indeed, as you can discuss in Exercise 8.6, if a state pap is n-extendible then it is O(1/n)-close
to being a separable state (Fig. 8.4).

8.4 The quantum de Finetti theorem

We will now prove the finite quantum de Finetti theorem [KRO05], which establishes (8.3) in the
following precise form:

Theorem 8.6 (Quantum de Finetti theorem for states on symmetric subspace). Let [®) 4 4 €
Sym™ (©?%) be a state on the symmetric subspace, p = |®) (®|, and N = k +n. Then

T(oar.. ar, / i p(w) 1) () < /2,

n

where p(v) is a probability density on the space of pure states on C? (which depends on |®)).

Proof. We follow the proof strategy in [BCHW16]. Let
[P) 4, 4y € Sym™ (C?),

where N is the number of particles and d the dimension of the single-particle Hilbert space.
The basic idea is the following: Suppose that we measure with the uniform POVM (4.10) on
the last n := N — k systems of p = |®) (®|. Then, if the measurement outcome is some |¢), we
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would expect that the first k systems are likewise in the state |w>®k, at least on average, since
the overall state is permutation symmetric among all n subsystems.

Let us try to implement this idea. Since |®) € Sym® (C9), it is in particular symmetric under
permutations of the last n = N — k subsystems. Hence, |®) = (I} ® II,,) |®), and so

PA. Ay = trAk+1---AN HCI)> <(I)H - tInz‘lk-~-1---z‘11\f [(Ik ® Hn) |‘I)> <(I)H

= <n+s_ 1) /dw (Te @ (") [ @) (@] (Iy @ [¥)*") = /d¢p(w)|V¢><V¢|.

In the second to last step, we have inserted the resolution of identity (4.9), and in the last step,
we have introduced introduced unit vectors |Vy,) and numbers p(1)) > 0 such that

ntd—1\2
Vi = ("N  wes wien o). (8.4)

Note that p(¢) is a probability density. Indeed, [ dy p(y)) = trp = 1, since the overall state is
normalized. We would now like to prove that

v = [ dwp(w) [Ve) Val = [ duop(w) 100 (61 =i, (.5)

based on the intuition expressed above that on average the post-measurement states |Vy;) are
close to |¢>®k. Let us first consider the average squared overlap:

/ i p(i6) | (Vi [§50) 2 / @y p(ap) (V=) (24 Viy)

—("*d Y [ g @by o) |g))

)
(n—i—d—l) <n+k+d

—1
S|, 1| P
b ) (®]IL1i]0)

_(n+d-1\(n+k+d-1 > 1 ﬁ

N n n+k n
In the second step, we inserted the definition of |Vy,) from Eq. (8.4). Then we applied formula (4.9)
to remove the integral, and the last inequality is precisely part (a) of Exercise 4.1. This is (almost)
the desired result — the average squared overlap is close to one as long as n > kd.

It remains to show that the two states p and p in Eq. (8.5) are also close in trace distance.
Indeed,

T(pA,.. A PA;L. . A,) = %HpAl...Ak — DA Al
1 ~
< [ @p@)3loaa, - Fara
= [ awp)T (1) Wl 1) 0l
= [ awpw) /1= 1w

< \/ / dp(1) (1= |(Vylpeh)[2)
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= \/1 B / A p() [(Viplp®F)[2 < ﬁ.

Here, we first applied the triangle inequality, then we used the relationship between trace distance
and fidelity for pure states from Eq. (7.7), and the next inequality is Jensen’s inequality (for the
square root function, which is concave). (Jensen’s inequality for a concave function f asserts
that E[f(X)] < f(E[X]) for any random variable X.) Thus we have proved the quantum de
Finetti theorem. O

In Exercises 8.3 and 8.4 you will explore some applications of the theorem.

Remark 8.7. From our proof we also obtain an explicit form for the density p(¢)), namely
p() = (®|I} ® Qy|®P), where {Qy} is the uniform POVM (4.10).

Beyond the symmetric subspace

Our intuition behind the de Finetti theorem only relied on the fact that the reduced density
matrices were all the same. But this is a feature that states on the symmetric subspace share
with arbitrary permutation-invariant states, i.e., states that satisfy

[Rr,pA,.. Ax] =0, or Rgppa, Ay = pPA,.AxRr

for all 7 € Sy. Examples of permutation-invariant states are states on the antisymmetric
subspace, or tensor powers of mixed states, such as p®V, which we will study in more detail in
Chapter 13.

To obtain a de Finetti theorem for this situation, it is useful to prove that any permutation-
invariant state pa, .4, has a purification on a symmetric subspace: That is, there exists a
pure state |®>(A1B1)~-~(ANBN) € Sym"(Ha ® Hp), where Hp is some auxiliary space, such that
P(A1By)...(AxBy) = |®) (@] is an extension of pa, _a,. The auxiliary space Hp can be chosen of
the same dimension as H4. (You see an easy example of this in Exercise 8.4.) The point is that
we can now apply the quantum de Finetti theorem proved above to the purification!

Following this strategy, you will prove in Exercise 8.2 the following version of the quantum
de Finetti theorem:

Theorem 8.8 (Quantum de Finetti theorem for permutation-invariant states). Let pa,. 4, be a
permutation-invariant quantum state on (CHY®N and N =k +n. Then

d2k
T(pAl...Aku/du(U) U®k) S R

n

where du(o) is a probability measure on the space of density operators on C% (which depends
on p).

Nowadays, there are many further variants of the de Finetti theorem that quantify the
monogamy of entanglement in interesting and useful ways.
Exercises

8.1 Pure state entanglement: In class we observed that a pure state |V ap) € Ha @ Hp is
unentangled if and only if its reduced density operators p4 and pp are pure states. Here you
will generalize this observation and show that the maximal fidelity squared between |V 45)
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8.2

8.3

and any product state is given by the largest eigenvalue of p4, denoted Apax(p4). That is,
show that

i \IIA ¢A ® w 2 = Amax A)-
||<z>,4||=||¢3||=1’< 5| 5)| (pa)

Hint: Use the Schmidt decomposition discussed.

De Finetti theorem for permutation-invariant quantum states: In this problem,
you will extend the quantum de Finetti theorem from states on the symmetric subspace
to arbitrary permutation-invariant states. A quantum state pa,..a, is called permutation-
invariant if [Ry, pa,..ay] =0 for all m € Sy.

(a) Give two examples of permutation-invariant quantum states that are not just states on
the symmetric subspace.

Now let pa,..a, be an arbitrary permutation-invariant quantum state on (Cd)®N.

(b) Show that the reduced density operators for any fixed number of subsystems are all the
same. That is, show that PA, .. Asy, = PAL..Ay for all 1 < k < N and pairwise distinct
indices 41, ..., .

By monogomy, we would therefore expect that a de Finetti theorem should also hold in this
situation. You will prove this in the remainder of this exercise:

(c) Show that there exists a pure state pa, B,)...(ayBy) O Sym™ (Cl® C?) C (C4eCd)®N

such that PA.. Ay = trB1...BN [p(AlBl)---(ANBN)]'
(d) Conclude that, for every 1 < k < N, there exists a probability measure du on the

set of density operators on C¢ such that T(pay..a, [ du(p) p¥F) < \/d2k/n, where
n=N —k.

De Finetti and mean field theory [BCHW16]: In this exercise you will explore the
consequences of the quantum de Finetti theorem for mean field theory. Consider a Hermitian
operator h on C? ® C? and the corresponding mean-field Hamiltonian, i.e., the operator

1
= n—lzhi’j
]

on (C%)®" where each term h;i j acts by the operator h on subsystems ¢ and j and by the
identity operator on the remaining subsystems (e.g., hj2 = h ® I®(”*2)).

(a) Show that the eigenspaces of H are invariant subspaces for the action of the symmetric
group.

Now assume that the eigenspace with minimal eigenvalue (the so-called ground space) is
nondegenerate and spanned by some |Ep), with corresponding eigenvalue Ey. Then part (a)
implies that R; |Ey) = x(7)|Eop) for some function x. This function necessarily satisfies

x(77) = x(m)x(7).

(b) Show that x(i <» j) = x(1 <> 2) for all i # j. Conclude that |Ep) is either a symmetric
tensor or an antisymmetric tensor.
Hint: First show that x(rrm~ 1) = x(7).

If n > d, then there exist no nonzero antisymmetric tensors. Thus, in the so-called thermody-
namic limit of large n, the ground state |Ep) is in the symmetric subspace Sym”(C?) and so
the quantum de Finetti theorem is applicable.
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(c) Show that, for large n, the energy density in the ground state can be well approximated
by minimizing over tensor power states. That is, show that

Eo ; ®2 ®2 L. n n
~ min h = min H .

Hint: Exercise 7.6.

This justifies the folklore that “in the mean field limit the ground state has the form \w)@)oo”.

8.4 The antisymmetric state: In class, we discussed the quantum de Finetti theorem for
the symmetric subspace. It asserts that the reduced density operators pa,.. 4, of a state on
Sym**+(CP) are \/kD/n close in trace distance to a separable state (in fact, to a mixture
of tensor power states).

The goal of this exercise is to show that some kind of dependence on the dimension D is
unavoidable in the statement of the theorem. To start, consider the Slater determinant

1) 4,4, = DA Nd) = \/g > sign(m) [n(1) @ ... @ [7(d)) € (C)=7.
TESy

We define the antisymmetric state on C¢ @ C¢ by tracing out all but two subsystems,

PALAy = T az..4, HS> (SH .

(a) Let F = Ry, denote the swap operator on (C%)®2. Prove the following identity, which
is known as the swap trick:

tr[F (0 ®7)] = trfo7]

(b) Show that T'(pa, a,,04,4,) > % for all separable states g4, 4,.
Hint: Consider the POVM element Q = Il (i.e., the projector onto the symmetric
subspace).

Thus you have shown that the antisymmetric state is far from any separable state. However,
note that |S) is not in the symmetric subspace.

(c) Show that |S)®? € Sym¥(C¢ @ C%), while pf? A, 1s likewise far away from any separable

state. Conclude that the quantum de Finetti theorem must have some dimension
dependence.
Hint: |,S’>®2 is a state of 2d quantum systems that we might label Ay ... AgA) ... Al (the
unprimed systems refer to the first copy of |\S) and the primed to the second). Let the
permutation group Sy act by simultaneously permuting unprimed and primed systems
and show that \S>®2 is in the corresponding symmetric subspace. Similarly, p®? is an
operator on A1 A Ay AL. How do you need to partition the systems so that p®? is far
from being separable?

8.5 Entanglement witness for the ebit: Construct an entanglement witness for the ebit state
) = 5 (00) + [11)).
Hint: Fxercise 8.1.

8.6 The extendibility hierarchy: In this problem, you will show that any quantum state that
has an n-extension is close to a separable state if n is large, as discussed in class.
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8.7

(a) Imitate the proof of the quantum de Finetti theorem given in class to show that, for
any pure state |®) ,p 5 € Ha® Sym"(Hp),

.., [ ®) (D] ~ / dp p() W) (Wy|, ® [6) (3] 5,

for large n. Here, the integral is over the set of pure states on Hpg, p(1)) is a probability
density, and the |IW,,) are pure states in H 4.

Now suppose that p4p is an arbitrary quantum state that has an n-extension (i.e., that there
exists some o4p,..B, such that cap, = pap for all k).

(b) Show that psp also has an n-extension pap, . p, that is permutation-invariant on the
B-systems, i.e., [[4 ® Ry, p| =0 for all m € S,.

Any n-extension as in (b) admits a purification in (H4 ® Ha/) ® Sym"(Hp @ Hp'), where
HA/ = HA and 7‘[3/ = HB-

(c) Conclude that any n-extendible p4p is close to a separable state for large n.
Hint: Ezercise 7.7.

PPT criterion: In this exercise, you will study a simple yet very useful entanglement
criterion. Given an operator M p on Hy ® Hp, we define its partial transpose as the
operator MZ% with matrix elements

(a,b| M%) = (a,b/|Mapld,b).
Note that this definition depends on the choice of basis for Hp (but not of the basis for H4).

(a) Show that tr Mz;’fg =tr Map.
(b) Observe that if Map = X4 ® Yp then MZ% =X4® YBT and argue that this uniquely
determines the partial transpose.

In particular, we can consider the partial transpose of a density operator pap.
(c) Show that if pap is separable then p:";% > 0.

You thus obtain the so-called PPT criterion, short for positive partial transpose criterion: If
the partial transpose pZBB is not positive semidefinite then pap must be entangled.

(d) Verify using the PPT criterion that the ebit |¥]) is entangled.
(e) Consider the family of isotropic two-qubit states,

pAB(p) ‘= P Tsym + (1 - p)Tantia

where T4y, denotes the maximally mixed state on the symmetric subspace of two qubits
and Tanti = [©7) (¥~ the singlet state. For which values of p € [0, 1] does the PPT
criterion establish entanglement?

In general, the PPT criterion is only a sufficient, but not a necessary criterion for entanglement.
If dim H4 ® Hp > 6, then there exist entangled states with a positive semidefinite partial
transpose.
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Chapter 9

Classical and quantum data compression

Today we will discuss one of the very well-known objectives of information theory: the compression
of data sources. We will start with classical data compression (i.e., the compression of bitstrings),
which was solved by Shannon in the late 40s. The results obtained for classical bit strings will
turn out to be directly useful for solving our main problem of interest — namely, the compression
of quantum data (i.e., strings of qubits).

9.1 Classical data compression

Imagine that Alice has acquired a biased coin, with heads coming up with p = 75% probability.
She is excited about her purchase and wants to let Bob know about the result of her coin flips. If
the flips the coin once, how many bits does she need to communicate the result to Bob? Clearly,
sheshould send over one bit. Otherwise, since both outcomes are possible, she would make an
error 25% of the time! See Fig. 9.1 for an illustration of the situation.

Now suppose that Alice flips her coin not only once, but a large number of times — say n times.
She would still like to communicate the results of her coin flips to Bob. Clearly, Alice could send
over one bit immediately after each coin flip. Can she do better by waiting and looking at the
whole sequence of coin flips? In other words, what is the minimal compression rate, i.e., the
minimal rate of bits per coin flip that Alice needs to send to Bob in order to communicate the
outcomes of her coin flips (with an arbitrarily small probability of error)?

A sequence of coin flips will in general be an arbitrary string of the form

HHTHHHTHHHHHHHHHHHHHHHHHHTHHHHHHHHHHHTHH

Let us denote by k the number of heads (H) in such a sequence, so that n — k is the number of
tails (T). The probability of any such sequence is given by p*(1 — p)"~*.

What do “typical” sequences look like? If we assume that Alice’ coin flips are independent
then we would expect that heads will come up k ~ pn times for large enough n. Indeed, a version
of the (weak) law of large numbers states that, for any fixed € > 0,

Pr(\%—p] > ) :0(%) S0 (9.1)

as n — 0o. Let us thus define a typical sequence as a sequence of n coin flips such that |% —p| <e.
(Note that this definition depends on a choice of €, so it might make sense to speak of an e-typical
sequence instead.) In this language, Eq. (9.1) asserts that the probability that Alice receives a
typical sequence goes to one in the limit of many coin flips.
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Figure 9.1: Alice wants to communicate the result of her coin flips to Bob by sending over

a minimal number of bits. This an instance of a compression problem of classical data (the
outcomes of Alice’ coin flips).

Remark 9.1. This also gives a good way of estimating the bias of the coin if Alice does not know
the values of p and 1 — p beforehand. Simply flip the coin many times and output p := % as an
estimate of p, where k is the number of heads. We will later learn how to similarly characterize a
quantum data source.

This suggests the following compression scheme:

Classical data compression protocol: Let € > 0 be fixed.
e If the number of coin flips k is not within (p £ ¢)n, Alice gives up and signals failure.

e Otherwise, Alice sends k over to Bob, and she also sends the index 4 of her particular
sequence of coin flips in a list £ that contains all possible coin flips with k& heads and
n — k tails.

If our two protagonists agree beforehand on the lists £ (you might say that they form the
codebook ), then Bob will have no trouble decoding the sequence of coin flips — he merely
looks up the i-th entry in the list L.

What is the probability of failure in the first step of this protocol? As a direct consequence
of the law of large numbers this becomes arbitrarily small for large enough n, as we discussed
above.

Remark 9.2. If failure is not an option, Alice may instead send the uncompressed sequence
of coin flips instead of giving up. This leads to a similar analysis (in terms of the average
compression rate) and will be left as an exercise.

Is this protocol useful for compression? To send k € {0,...,n}, we need no more than
log(n + 1) bits. Since log(n 4+ 1)/n — 0, this does not impact the compression rate in the limit
of large n. How many bits to we need to send the index ¢? The number of bits required depends
on the number of sequences with k heads and n — k tails, where k/n =~ p. Let us first count the
number of sequences with k heads and n — k tails for an arbitrary value of k. This is simply
given by the binomial coefficnet (Z) To estimate this number, we use the following trick: For
every x € [0, 1], we have

1= (z+(1—2)" = g (?) 21—zt > (Z) 2 (1 — z)nk,

Choosing = = k/n, we obtain the upper bound

n K\ F e\~ k) k k k
<k> < $7k(1 o x)f(nfk) — <> <1 - > — szlog(;)f(nfk)(lf;) — 2nh(g), (92)

n n
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Figure 9.2: The binary entropy function h(p) defined in Eq. (9.3).

where we defined the binary (Shannon) entropy function

h(p) := —plogp — (1 — p)log(1 — p). (9.3)

Here and throughout the rest of these lecture notes, log will always denote the logarithm to the
base two. We also define 0log 0 := 0 so that h(p) is a continuous function defined for all p € [0, 1].
See Fig. 9.2 for a plot of the binary entropy function.

Thus, there are no more than 2"(%/") many sequences with k heads and n — k tails. Now, for
typical sequences, |k/n — p| < & and so there are no more than roughly 2"("®)+<") many typical
sequences for some constant & > 0 (which depends on our choice of ¢ and the continuity of the
entropy function at p). Thus, we need no more than n(h(p) 4+ ¢’) bits to send over the index. In
total, the compression rate of our protocol is no larger than

# bits < log(n + 1)

r= # coin flips — n

+ h(p) + €. (9.4)

Both the first and the third term can be made arbitrarily small — the former by choosing n
sufficiently large, and the latter by choosing € sufficiently small.

In summary, the protocol sketched above will achieve a compression rate arbitrarily close
to h(p) <1 bits per coin flip. You will show in Exercise 9.2 that this compression rate h(p) is
optimal. The result that we proved is known as Shannon’s noiseless coding theorem — it is called
“noiseless” since we assume that the communication line from Alice to Bob is perfect. It is also
known as Shannon’s source coding theorem.

In our case, h(75%) = 0.81 as displayed in Fig. 9.2 — so Alice achieves savings of roughly of
19% in the case of her biased coin.

Since this is a course about symmetries and information theory: What are the symmetries in
the classical data compression scenario? One such symmetry is that the binary entropy function
satisfies h(p) = h(1 — p), corresponding to relabeling H <+ T. This is certainly expected, since
merely relabeling the symbols cannot impact the optimal compression rate. However, note our
compression protocol breaks this symmetry, since we explicitly compare the relative number of
heads k/n to the probability p! Thus if Alice and Bob apply their compression scheme (that was
designed for p = 75%) to another biased coin with p = 25% then the protocol will fail with high
probability in the first step. In this case there is a simple fix: We simply modify the first step of
the protocol to fail only if k/n is far away from both p and 1 — p. It is clear that this does not
impact the compression rate (we are still sending over the same information!). In Exercise 9.3
you will extend this to construct a universal classical data compression protocol at rate R that
works for all data sources where h(p) < R.

When we discuss quantum data compression we will come back to this point and see that
designing a universal quantum data compression protocol is less straightforward and requires a
more careful analysis of the relevant symmetries.
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Figure 9.3: Hlustration of the compression of a quantum information source.

The coin flip example illustrates the traditional core principles of information theory, or
Shannon theory: We are interested in finding optimal asymptotic rates for information processing
tasks such as compression (the task that we have just solved), information transmission over
noisy channels, etc. Quantum information theory has very analogous goals — except that now we
are dealing with quantum information rather than classical information.

Remark 9.3. In recent years, there has been an increased interest in understanding optimal
information processing rates in non-asymptotic scenarios. This is largely beyond the scope of
these lectures.

9.2 Quantum data compression

We will now discuss quantum data compression in more precise terms. Thus, we consider a
quantum information source that emits pure states |b,) € C? of a qubit with probabilities p,
upon the press of a button (just like previously we obtained a random bit H/T by flipping a coin
flip). We will assume that the qubit states emitted by the source are independent from each
other (i.e., the source has no memory), which means that it emits sequences

(@) = o) © ... ® [a,) € (C*)®"

with probabilities
p(T) = pay - - - Pa,-

Similarly to before, our goal in quantum data compression is to design a compression protocol.
This protocol consists of a compressor, which encodes a sequence [¢(x)) € (C?)®" into some
state of Rn qubits, and a corresponding decompressor. As before, we can think of R as the
compression rate, but now we are sending over qubits instead of bits! Unlike in the example of the
coin, we cannot in general hope to precisely recover the original state. Instead, the decompressor
should produce a state |¢)(x)) that has high overlap with the original state (say, on average):

> p(@) B || (@) [d@)P] ~ 1. (9.5)

The average value E|. . .] refers to the fact that the decompressed state |1(z)) for a given | (z))
is not necessarily deterministic (since compression and decompression might involve quantum
measurements, which generally have random outcomes). See Fig. 9.3 for an illustration. How
could we go about solving this problem?

Let’s first discuss some salient points of this setup. As discussed in Chapter 7, any ensemble
such as {pz, [1z)} has a corresponding density operator p = > py |¢z) (¢¥2|. In our case, it
describes the average output of our quantum source. It is not hard to see that the density operator

74



corresponding to the ensemble {p(x), |¢(x))}, which describes n outputs of our quantum source,
is given by

®n
P = (pr [¢z) <¢z|> = p(@) [h(@)) ((z)| (9.6)

It is useful to think of p®" as the quantum version of an i.i.d. probability distribution (i.e., a
probability distribution of n random variables that are independent and identically distributed).
At a fundamental level, quantum information theory often reduces to questions about the
asymptotic behavior of a large number of independent copies of a density operator p, i.e., in p&"
for large n (the so-called i.i.d. limit), similarly to what we saw for the classical coin above.

Like any density operator of a single qubit, p has two eigenvalues which we might denote by
{p,1 — p}. We stress that the states |1,) emitted by the source need not be orthogonal. This
means that we cannot simply perform a measurement to figure out the sequence of quantum
states emitted by the source, but also that the eigenvalues {p,1 — p} of p need not have anything
to do with the probabilities {p, } of the different states in the ensemble. For example, the density
operator 3 (|0) (0] + [+) (+]) has eigenvalues around {85%,15%}. From this perspective, it is not
clear that p should have any significance for the compression task!

To make progress, remember that the central idea to solve classical data compression was
that there was a relatively small number of typical sequences that occurred most of the time. In
the quantum case, bits get replaced by qubits, so this suggests that we should try to look for
a “small” subspace H,, C (C?)®" such that “typical” states |1)(z)) have high overlap with this
subspace. Let us identify on more formal level what properties this subspace should satisfy by
studying the following proposal for a compression protocol:

Quantum data compression protocol: Let H, C (C?)®" with projector P,.

e Alice performs the projective measurement {F,,I — P, }. If the outcome is the latter,
she sends over an arbitrary state |¢)(x)).

e Otherwise, the post-measurement state in Alice’ laboratory is

Pl
S AT I

e Since this state lives in subspace H,, only, Alice can send it over to Bob by sending
roughly [log(dim H,,)] qubits.

e Bob receives the state [¢)(z)) and uses it as the decompressed state.

Remark 9.4. In step one, we send over an arbitrary state when the measurement does not
“succeed” — this is not a problem since we will anyways need to inspect the average overlap
squared (9.5) with the desired state. Instead, Alice could also simply fail and stop the protocol
when the measurement does not succeed, just as in our classical compression protocol. Can you
see how the analysis below needs to be adjusted in this case? (Exercise 7.1 could be useful.)

Remark 9.5. It might not be directly obvious how Alice and Bob can actually send over the
state in the last part of the protocol. Clearly, dim(#,) < dim(C?)®@Mes(dim#)] 5o certainly
m := [log(dim #H)| qubits provide enough degrees of freedom. In practice, our two protagonists
would decide on a unitary

U: (@2)®n N (@2)®n _ (@2)®m ® (@2)®(n—m)
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such that any state in H,, gets mapped to a state into the subspace (C?)®™ ® [0...0).

In order to send over the post-measurement state, Alice would first apply U and send over
the first m qubits to Bob. Upon receiving the state, Bob adds the |0...0) back in and applies UT.
It is clear that in this way he ends up with the state |¢(z)) in his laboratory.

Let us analyze the compression protocol to determine the properties that the subspace H,
should satisfy. Clearly, the compression rate that it achieves is

log(dim H,,) <1

f— )

n

so we would like to minimize the dimension of H,,. We will now analyze when the average overlap
squared is close to one, as in (9.5): First, let us denote by

q(x) := Pry(g)(outcome Pp) = ((@)|Pult)()) = tr[|¢(2)) (Y(2)] Pl (9.7)

the probability of passing the first step of the protocol if the state emitted by the source is |¢(x))
(we used Born’s rule). Then,

> p(@) B || ()5 (@)

B . " Pn’d}(a:)) 2
- 3t [l g+ ]
> Soie) ol ]

2

7

In the second line, “...” stands for the term that corresponds to the case where we abort after
the first step; we simply lower bound this term by zero. The last step is Jensen’s inequality for
the (convex) square function. But note that

Y p(@)a(a) =Y p(@)tr[lv(@) ()| P = tr [p°" P]

where we used Egs. (9.6) and (9.7). Thus, we need that tr [p®"Py] &~ 1 in order for the
compression protocol to achieve high fidelity in the sense of Eq. (9.5).

We thus obtain the following important result: Quantum compression is possible at rate R if
we can find a sequence of subspaces H,, C (C?)®", with projectors P,, such that

(a) tr[p®"P,] — 1,
(b) Llog(dimH,) < R.

76



Such subspaces are called typical subspaces, in analogy with the typical sequences in the classical
case. Note that this condition only depends on the quantum data source in a weak way, namely
through the density operator p. In particular, our compression protocol will work for every
ensemble described by this density operator.

Tomorrow we will discuss how to construct typical subspaces that allow us to compress
arbitrarily close to the optimal asymptotic rate. This rate will again be an entropy — namely, the
so-called von Neumann entropy of the density operator p.

Exercises

9.1 Fannes inequality:

. . 1
(a) Consider the function n(z) = —xlogx. Show that, for [p —¢| < 3,

In(p) —n(a)l < n(lp —ql), (9.8)

(b) Conclude that the binary entropy function h(p) = —plogp — (1 — p) log(1 — p) satisfies
the following inequality, which is a special case of the so-called Fannes’ inequality:

|h(p) — h(q)] < h(lp —ql)

9.2 Classical data compression: In this exercise you will show that the Shannon entropy
h(p) = —plogp — (1 — p)log(1 — p) is the optimal compression rate for the coin flip problem
discussed in class. Assume that Alice compresses her random sequence of n coin flips
by applying a function &,: {H,T}"* — {0,1}"%] and Bob decompresses by applying a
corresponding function D,,: {0, 1}"E — {H, T}

(a) Which are the coin flip sequences that are transmitted correctly? Find an upper bound
on their cardinality in terms of R.

(b) Show that, if R < h(p), then the probability of success tends to zero for large n.
Hint: Distinguish between typical and atypical sequences of coin flips.

9.3 Universal classical data compression: Given R > 0, construct a data compression
protocol at asymptotic rate R that works for every classical data source that emits bits with
probabilities {p, 1 — p} such that h(p) < R.
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Chapter 10

Construction of typical subspace,
compression and entanglement

Yesterday, we discussed the compression of classical and quantum data sources. Let us briefly
revisit the results. We first studied classical data sources that emits bits (coin flips) with
probabilities p and 1 — p and found that the optimal compression rate is given by the Shannon
entropy h(p) = —plogp — (1 — p)log(1 — p). To achieve this, we restricted our consideration to
typical sequences b =by...b, € {0,1}", with k = n(p £ ¢) zeros (heads) for some fixed £ > 0.
By the law of large numbers,

Pr(b typical) — 1, (10.1)

and we found that there were at most
Z 2nh(k/n) < (n+ 1)2n(h(p)+a’) (10_2)

ki) £ —pl|<e

typical sequences, and this is what led to a compression rate arbitrarily close to h(p) for sufficiently
small € and large n.

We then considered quantum data sources, specified in terms of some ensemble with cor-
responding density operator p = Y pg [tz) (¥z|. Our main result here was that in order to
compress at rate R, we wanted typical subspaces H, C (C?)®", with projectors P,, such that

(a) tr[p®"P,] — 1,
(b) Llog(dimH,) < R for large enough n.

The first condition can be interpreted as requiring that typical states emitted by the source have
high overlap with the subspace P,,, and the second condition states that the compression protocol
will use no more than nR qubits to compress n samples of the source.

10.1 Construction of typical subspaces

How should we go about constructing such typical subspaces? A natural approach is to take the
spectrum decomposition of p,

p=pldo) (g0l + (1 —p) |d1) (1],
and define

Hy, = span{|pp,) @ ... ® |¢p,) : b€ {0,1}" a typical sequence}
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where we include only basis vectors corresponding to typical bitstrings for a classical data source
with probabilities {p,1 — p}.

This is a natural definition, since the vectors |¢p, ) ®...® |¢p, ) is the eigenbasis of p®", which
makes it easy to evaluate the trace tr[p®"P,]:

Pl = 3 (G @ @ [0 © . @) = S pPUS(L—p)#TS
b typical b typical

= Pr(b is typical) — 1.

In the third step, we recognized the probability of the classical data source emitting a typical
sequence, which goes to one according Eq. (10.1)!

We still need to bound the dimension of these subspaces. But clearly dim(#,,) is just the
number of typical sequences, so it follows from Eq. (10.2) that

_ log(n+1)

h "
- + h(p) + ¢

1
—log(dimH,,) < R:
n

As discussed below Eq. (9.4), the first term goes to zero for large n and we can make the third
term arbitrarily small by choosing € small enough. Thus we have construct typical subspaces that
allow us to compress a quantum data source at a rate R arbitrarily close to h(p). In Exercise 10.1
you will show that this is the optimal rate.

To summarize: Quantum data compression is possible at an asymptotic qubit rate arbitrarily
close to the von Neumann entropy

which is simply the Shannon entropy of the eigenvalues of the density operator. We can also
write

S(p) = —tr[plog p]

using the matrix logarithm. The rate S(p) is also optimal. This important result is due to
Schumacher (as well as the result in the next section). As mentione last time, the quantum data
compression protocol that we described last lecture works for all quantum sources described by
the density operator p.

Again, we may ask about the symmetries of the quantum data compression problem. Instead
of relabeling zeros and ones, we could perform an arbitrary unitary transformation U on the
states emitted by the source. Such a transformation is reversible and hence should not impact
the compression rate. Indeed, S(p) = S(UpU"), since the von Neumann entropy only depends
on the eigenvalues of the density operator. But, again, our compression protocol breaks these
symmetries because the subspaces H,, refer explicitly to the eigenbasis of p. This means that
we cannot we apply a protocol constructed for a source described by p to a source described
by UpUT and expect that it works with high fidelity. We had a similar issue in the classical case
and found an easy fix. In the quantum case, it is less obvious what to do.

Next week, we will undertake a more careful study of the symmetries of (C2)®" and of p®"
and overcome this challenge. This will not only allow us to construct a universal compression
protocol, but also solve other problems of interest. Specifically, it will allows us to estimate
the estimate the eigenvalues of an unknown density operator, the corresponding von Neumann
entropy, and, finally, the entire density operator.

80



ni2

qub'ﬂs

" over to Bob at qubit rate
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Figure 10.1: Alice wants to send half of her entangled states |V 45
R.

10.2 Compression and entanglement

At a high level, compression is about minimizing communication. There are other situations
in which we would like to minimize communication, such as in the following task: Suppose we
start out with a large number of copies of a bipartite pure state W p) € Ha @ Hp. Alice would
like to transfer her A-systems (which we assume are qubits) over to Bob by sending a minimal
number of qubits. Importantly, they would like to preserve all correlations with the E-systems,
but neither Alice nor Bob have access to the E-systems, but they belong to another party (or
the “environment”) that we will call Eve. See Fig. 10.1 for an illustration.

We will call this task quantum state transfer (sadly, this term is usually used with a different
connotation). It is often referred to as Schumacher compression. Thus, if |TZ>AnEn is the state
after compression and decompression, we would like that

) anpn ~ [Wag)™"
(say, on average).

Since our goal is to preserve the correlations, we might intuitively expect that the more
entangled the states |¥ 4p) are, the more communication will be required. Indeed, suppose that
Wag) = |¥), ®|V)y is a product state. In this case, Alice needs not send over any quantum
information at all, since Bob can simply prepare the pure state |¥) on his side. However, if
| 4E) is entangled then it is not hard to see that communication will be required. (Any state
that Bob prepares on his end alone will necessarily be in a tensor product with Eve’s state.)

Interestingly, quantum state transfer can be implemented by a protocol that is very similar to
our quantum data compression protocol. The key idea is to use typical subspaces for the reduced
density operator

pa=trp[|Vag) (Yagp]

and we describe the protocol next:

Protocol for quantum state transfer: Let H,, C (C%)®" be typical subspace, with
projectors Py .

e Alice performs the projective measurement { Py, [an — Pay}. If the outcome is the
latter, she signals failure.

e Otherwise, the post-measurement state is

(Pan ® Ign) |Wagp)®"
[(Pay ® Ign) |V ap)®"|

[ann) = € Han @HE".
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e Alice sends over her subsystem H 4, using approximately nS(pa) qubits (see Theo-
rem 9.5 for ).

It is straightforward to analyze this protocol. Using Born’s rule, the probability of passing
the first step of the protocol only depends on the reduced density operator and is given by

Pr(success) = (V4% |Pa, @ Ign |[UGE) = tr[pF" Pa ) — 1, (10.3)

since the P4, are projectors onto typical subspaces for p%n. And assuming we did not fail in
the first step, the overlap between the post-measurement state and the target state is given by

Papn ® Ign) |V ap)®" 2= (OG5 Pan ® Tpa WG ?

- (
(TG anpn)? = (T ap|®" =
F [(Pan ® Ipn) [W55) 12

[(Pan @ Ign) [Wap)®"|
= (W% Pan ® Ipn|Uap)™" = tr[p§" Pan] — 1

where the last step is the same calculation as in Eq. (10.3)!

To summarize: Alice can transfer her system to Bob at an asymptotic qubit rate that can
be arbirarily close to S(p4). This quantity is often called the entanglement entropy of the pure
state | U 4g), denoted

Sp(¥) == S(pa) = S(pE).
Here we used that S(pa) = S(pg) as a consequence of the Schmidt decomposition (see Eq. (7.5)).

Remark 10.1. The notation here is very unfortunate — the E in Sg is short for “entanglement”
and not for Eve’s system. E.g., for a state |®4p5) we would write Sg(®) = S(pa) = S(pB)-

Example 10.2. If |V 4g) =(0) 4 ® |0) ; then Sg(¥) = 0 — as it should be, given our discussion
above. If |W4p) = % (100) 45 + [11) 4 5) is the ebit state, however, then Sg = 1, which means
that Alice has to send qubits at a trivial rate of 1 qubit/qubit — in agreement with our intuition
that the ebit is a maximally entangled state.

We thus obtain a second operational interpretation of the von Neumann entropy: It not
only characterizes the optimal quantum compression rate for a quantum data source, but it
also characterizes the minimal rate of qubits that we need to send when transferring part of a
bipartite pure state.

The state transfer problem is a special case of the more general (and more difficult) problem
of quantum state merging, where the receiver already possesses part of the state. We might have
a peek at this in the last week of class.

Remark 10.3. It is possible to show that any protocol for the state transfer task can be used to
compress arbitrary quantum sources described by the density operator p4.

10.3 Entanglement transformations

At the end of this lecture, we briefly talked some more about entanglement more generally. For
pure states, |V ap) # [¥4) ® |¢p) means that the state is entangled. But how can be compare
and quantify different states in their entanglement? One approach is to assign to each state
some arbitrary numbers that we believe reflect aspects of their entanglement properties — e.g.,
the entanglement entropy Sg from above, the largest eigenvalue of the reduced density matrix
from Exercise 8.1, or simply the collection of all eigenvalues of pg or pp (sometimes called the
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entanglemen spectrum). Yet, this approach might perhaps seem somewhat ad hoc and so is (a
priori) not completely satisfactory.

A more operational approach would be to compare two states |®4p) and |V 45) by studying
whether one can be transformed into the other: What family of operations should we consider
in such a transformation? Since our goal is compare entanglement, we should only allow
for operations that cannot create entanglement from unentangled states. We already briefly
mentioned such a class of operations in Theorem 8.4. It is LOCC, short for Local Operations
and Classical Communication. Here, we imagine that Alice and Bob each have their separate
laboratory and we allow the following operations:

e Local operations, i.e., arbitrary quantum operations that can be done on Alice’ and Bob’s
subsystems. We allow any combination of unitaries, adding auxiliary systems, performing
partial traces, and measurements.

e (lassical communication, i.e., Alice and Bob are allowed to exchange measurement outcomes.
Thus, Bob’s local operations can depend on Alice’s previous measurement outcomes, and
vice versa.

Thus we are interested in whether
Locc
|\I/AB> — ’(I)AB> .
If yes, then we could say that |¥ 4p) is at least as entangled as |®4p) — indeed, the former is as
useful as the latter for any nonlocal quantum information processing task, since we can always
convert first |¥ 4p) into |® 45) when required.

Remark 10.4. Note that the setup here is very different from quantum data compression —
there, we wanted to minimize the amount of quantum communication sent. Here, we do not
allow any quantum communication, and classical communication comes for free.

The ezxact interconversion problem for pure states was solved by Nielsen. However, there are
many parameters — namely all the eigenvalues of p4 and of pp matter. It turns out that the
asymptotic theory simplifies tremendously, and we will very briefly discuss the main results.

The key idea is to reduce the problem to studying the conversion between a given state |V 4p)
and a single resource state (a “universal currency” of entanglement of sorts). This resource state
is the ebit state |®1) = % (100) + [11))!

Thus we are interested in the following two problems: First, given n copies of a state |V 4p),
convert them by LOCC into as many ebits as possible:

[Wap) " O e o)

Just as in the case of data compression, we are interested in the maximal rate R that can be
achieved with error going to zero for n — oo. This is called the distillable entanglement Ep(¥)
of the state |¥4p).

Second, given as few ebits as possible, convert them by LOCC into n copies of |U 4p):

>®Rn L%C

|‘1)+ ~ ’\IJAB>®n

Here we are interested are interested in the minimal rate R that can be achieved with error going
to zero for n — oo. This is called the entanglement cost Ec (W) of the state |W4p).

It is intuitively plausible that Eq(V) > Ep(¥), i.e., that we cannot “create entanglement
out of nothing”. The main result of the theory is the following: The entanglement cost and the
distillable entanglement are equal, and given by the entanglement entropy discussed above!

Ec(V) = Ep(¥) = Se(¥)
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Remark 10.5. You might wonder how the above story generalizes to mixed states pap. It
turns out that in this case the entanglement theory is much more complicated. We already saw
hints of this in Section 8.2 where we mentioned that even deciding whether a given state pap is
separable or entangled is in general an NP-hard problem. In addition, while the same definitions
can be made as above, there are many new phenomena. For example, in general we have that
Ec(p) > Ep(p), meaning that the conversion via ebits is in general asymptotically irreversible!
In fact, there are entangled mixed states states such that Ec(p) > 0 while Ep(p) = 0. We call
them bound entangled states — these are states that are entangled but no ebits can be distilled
from them!

Exercises

10.1 Quantum data compression: In this problem you will show that there cannot exist typical
subspaces with rates smaller than the von Neumann entropy. Thus, let p be a density operator
on €2 and H,, C (C?)®" an arbitrary sequence of subspaces, with corresponding projectors P,
such that dim(H,,) < 2" for all n. Show that either R > S(p) or tr[p®"P,] — 0.
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Chapter 11

Representation theory of U(2) and SU(2)

MW: Move this chapter to Chapter 127 MW: Let’s give a proof that any irrep is of
the indicated type. MW: Let’s also discuss the action of U(2), not just of SU(2).

Last week, we learned the basic concepts of group representation theory (Chapter 5) and
we proved that the symmetric subspaces are irreducible representations of SU(2) (Chapter 6).
Today, we will discuss how the symmetric subspaces fit in the representation theory of SU(2)
more generally, and we will discuss how to decompose an arbitrary representation of SU(2) into
irreducibles.

11.1 Representation theory of SU(2)

We start by introducing some notation. For reasons that will become clear soon, it will be
convenient to use k instead of n. So we will write Symk((DQ) for the symmetric subspace of the

k-th tensor power. Let us also denote by T((]k) the restriction of Ty = U®* to the symmetric

subspace. That is, Tl(,k) is given by the same formula U®* but we only plug in vectors in
the symmetric subspace and remember that the result will automatically by in the symmetric
subspace. For k = 0, we define Sym®(C?) = C as the trivial representation, with T ((]0) = [. Thus,

the Hilbert space Sym*(C?) together with the operators {T[(Jk)}UEsU(Q) defines a representation
of SU(2), and it is this representation that we proved to be irreducible in Chapter 6.

A basic question in the representation theory of any group is to ask about the possible
irreducible representations, up to equivalence. For the group SU(2), one can show that every
irreducible representation is equivalent to a symmetric subspace (we will not prove this fact).
MW: It would be nice if we did! That is, if H is an arbitrary irreducible representation of
SU(2), with corresponding operators { Ry}, then there exists £ > 0 and a unitary intertwiner
J: H — Sym*(C?) such that

JRyJ =T wU esu).

We will abbreviate this situation by the notation H = Sym*(C?) and Ry = T, ((]k) introduced last
lecture. Moreover, the symmetric subspaces are inequivalent for k # [, i.e., Sym*(C?) 2% Sym!(C?).
This follows directly from the fact that dim Symk(@2) = k + 1, so there cannot be a unitary map
between different symmetric subspaces.

To summarize, any irreducible representation H of SU(2) is equivalent to exactly one of the
symmetric subspaces Symk((DQ), up to equivalence, and can therefore by labeled by an integer k.
We can determine k directly from the dimension formula as k¥ = dim H — 1. You may know from
your quantum mechanics class that the irreducible representations can also be labeled by their
spin j, which is a half-integer. As you might expect, the connection is precisely that j = k/2.
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Let us discuss some examples. A good source of SU(2)-representations are the various tensor
powers of €2, i.e., (C?)®", so this is what we shall consider. For n = 0, we have the trivial
representation

(€)% = Sym°(C?),
and for n = 1, we have
(@2)@1 _ Syml((DQ) — @2

so this is again irreducible (and not very interesting). The first interesting examples is n = 2,
since here we know that (C?)®? is not irreducible. In fact:

L
(C*)*?=CeC=Sym*(C*) & C|¥7),

where |U7) = \/g(]10> —]01)) is the singlet state. Both summands are the irreducible — the
former because it is a symmetric subspace, and the latter since it is a one-dimensional invariant
subspace. Which symmetric subspace is the latter isomorphic to? Clearly, this must be the
one-dimensional Symo((DQ). To see this more concretely, recall that in Exercise 3.5 you showed
that

(U@ U) [0 = det(U) | &™)

for all unitaries U. If U € SU(2) then det(U) =1, so |¥~) spans indeed a trivial representation.
We can summarize this as follows: As representations of SU(2),

C? ® €2 = Sym?(C?) @ Sym’(C?). (11.1)

Is there a systematic way of decomposing higher tensor powers (C?)®" for n > 2? We will discuss
this next.

11.2 Decomposing representations of SU(2)

In fact, let us consider a more general question: Suppose we are given an arbitrary SU(2)-
representation H, with operators {RU}UGSU(Q). We know that we can always decompose a
representation into irreducibles, so that

H = Sym™ (C?) @ Sym™ (C?) @ ... @ Sym" " (C?),

but how can we determine the numbers k1, ..., k;, that appear? In other words, how can we
figure out how many times a certain irreducible representation Symk(@2) appears in H? We can
solve this by a similar procedure as we used last time in class. Start by defining the operator
Tz = —i0s=0 [Resz] . (11.2)
Note that e*? = (665 e,ois) € SU(2), so this definition makes sense assuming Ry is differentiable
as a function of U. In general, the operator r; will always be Hermitian. (As mentioned in the
previous lecture, this definition can be understood more conceptually in terms of the action of
the Lie algebra of SU(2).)
For example, if H = (C2)®" with Ry = U®", thenry = Z = Z@I®...01+  +I1®...QI0Z
in the notation of yesterday’s lecture, which was one of the ingredients for proving that the
symmetric subspaces are irreducible. In particular, we proved that the operator Z preserves the

86



(k)

symmetric subspace. Let us denote its restriction by ¢,,”. Yesterday, we proved that each of

the basis vectors |wy, x—m) for m =0,..., k are eigenvectors of tgﬁ), with associated eigenvalue

2m — k. Thus, the operator tgc)

one.

has eigenvalues {—k, —k +2,...,k — 2, k}, each with multiplicity

Now assume that # is irreducible and equivalent to some Sym*(C?) by a unitary intertwiner
J: H — Sym®*(C?). Then,

Jrgdt = —ids_g [JRezsz gt } — —iBsp [T(k) } =),

ersZ

and so we see that rz has likewise eigenvalues {—k, —k +2,...,k — 2, k}, each with multiplicity
one.
How about the general case, where

H = Sym™ (C?) @ Sym* (C?) @ ... @ Sym* (C?)

? Here we have a unitary intertwiner J such that

T
(k2)
T,
JRyJ' = v
)
and hence
¢
t(kQ)
JryJh = i
)

for the same reason as above. It follows that the eigenvalue spectrum of rz is given by the
multiset

{—k‘l,—kl—l-Q,...,kl—2,]€1}|_|{—k22,—k‘2+2,...,k2—2,]{32}U-~'|_|{—km,—]€m+2,...,km—2,k‘m}.

It is not hard to see that one can inductively reverse-engineer the numbers ki, ko, . . ., ky, from
this multiset: Start by taking the largest number; it must be one of the k;’s. Remove the
corresponding {—k;, —k; +2,...,k; — 2, k;} from the set, and repeat the procedure. Let us discuss
some examples.

First, we can use this to reprove the decomposition in Eq. (11.1). Here, H = C? ® C? and
r;=2=2I+1®Z as explained above. Thus, rz is diagonal in the computational basis
and the eigenvalues of rz are

{2,0,0,—-2} = {2,0,—-2} U {0}.
This decomposition makes it clear that
(CH®2 = €% ® €2 = Sym?(C?) @ Sym°(C?), (11.3)
which confirms our previous decomposition.
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Next, let us consider H = C2@ C2@ C2, where 1y = Z = ZQI@ I+ 102 1+11® Z.

Here the eigenvalues are
{3,1,1,1,-1,-1,-1,-3} ={3,1, -1, -3} LU {1, -1} L {1, -1},
which implies that
(C*)®3 = C? ® C* ® C? = Sym*(C?) @ Sym' (C?) & Sym' (C?). (11.4)

At least in principle it is now clear how to proceed for arbitrary tensor powers (C?)
However, the counting gets more involved the larger n, so it is desirable to figure out an inductive

way of computing this decomposition. The basic problem that we have to solve is the following.

Suppose that we have an irreducible representation Symk(®2) and we tensor it with an additional
qubit €2, i.e., we consider the representation

H=Sym"(C)or? Ry =TFeU
How does it decompose into irreducibles? The answer is the following:

Sym*H(C?) @ SymF~1(C?) ifk >0

11.5
C? if k=0. (11.5)

1 = Sym*(C?) @ €2 = {

To confirm this formula, note that r; = t(Zk) ® I+ 1 ® Z, so that the eigenvalues are

{(~k+1,-k+2+1,.. . k—2+1kt1}={—(k+1),—~(k—1),...,k—Lk+1}U{—(k—1),...

the second set is empty if £ = 0. See Fig. 15.3 for an illustration.

Equation (11.5) is as special case of the so-called Clebsch-Gordan rule that you might know
from a quantum mechanics class. It tells you more generally how to decompose Symk(®2) ®
Syml(@z). We will not need the general result but it can be proved just like above.

Let’s quickly check that Eq. (11.5) reproduces the same results that we derived above. We
start by

(C?)®? = Sym!(C?) ® €? = Sym?(C?) @ Sym"(C?).

The last step is using the Clebsch-Gordan rule and the result is in agreement with Eqgs. (11.1)
and (11.3). Next, we decompose the third tensor power by tensoring with an additional qubit:

(C?)®3 = (C*)*? @ C? = (Sym?(C?) @ Sym’(C?)) ® C?
(sym (C?) ® C?) @ (Sym"(C?) ® C?)

~ (Sym*(C?) @ Sym' (C?)) @ (Sym'(C?))

= Sym3(C?) @ Sym!(C?) @ Sym!(C?),

12

I

which confirms Eq. (11.4). Here we first used the two-qubit result, then the distributivity law,
and finally the Clebsch-Gordan rule. Similarly,

(C*)®* = (Sym*(C?) & Sym'(C?) & Sym'(C?)) ® C?
=~ Sym?*(C?) @ Sym?(C?) @ Sym?(C?) @ Sym?(C?) @ Sym?(C?) @ Sym?(C?).

It is now clear how to decompose (C2)®" for arbitrary n in an inductive fashion. We will use
this to great effect in two weeks in Chapters 12 and 13. There, we will also learn how to extend
our considerations from SU(2) to U(2).
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Chapter 12

Spectrum estimation, i.1.d. quantum
information

Today, we will start developing some new machinery for working with i.i.d. copies of a quantum
state, i.e.,

PP on (€

where p is an arbitrary density operator.

12.1 Spectrum estimation

Our motivation throughout today’s lecture will be the following estimation problem: We would
like to estimate the eigenvalues of an unknown density operator p, given n copies p®". That is,
if p1 > -+ > pq denote the eigenvalues of p then we would like to define a measurement {Q;}
such that, when we measure on p®", we obtain outcomes p; > --- > py that are a good estimate
for the true eigenvalues, as illustrated below:

@0 —] \ A BN % Lo PR e
S —] (778 {PAI- (P g@(\ma&g

This task is known as the spectrum estimation problem and it was first solved by Keyl and
Werner [KWO01]| (cf. [CMO6]). It is an easier problem than estimating the full density operator p,
and it allows us to focus on the key difference between pure and mixed states — their eigenvalue
spectrum. As a direct corollary, we will be able to estimate the von Neumann entropy S(p) of an
unknown quantum source (since this is a function of the eigenvalues only). We will spend the
rest of today’s lecture solving the spectrum estimation problem.

The tools that we will develop in the course of solving this problem will be prove useful for
working with asymptotic quantum information more generally. In Chapter 13, we will use them to
construct universal typical subspaces, which work for any density operator p with given spectrum.
This will allow us to derive universal protocols for quantum data compression and quantum state
transfer — the two problems discussed last week in Chapters 9 and 10. In Chapter 14, we will
also see how one can estimate an arbitrary unknown quantum state p from p®", thereby solving
a task that is also known as quantum state tomography.
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Symmetries of the spectrum estimation problem

If p is a quantum state on C? then the state p®" is a quantum state on (C?)®". As discussed
in Theorem 5.2, this space is a representation for two groups: (i) the permutation group S,,
with representation operators R, and (ii) the unitary group U(d), with representation operators
Ty = Uen,

Now, the operator p®" is permutation-invariant as defined last time, i.e., it commutes with
permutations:

[Rr, p®"] =0
for all # € S,,. We can verify this explicitly on a product basis:

R p®"|x1,...,2) = Ry (ple)) @...Qplan)) = plr,—1)@...Q plre—1)
= pP"(|2p-1) @ ... ® |xp-1)) = P Ry |21, ..., Tp) .

Remark 12.1 (Warning). Only when p = [) (3| is a pure state is p®* = [¢)®" (1)|®" an
operator on the symmetric subspace. We explored this at lengths in Chapters 4 to 6, 8 and 11.
However, as soon as p is a mixed state, this is no longer the case! A simple example is the
maximally mixed state 7 = I/d. Clearly, 7" = I /d" is supported on all of (C%)®".

On the other hand, p®™ in general does not commute with the action of the unitary group:
U®np®nUT,®n — (UpU’[)®n

which amounts to replacing p — UpU'. This operation changes the eigenbasis, but leaves the
eigenvalues the same. In other words, while the permutation symmetry is a symmetry of the
state p®" the unitary symmetry is a symmetry of the problem that we are trying to solve! This
suggests that both symmetries should play an important role, and it prompts us to investigate
the representation (C¢)®™ more closely.

12.2 Warmup: The swap test

Suppose we are just given two copies of the unknown quantum state, i.e., p®2. This is a density
operator on

()92 = Sym2(@h) @ N\ (€9).

Both the symmetric and the antisymmetric subspace are irreducible representations. (for the
symmetric subspace, we discussed this in Chapter 6; the antisymmetric subspace can be treated
completely analogously).

The permutation group S has just two elements: the identity permutation and the nontrivial
permutation m = 1 <+ 2. The operator corresponding to the latter is known as the swap operator

F=Risy=> l|a,b)(bal.
a,b

which you will recognize from Exercise 8.4. It commutes both with the action of U(d) (since
we know that [U®", R;] = 0 for all U and 7) as well as with the action of Sy (any operator
commutes with itself and with the identity matrix). Since the projector onto the symmetric
subspace can be written as Iy = %(I + F), it follows that the projective measurement

{Pl = HQ, Po =1 — ]._.[2}
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Figure 12.1: By measuring {P;, Py} on N = n/2 independent copies of p®2, we can estimate the
purity of the quantum state via Eq. (12.1).

likewise commutes with the actions of U(d) and Sz — so we have identified a projective measurement
with the desired symmetries!

Note that F' = P, — Py is just the spectral decomposition of the swap operator. Using Schur’s
lemma as in Exercise 7.4, you can verify that there is no more fine-grained measurement with
these symmetries.

Is the measurement {P;, Py} at all informative? To see this, we calculate the probability of
the “1” outcome:

(1 +trp )

Pr 52 (outcome 1) = tr [p L] = tr [ - (I+ F)} (1+tr [p®%F]) =

l\J\
l\.')\

where we used the “swap trick” tr[F(c ® )] = tr[o7y| from Exercise 8.4 in the last step. The
quantity tr p? is called the purity of p, since it is equal to 1 only if the state p is a pure state
(Exercise 7.2).

The important point, however, is that since p has eigenvalues p1, ..., pg then tr p? = Zle p?,
S0

Pr 2 (outcome 1) <1 + sz)

and we conclude that this simple measurement already allows us to learn something nontrivial
about the eigenvalues of p. It is also known as the swap test. Note that for qubits (d = 2) the
swap test provides a complete solution (since p; + p2 = 1 we can determine p; and po =1 — py
from tr p? = p? + p3)!

Just to be perfectly clear about the interpretation of this result: When performing the
projective measurement { Py, Py}, the measurement outcome is either 1 or 0. Only when repeated
N times on independent copies of p®2 will we find that

outcome=1
7 ~ ;i ~ Pr 2 (outcome 1) (1 + Zpl> (12.1)
up to error O(1/+/N). Thus we only obtain a good estimate when we apply the swap test to a
number N of pairs p®2, i.e., when given p®" for large n = 2N (Fig. 12.1).

While the swap test is perfectly fine for the purposes of estimating the purity, it is somewhat
unsatisfactory in two regards: (i) it only works for d > 2 and (ii) measuring on “blocks of p®2”
breaks the permutation symmetry of the problem.

In the following, we will discuss a different solution which fully exploits the symmetries of the
problem and generalizes readily to any d. Along the way we will discover some important tools
that will have further application in the remainder of this course. For simplicity, we restrict to the
case of qubits (d = 2) since we studied the representation theory of SU(2) before in Chapter 11.
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12.3 Decomposing the n-qubit Hilbert space

We start by decomposing the Hilbert space of n qubits into irreducible representations of SU(2).
From Section 11.2 we know that

(€)®" = SymM (C?) @ Sym** (C?) @ ... ® Sym* " (C?)
for certain integers ki, ..., kp, > 0 that we still need to determine (one of them should be k; = n,

corresponding to the symmetric subspace Sym”(C?) C (C?)®"). It is convenient to repackage
this in the following way:

(62)®n ~ @ Symk(®2) ... Symk(®2) ~ @ Symk((DQ) ® Qm(nk)

k m(n, k) times k

In the first step, we reordered the symmetric subspaces according to their type (k), and in the
second step we used that, for any representation H, H @ C™ = H @& ... ® H (m copies). Just to
be sure that you remember: The above notation means that there exist unitary intertwiners that
map the representation operators as follows:

vz @ (1P e...on?) =Py e omb = Ty ® Igmo
k k

Importantly, the above considerations only hold for U € SU(2). How about a general unitary
U € U(2)? In this case, U/vdet U € SU(2), so it is easy to deduce the action. We find that

n/2 U on
U®" = (det U) ( Al U)

~ (det U)"* P T(kd)U @ Ty = (det )" @ (et U) 2T @ Ly
oo Vet k
n— k
=P (et U)" PR TP o105,
g ::Tl(]n’k)

Here we used that, since T[(]k) is given by the restriction of U®¥ to the symmetric subspace, it is
homogeneous of degree k in U.
Let us write V,, j := Sym” (C?) for the symmetric subspace equipped with the operators

{T, ((Jnk)} This defines a representation of U(2) which is irreducible (since it is even irreducible
if we restrict to SU(2)). Importantly, V,, i % Vi if n # n’ (since in this case operators with
nonzero determinant will in general act in a different way).

Example 12.2. For n = 2, we have that
((DQ)®2 = Sym*(C*) & C V™) = Voo & Vay.

Indeed, Voo = Sym?(C?) as a U(2)-representation, while you showed in Exercise 3.5 that
(UU)|¥~) =det(U) |¥~); the latter is just the way that T[(JQ’O) acts on Vo .

92



We thus obtain the following decomposition of the n-qubit Hilbert space as a representations
of U(2):

(@2)®n ~ @ Vn,k ® (Dm(n’k),
k
U = T @ Ly s (12.2)
k

Note that both the left-hand and the right-hand side of Eq. (12.2) make syntactical sense for
arbitrary operators, not just for unitaries U. In fact, the equality is true for arbitrary operators!
We summarize this important fact: For every operator A on €2,

k
where
T = (det A) 02 TP, (12.4)

We will briefly sketch how Eq. (12.3) follows from Eq. (12.2). First, since the set of invertible
matrices is dense and both sides of the equation are continuous, we may assume without
loss of generality that X is invertible, so we can write A = e*™. Now parametrize M =
21 + 20X + 23Y + 247 by a complex vectors z € C*. Then both the left-hand side and the
right-hand side of Eq. (12.3) are holomorphic functions of z € C*. Note note that, for z € R*,
M is Hermitian, so e*™ is unitary, and hene Eq. (12.3) reduces to Eq. (12.2). But any two
multivariate holomorphic functions that agree on the reals must be equal — this concludes the
proof of Eq. (12.3). (Another approach would be to work with the groups SL(2) and GL(2)
throughout.)

In particular, we can apply Eq. (12.3) to density operators. We restate the resulting formula,
since provides us with a very useful normal form of an i.i.d. quantum state p®":

p®n = @Tp(n’k) ® Im(n,k)? (125)
k

We will use this momentarily.

12.4 Solution of the spectrum estimation problem

How does this help us to solve the spectrum estimation problem? Recall that we are looking for
a measurement that commutes with both the action of SU(2) and S,,. Let us write P, for the
orthogonal projection onto the k-th direct summand in Eq. (12.2). This seems like a plausible
candidate! Indeed, it is plain from Eq. (12.2) that P, ; commutes with the action of the unitary
group. Does P, also commute with the action of 5,7 Yes, this in fact follows from Schur’s
lemma — we will discuss this next time in a more general context. Thus, we have found the
desired candidate measurement!

Remark 12.3. Note that this measurement generalizes the swap test discussed in Section 12.2,
since for n = 2 we have that Py o = Il and Po g = I — IIs (see Theorem 12.2).

Remark 12.4. In physics terminology, the measurement {P, ;} measures the total spin j = k/2.
In your quantum mechanics class you might have discussed the quadratic Casimir operator of
SU(2) — this is an observable with eigenvalues proportional to j(j + 1/2), so it can also be used
to measure j.
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In the remainder of today’s lecture, we will analyze the projective measurement {P, j} on
p®™. That is, we would like to compute the probabilities

Pr en (outcome k) = tr [p%" Pk - (12.6)

Note that these probabilities remain unchanged if we substitute p — UpUT — this holds
because P, j commutes with U®™. Since we can always diagonalize p by a unitary, we may
therefore assume that p already a diagonal matrix,

p= (P . _p) (12.7)

withp>1—p,ie,p€ [%, 1]. Our goal will be to show that (12.6) is exponentially small in n
for most outcomes k — unless when we can obtain a good estimate of the spectrum from k. We
will later see that p := % (1 + %) will provide such an estimate.

In view of Eq. (12.5), we may compute the probability of measurement outcomes in the

following way:

tr [p®" Py i) = tr [Té”’k) @ I(nky| = m(n, k) tr {Té”’k)} , (12.8)

where we used that by definition P, projects onto the k-th direct summand. We will now
explain how to bound both factors in Eq. (12.8).

First we consider the number m(n, k), which we remember denote the multiplicity of V,, j, in
(C?)®". Equivalently, we can work with SU(2); then m(n, k) denotes the number of times that
Sym*(C?) appears in (C2)®". We discussed this problem already in Chapter 11 and saw that we
could solve this in a recursive fashion. The key ingredient was the Clebsch-Gordan rule (11.5),
which states that

Sym**t1(C?) @ Sym*1(C?) ifk>0

12.9
C? = Sym!(C?) if k=0, (12.9)

Sym*(C?) ® ©? = {

and this allowed us to successively decompose (C2)®":

(C*H®! = €% = Sym!(C?), so
(C?)®2 = Sym!(C?) @ €2 = Sym?(C?) @ Sym’(C?), so
(C*)®3 = (Sym*(C?) @ Sym"(C?)) ® €C* = Sym*(C?) & Sym'(C?) & Sym'(C?), etc.

E.g., for n = 3, we find that m(3,3) = 1 and m(3,1) = 2, while all other m(3,k) = 0.

This process is visualized in Fig. 12.2 and the general result is as follows: The multiplicity
m(n, k) of V,, . in (C?)®" is precisely equal to the number of paths from (0,0) to (n, k) in Fig. 12.2.
In particular, we see that m(n,n) = 1 (there is only a single path). Moreover, m(n, k) > 0 iff
n — k is an nonnegative even number (so that the exponent of the determinant in Eq. (12.4) is
always a nonnegative integer).

How can we estimate the number of paths? Any path can be specified by a sequence of in
total n “ups” and “downs”. If u is the number of “ups” then n — u is the number of “downs”.
Therefore, we must have that u — (n — u) = k in order for the path to end at (n, k). Thus,
u=(n+k)/2 is fixed and we see that there are at most ((n J:L) /2) many paths. (This provides
only an upper bound, because paths that go below zero are invalid.) As a consequence, we find
that

m(n, k) < <n’lk> < 205 = om0, (12.10)
2
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Figure 12.2: By iterating the Clebsch-Gordan rule, we obtain a decomposition of (C?)®" into
irreducible representations of U(2). The multiplicity m(n, k) is equal to the number of paths
from (0,0) to (n, k), where at each step we move to the right and either up or down (unless
k=0).

where we introduced

n+k 1 k 1
——(1+ %) et
2n 2(+n>€[2’]

The last inequality in Eq. (12.10) is precisley the upper bound (9.2) on the binomial coefficients
in terms of the binary Shannon entropy that we derived when compressing coin flips in Chapter 9.
Thus, the multiplicites m(n, k) grow at most exponentially, with exponent is given by precisely
by the binary Shannon entropy of p!

We still need to compute the right-hand side trace in Eq. (12.10). In view of Eq. (12.4), this
reduces to a trace over the symmetric subspace, which we can compute in our favorite basis (6.1):

k
tr 79| = (det p) "2 tr [T] = p=R/2(1 = )02 N (w0 e m)

m=0 ~

=pm(-p)tmspt o (12.11)
< (k‘ + l)p(n+k)/2(1 _ p)(n—k)/Z < (n+ 1)p(n+k)/2(1 _ p)(n—k)/Q
= (n + 1)27Plogp+(1-p)log(1-p))

For the underbraced inequality, we used that p = diag(p,1 — p) with p > 1 —p (Eq. (12.7)).
If we plug Egs. (12.10) and (12.11) back into Eq. (12.8) then we obtain the following bound
on the probability of outcomes:

Pron (outcome k) = tr [p*" P, ] < (n + 1)2-0@lp) (12.12)

where we have introduced the binary relative entropy

A~

(12.13)

. D . 1-
5(pllp) =plog2; + (1 —p)log .

The relative entropy is an important quantity in information theory and statistics. The point
now is that the relative entropy is a distance measure between probability distributions: It is
nonnegative and 6(p||p) = 0 if and only if p = p. (Note however that it is not a metric — e.g., it
is not symmetric under exchanging p <> p.) More quantitatively, you will show in Exercise 12.1
that the relative entropy satisfies the following inequality, a special case of the so-called Pinsker’s
wequality:

2

3(plp) = (B —p)? (12.14)
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As a consequence, the probability in Eq. (12.12) is exponentially small unless p ~ p!

This allows us to solve the spectrum estimation problem for qubits: Given p®™, perform the
projective measurement {P, }. Upon outcome k, output p := % (1 + %) as the estimate of the
maximal eigenvalue of p. Then:

Pr(lp—p|l>e¢) = Z Prp®n(outcome k) < Z (n + 1)2*715(13”10)

k:|p—p|>e k:|p—p|>e
2 2 2 2
< 3 (n+127mE < (0 122w
k:|p—pl>e

where we used Eqs. (12.12) and (12.14) and the fact that there are certainly no more than n + 1
possible values for k. The right-hand side decreases exponentially with n. This means that p = p
with very high probability. Success at last!

Remark 12.5. In Chapter 15, we will discuss how to implement the spectrum estimation
measurement concretely by a quantum circuit (see also Theorem 13.1).

Exercises

12.1 Pinsker inequality: Show that the binary relative entropy 6(p||¢) = plog % +(1—p)log 1_72
satisfies the following inequality, which is a special case of the so-called Pinsker inequality:

§(pllq) > %(p —q)?

Hint: Remember that logx = Inx/In2 is the logarithm to the base two.
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Chapter 13

Universal typical subspaces, Schur-Weyl
duality

Yesterday we solved the quantum estimation task by studying the symmetries of the problem.
We found that the n-qubit Hilbert space can be decomposed as

(€)= P Vos @ €N (13.1)
k

X" = (BT @ Ly (13.2)
k

not only for unitaries but in fact for arbitrary operators X on C2. We then considered the
orthogonal projections P, , onto the summands in Eq. (13.1). For large n, we found that if we
perform the projective measurement {P, ;} on p®" then

po= % (1 + i) (13.3)

provides a good estimate of p, the largest eigenvalue of the unknown density operator p. In
quantitative terms,

Pr([p— p| > €) < (n + 1)2279CIP) < (5 4 1)22 "m2%" (13.4)

where 0(p||p) denotes the relative entropy (12.13).

13.1 Universal typical subspaces and protocols

There is another interpretation of what we achieved above. For fixed ¢ > 0, consider the
orthogonal projection

Pyi= Y Pu (13.5)
k:|p—pl<e

on all summands & in Eq. (13.1) for which |p — p| < e (recall from Eq. (13.3) that we think of p
as a function of k). Then Eq. (13.4) implies that

tr [Pap®"] =1—Pr(jp—p| > ) > 1 (n+1)%27"m2 -1
for large n. This means that the H,, are typical subspaces!
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What is the corresponding rate? On the other hand, P, is a projector onto a subspace
H, C (@2)®n of dimension

dimH, = Y dim(Vo)m(n k) < Y. (k+1)2"0 < N (k4 1)2nt@e)
k:|p—pl<e k:|p—p|<e k:|p—pl<e
< (n + 1)22nh@)+e"),

The first inequality is Eq. (12.10) and in the second we used that [p — p| < € ensures that
|h(p) — h(p)| < &’ for some &’ that depends only on ¢ (and which can be made arbitrarily small
by choosing ¢ sufficiently small, by continuity of the binary entropy function). Thus, the rate
of the typical subspaces, %log dim H,,, is arbitrarily close to h(p) = S(p), the von Neumann
entropy of p. This is of course something that we already achieved in Chapter 10. But note
that the only input to the construction was p, as is plain from Eq. (13.5). This means that we
have constructed universal typical subspaces, which can be used for any quantum state whose
eigenvalues are {p,1 — p}!

As a direct consequence, we obtain universal protocols for quantum compression and quantum
state transfer that work for any quantum state with fixed spectrum. Simply take the protocols
in Chapters 9 and 10 and replace the typical subspaces used therein (which were constructed
in terms of the eigenbasis of p) by the universal typical subspaces constructed above! In fact,
one can even obtain compression protocols that, for a given target rate R, work for any qubit
source whose density operator satisfies S(p) < R (and similarly for quantum state transfer). You
discussed this in Exercise 9.3 for classical data compression, and you can work out the quantum
case in Exercise 13.1). This universality is one of the main advantages of the symmetries-based
approach.

13.2 Schur-Weyl duality

Let us discuss the mathematical machinery that we developed yesterday in some more detail.
Our start point is the decomposition (13.1) of the n-qubit Hilbert space as a U(2)-representation,
restated for your convenience:

(62)®n ~ @mG ® Cm(nik) (13.6)
k

X" = (BT @ Ly (13.7)
k

So far, the Hilbert spaces ©™(™k) were simply vectors spaces.

Remark 13.1. So far, we have simply argued on abstract grounds that the Hilbert space of n
qubits can be decomposed in the form (13.6). Here, the notation = means that there exists a
unitary intertwiner from the left-hand side to the right-hand side. But if we want to implement,
e.g., spectrum estimation in practice, we need to know what this unitary operator looks like. In
other words, we need to find a unitary operator that implements the transformation from the
product basis

|Z1, ..., Tn) = |71) ® ... ® |xy)

to a new basis (the “Schur basis”)
L)
where k € {...,n—2,n},i€{—k,....k—2,k}, j€{1,...,m(n,k)}. Note that the right-hand

side is mot a tensor product of three spaces, because the allowed values for ¢ and j depend on k.
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However, we can certainly embed it into a larger space where |k, 4, j) — |k) ® i) ®|j) gets mapped
to a product basis vector. In Chapter 15 we will learn how to implement this transformation —
called the quantum Schur transform — by a quantum circuit (see also Theorem 13.4 below).

However, we can also consider (C2)®" as a representation of the symmetric group S,,. Since
[R,U®"] = 0, Schur’s lemma (Theorem 5.6) implies that

=P, @ RS (13.8)
k

for some operators R&”’k) on C™™K)  This is a consequence of the following result, which
generalizes part (b) of Schur’s lemma:

Lemma 13.2. Let {V)}xea a collection of pairwise inequivalent irreps of some group G, with A
an arbitrary index set, and m(\) and n(pu) nonnegative integers for A\, u € A.

(a) Let M: Vy @ C™N — V. ® C™) be an intertwiner. If X # u, then M = 0. If X = p, then
M s of the form M = Iy, @ M) for some operator My : C™) — ¢V

(b) Any intertwiner M: @, Va @ C™N — D, Vu® C™H) s of the form M = @, Iy, ® My,
with My as above.

Proof. This is a somewhat painful exercise in applying Schur’s lemma.

(a) Foreveryi=1,...,n(n) and j =1,...,m(\), consider the “block”

Mij = (I, @ (il) M (Iv, @13)).-

This is an operator (!), and in fact an intertwiner Vi — V. These are irreducible
representations, so Schur’s lemma applies. If A # pu then the irreps are inequivalent, hence
M;; =0, hence M = 0. If A = p then part (b) of Schur’s lemma shows that M;; o Iy,.
Define an operator My: C™A) — €™M by M;; = (i|My|5) Iy, . Then

M=% My i) (| = ZIVA®| (i My|5) (j| = Iy, ® M.

7]
(b) Apply part (a) to each “block” of M. O

Remark 13.3. In class we only discussed the special case where m(\) = n(A) for all A (but the
more general statement is proved identically, as you saw above).

If we apply part 13.2 of the lemma to G = U(2), H = (C?)®" then we obtain Eq. (13.8). In
particular, this verifies that the R, commute with the projections P, ; onto the different sectors,
as we claimed in the last lecture. Moreover, since the {R;} form a representation, the operators

{R&"”“)} turn the spaces ©"("*) into representations of S,,. Let us denote these representations
by Wy, . It turns out that the W, ;. are irreducible and pairwise inequivalent representations
of S,,! We will prove this at the end of this section.

Remark 13.4. Note that we gave no intrinsic definition of the S,-representations W,, . While
the dimensions m(n, k) are uniquely determined, there is more than one intertwiner (13.6) (how
many? see the variant of Schur’s lemma that we derive in Theorem 13.2 below). However,
any choice of intertwiner will yield an equivalent S,-representation. This is because once the
intertwiner was fixed, the operators RSF"*’“ were uniquely defined in terms of the permutation
action on (C?)®". It is a useful exercise to work this out in some more detail. The representations

Wi,k can also be defined without reference to (C?)®™ — they are called Specht modules.
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Note, however, that the way that we counted m(n, k) in Section 12.4 gives rise to a less
ambiguous definition of an intertwiner (13.6). Indeed, recall that m(n, k) counts the number of
paths in Fig. 12.2, and that each path corresponds to following the Clebsch-Gordan decomposi-
tion (11.5) such that we arrive at a copy of the irreducible representation V,, ;. For different paths,
these are orthogonal copies are orthogonal (as follows from the unitarity of the Clebsch-Gordan
decomposition). Moreover, note that the intertwiner in the Clebsch-Gordan decomposition is
unique up to phases (this again follows by Theorem 13.2 below). As a consequence, this procedure
identifies an intertwiner (13.6) which is uniquely determined up to a diagonal matrix. We will
explain this more clearly in Chapter 15 and use it to derive a quantum circuit for this intertwiner,
called the quantum Schur transform!

Thus, we obtain the following decomposition of the Hilbert space of n qubits:

(@) = P Vs @ W (13.9)
k

which holds as a representation of both U(2) and S,,. The spaces {V}, ;} and {W,, .} are pairwise
inequivalent, irreducible representations of U(2) and of Sy, respectively. Equation (13.9) shows
that they are “paired up” perfectly in the n-qubit Hilbert space. This is a famous result known
as Schur-Weyl duality. In Exercise 13.2 you will see how to explicitly realize this isomorphism
and construct an intertwiner that implements (13.9) for n = 3.

Schur-Weyl duality has a number of important consequences. For one, it implies that any
operator that commutes with both the action of U(2) and the action of S,, is necessarily a linear
combination of the projections

Poi = P bewlv,, @ Iw,,
k/

You can see this by applying Theorem 13.2 to each of the two group actions and comparing
the result: Any operator that commutes with the U®" must have the form €, Iy, , ® Yk,
while any operator that commutes with the R; must have the form @, Xy ® Iy, . But
Xi ® Iw,, = Iv,, ® Yy holds if and only if Xy oc Iy, , and Yy o I, ,. It follows that an
operator that commutes with both group actions is necessarily a linear combination of the
P, 1, as we claimed. In particular, this means that {P, ;} is the most fine-grained projective
measurement that has both symmetries of the spectrum estimation problem!

Remark 13.5. We can also interpret Eq. (13.9) as the decomposition of (C2)®" with respect
to the product group G = U(2) x S,,. Each V;, ; ® W), ;; is an irreducible representation of G
(this follows from the argument just given). Conversely, any irreducible representation of the
product group is a tensor product of an irreducible U(2)-representation with an irreducible
Sp-representation (a pleasant exercise using Schur’s lemma).

Proof of Schur-Weyl duality

We still need to show that the W, ;. are irreducible and pairwise inequivalent. We first prove a
useful lemma (for general d, not just d = 2):

Lemma 13.6. Let Y be an operator on (C4)®" that commutes with R, for every m € S,,. Then
Y can be written as a linear combination of operators of the form X©™.

We will give two proofs — one concrete and one abstract proof.
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First proof. Since Y =% s, RWYR,T,, it suffices to show that any operator of the form
> R.ZR}
TESH

can be writen as a linear combination of X®™’s. Since any operator Z can be written as a linear
combination of operators of the form 7] ® ... ® Z,,, it suffices to prove the claim for a single
such Z =271 ® ... Z,. Now we can use the following trick

n @n
Ds1—0 - - - Os,—0 (Z siz,) =Y R:(Z1®...® Z,) RY, (13.10)
=1

7T€Sn

and the claim follows because the left-hand side is a limit of linear combinations of operators of
the form X®", and hence also a linear combination of such operators (finite-dimensional vector
spaces are closed; we used a similar argument in Chapter 6). [

Example 13.7. It might be instructive to consider an example to clarify why Eq. (13.10) holds.

For n = 2,
820>

Oy =005,=0 (5171 + $2.72)% = By =0 (Zz ® (8121 + 5222) + (8121 + 5222) @ Z
= 05,=0 (Z2® (5121) + (5121) ® Z2) = Z2 ® Z1 + 21 © Z3
and now it is clear how to prove the general case.

Second proof. Write L(H) for the complex vector space of linear operators on some H. We
have a canonical isomorphism L(H)®* = L(H®*). Permuting the tensor factors of L(H)®*
corresponds precisely to conjugating an operator Y € L(H®k) with the corresponding permutation
operator R,! Therefore, Sym*(L(H)) = {Y : [Y,R,] = 0}. But we know that the vectors
(operators!) X®* form an overcomplete basis of the symmetric subspace (from Eq. (4.9)), so the
claim follows. O

Theorem 13.6 gives us a way of producing contradictions by exhibiting operators that commute
with S,, but which are not linear combination of X®"’s, i.e., not of the form

Suxfn =P (Z zﬁ}{"“) © Iy, - (13.11)
A k %

We will use this to prove that the W), ;. are irreducible and pairwise equivalent.
First, assume for sake of finding a contradiction that W), ; was not irreducible. Then we
could decompose

Wn,k = Wn,k,l @ Wn,k’,2

as an orthogonal direct sum of two nontrivial invariant subspaces. Let Q(™*) denote the projector
onto the first summand. Then

@ Sewlv, , ® Q(n,k)
k/

is an intertwiner for the S,, action which is clearly not of the form (13.11) — this is the desired
contradiction!
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We now show that no two W, ; are equivalent. Again, we assume for sake of finding a
contradiction that W), , and W,, 1, are equivalent, where k1 # k3. This means that there exists a
nontrivial intertwiner J: W, ., — Wy, 1,. We can lift this to obtain intertwiner for the S,-action
on (C?)®" by sending a copy of W, , onto a copy of W, x,, say

|O>Vn,k2 (O\VW1 ® J.

Again this is not of the form (13.11) — in this case because the latter operators have no “off-diagonal
blocks” with respect to k. This is the desired contradiction. ]

It is also true that any operator that commutes with every U®" is necessarily a linear
combination of the operators R, (compare this with Theorem 13.6). Mathematically, we say
that the two representations span each other’s commutants. We will prove this momentarily after
a preparatory lemma.

Lemma 13.8. Let Y be an operator on (C4)®" that commutes with U™ for every U € U(d).
Then'Y commutes with X®™ for every operator X on C?.

Proof. Let M be a Hermitian operator.

ezsﬁye—isﬁ — (est)®ny(e—isM)®n —-Y

for every s € R. Taking the derivative at s = 0, it follows that iMY —iY M = 0, ie., []Tj, Y] =0.
Clearly, this implies that [M,Y] = 0 for arbitrary operator M, whether Hermitian or not. But
then

() y] = [eM, Y] =0
(write the matrix exponential eM as a power series; it commutes term by term with Y). Any
invertible operator can be written in the form X = e, and we can extend the claim by continuity
to arbitrary X. O

Lemma 13.9. Let Y be an operator on (C4)®" that commutes with U™ for every U € U(d).
Then Y can be written as linear combination of the operators R, for m € S,.

Proof. Let H := (C%)®" and consider the maximally entangled state in the doubled Hilbert
space,

|P) :zZ\:U)@\:L‘) €EH®H,

where |z) denotes some basis of H (perhaps the computational basis). It is enough to show that
(Y ®1I)|®) can be written as a linear combination of the vectors (R, ® I) |®), since we can always
recover Y from (Y ® I) |®) by using that (I @ (®|)(|®) ® I) = I, as in the proof of teleportation.

Why should the above be true? Let us consider H ® H as a representation of S, by R ® I.
Then

Ho :=span{(R, @ I) |®) : m € Sy}

is an invariant subspace, so the orthogonal projector onto Hgy — let us denote it by P — commutes
with R; ® I for every 7 € S, (a fact that we used many times throughout this course). As a
consequence, each block (I ® (x|)P(I ® |y)) commutes with R;. By Theorem 13.6, this means
that

P = Z Py @ |z) (y| for certain Py, € span{X®"}.
x7y
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At last, we can use the assumption. Since Y commutes with every U®" and hence, by The-
orem 13.8, with any X®" it commutes with each P,,, and so (Y @ [)P = P(Y ® I). As a
consequence,

YI)|P)=(YRI)P|P) =PY ®I)|P) € Hy,
which is what we wanted to show. O

It is instructive to compare Theorem 13.9 with the situation that you analyzed in Exercise 7.4,
which was a very special case. Theorem 13.9 is highly useful to compute averages with respect
to the uniform probability distribution on pure states (Eq. (4.3)) or with respect to the Haar
measure of the unitary group, which we will introduce next week (Eq. (14.4)). For example,
for any operator Z on (C%)®" Y := [dU U®"ZU"®" has these symmetries and hence can be
written as a linear combination of the permutation operators R.

Exercises

13.1 Universal quantum data compression: In class, we discussed a quantum compression
protocol that works for all qubit ensembles {p,,|1);)} for which the associated density

operator p = Y py [1)5) (15| has given eigenvalues {p,1 — p}.

Your task in this exercise is to design a universal compression protocol that works for all
qubit ensembles with S(p) < Sy, where Sp > 0 is a given target compression rate.

(a) Show that, for all Sy > 0, there exist projectors P, on subspaces H,, of (C?)®" such
that:

a) For all density operators p with S(p) < So, tr |P,p®"| — 1 as n — 0o,
(a) y op p p p

(b) The dimension of H,, is at most 2"(50+3(") for some function § with §(n) — 0 as
n — 00.

Hint: Use the spectrum estimation projectors P; in a clever way.

(b) Use the projectors P, to construct a compression protocol with compression rate Sy that
works for all qubit ensembles with S(p) < Sy (i.e., show that in the limit of large block
length n, the average squared overlap between the original state and the decompressed
state goes to one).

Hint: Follow the same construction as in Chapter 9.

13.2 Schur-Weyl duality: Your goal in this exercise is to concretely identify irreducible rep-
resentations of U(2) and of S, in the n-qubit Hilbert space, and to explicitly realize the
Schur-Weyl duality in a special case. Let k € {0,1,...,n} be an integer such that n — k is
even.

(a) Show that the invariant subspace
_ n—k)/2 n
wii= {16y @ (9L jg) € symb(e?)} € (@)

is an irreducible U(2)-representation equivalent to V,, ;. As always, |U™) denotes
the singlet, and U(2) acts on (C?)®" by U®". How can you obtain further U(2)-
representations in (C?)®" that are equivalent to Vj, x?

Hint: Recall the symmetry of the singlet state from FExercise 3.5.
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(b) Show that the invariant subspace

W/

§= spaua{R7r (|0>®k ® |\I/_>®(n_k)/2) (T E Sn} C (C?)®n

is an irreducible S,-representation equivalent to W), ;. How can you obtain further
Sp-representations in (C?)®" equivalent to W, ;?
Hint: You are allowed to use the statement of Schur-Weyl duality.

Now consider the case of three qubits. Here, n = 3, so the only two options for k are k = 1, 3.

(c) Show that W3 3 is equivalent to the trivial representation €, while W3 ; is equivalent to
the two-dimensional irreducible representation H = {(a, 8,7) : a + 8 + v = 0} from
Exercise 5.1.

(d) Construct a unitary operator (V33 ® C) @ (Va1 ® H) — (C?)®3 that is an intertwiner
for the actions of both U(2) and Ss.

Hint: In (c), construct an explicit intertwiner H = Wy, that you can re-use in (d).
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Chapter 14

Quantum state tomography

Today, we will solve the task of estimating an unknown quantum state given many copies —
a task that is also known as quantum state tomography. We previously solved this for pure
states (Chapter 4), but now we allow arbitrary density operator p, which is significantly more
challenging. Thus, given p®", we would like to design a POVM measurement that yields an
estimate p =~ p with high probability,

p®" — p = p.

First, however, we will generalize the fidelity from pure states to arbitrary density operators. It
will be convenient in the analysis of our tomography measurement.

14.1 The fidelity between quantum states
In Section 7.4 we defined the trace distance

T = max tr —
(p,o) = max tr[Q(p—o)]
as a distance measure between density operators (whether pure or mixed).
Another very useful measure was the fidelity, which we defined for pure states as the
overlap |(¢[1)| and used numerous times in our analyses. The fidelity also generalizes nicely to
mixed states. For arbitrary density operators p and o on ‘H =: H 4, we define it by

F(p,o):= sup  [(Uar|Par)l, (14.1)
R,|UAR),|PAR)

where we optimize over arbitrary Hilbert spaces Hg such that there exist purifications Wag
of p as well as ® o of o. The fidelity is well-defined since you know from Chapter 8 that such
purifications always exist for Hp := H. Thus, 0 < F(p,0) < 1, just as for pure states. Moreover,
F(p,0) =1 1if and only if p = o (the “only if” follows from the upper bound in Eq. (14.2) below).
Note that, by definition, the fidelity has a nice operational interpretation: It is close to one if
and only if there exist two purifications with overlap close to one.

When p = |¢) (¢| and 0 = |¢) (3| are themselves pure, then any purification is a tensor
product (Eq. (8.1)). Using this observation, it is not hard to see that in this case F(p, o) = |[(¢|v)],
so we recover our definition for pure states.

The fidelity is monotonic with respect to partial traces:

F(pa,oB) > F(paB,oaB)

105



This follows directly from the observation that any purification of psp can be interpreted as
a purification of py4, and likewise for o045 and o4. (In Exercise 7.7 you proved that the trace
distance satisfies a similar monotonicity property, but with “<”.)

When p or ¢ is mixed, it is not longer the case that there is a one-to-one relation between
fidelity and trace distance. In general, the trace distance and fidelity are related by the following
Fuchs-van de Graaf inequalities:

1—F(p,o)<T(p,o0) <+1—F2(p,o) (14.2)

The upper bound is easy to prove: For any two purifications |¥4r) of p and |® 4g) of o, we have
T(po) < T(Var, Par) = /1 — |(¥|®)|? by the relationship between trace distance and fidelity
for pure states that you proved in (f) of Exercise 2.4. If we optimize over all purifications we
obtain the upper bound in Eq. (14.2). We will not prove (nor need) the lower bound.

A highly useful property that makes the fidelity more amenable to calculations is the fact
that in Eq. (14.1) we can in fact restrict to a single Hilbert space Hp such that there exist
purificiations of both p and o on H4 ® Hpr. You can prove this using the results of Exercise 7.5,
from where you also know that Hr = H 4 is a valid such choice. In particular, it follows that the
supremum is in fact a maximum! Using this fact, it is not too hard to establish the following
alternative formula for the fidelity:

F(p,0) =try/\/poy/p=tr\/Vopyo. (14.3)

As in Exercise 7.5, v M denotes the square root of a positive semidefinite operator M, defined
by taking the square root of all eigenvalues.

Remark 14.1. This can also be written as F(p,0) = ||\/py/7||1, where || X1 := tr[VXTX] =
tr[V X XT] is the trace norm for arbitrary (not necessarily Hermitian) operators. It can be
calculated as the sum of the singular values of X (for a Hermitian operator, the singular values
are the absolute values of the eigenvalues, so this is a proper generalization).

14.2 The measurement

The spectrum estimation measurement {P, ;} on (C?)®" had a single outcome k, corresponding
to the estimate p := % (1 + %) The key idea is that we would like to refine this measurement
and design a POVM measurement {Q i} with two outcomes — k and U — such that our estimate
for the unknown density operator is

N p

p=U ( - ﬁ> Ut
Thus, the outcome U is a unitary operator that determines the eigenbasis of p. (We should
perhaps write @), 7 instead of Q) to indicate that these are operators on (C%)®". But the
notation as is is already quite a mouthful so we will keep n implicit in the notation.)

The POVM {Q, v} has both a discrete and a continuous outcome, so we know from Section 4.1
that we need to choose a reference measure on the space of outcomes. For k we will use the
counting measure ([ dk =Y, see Theorem 4.2), but which measure should we choose on U(2)?
Guided by symmetry, we will choose the Haar probability measure dU, which is the unique
probability measure such that

/ AU f(U) = / U F(VUW) (14.4)
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for any two unitaries V, W € U(2) (we say that the measure is “left-invariant” and “right-invariant”).
In other words, if U is a Haar-random unitary (i.e., a random unitary with distribution the Haar
measure dU) then so is VUW, which can be interpreted as saying that we do not privilege any
unitary over any other.

Remark 14.2. We asked a similar question in the case of the POVM for pure state estimation.
There, we chose the “uniform” probability distribution di) on the set of pure states, which was
likewise natural. In mathematical terms, if v is a random pure state drawn from dv and V an
arbitrary fixed unitary then V¢V has the same distribution as 1 (see Equation (4.3)), and we
said that di) is the uniquely probability measure with this property. It is not hard to verify that
if U is a Haar-random unitary then U |0) (0| UT is a random pure state with distribution de.

Thus, in order for {Qg '} to be a POVM, we need that Qi > 0 as well as

Z/dU Qry =1 (14.5)
k

Moreover, we would like for the POVM {Qj } to be a refinement of {P, 1}, so that the
k have the same meaning as before. That is, if we forget about the outcome U then we
would like to get the same statistics for £ as if we performed the measurement {P, }. Since
Pr,(outcome k) = [ dU tr|Qj yo], this means that we would like to demand that

/dU QU = Pak (14.6)

which clearly implies Eq. (14.5) (since we know that {P, ;} is a measurement).

The ansatz

What could such a POVM look like? We will make the following ansatz:

~

®n
Qk,U X Pn,k/a(gmpn,k = Pn,kU(gm <p 1 }5) UT’(XmPn,k (147)
for a proportionality constant that we still need to determine.
To see that this is natural, we observe that, for k = n, P, , = Il,, the projector onto the
symmetric subspace Sym™(C?). Moreover, in this case p = 1, so p = U |0) (0| UT =: [2)) ()] is a
&
)

pure state, so |1ﬁ "is already contained in the symmetric subspace, hence

AN \®n , ~Qn
Qn,U X an® IT,, = |¢> <¢| .

The right-hand side is exactly proportional to the uniform POVM (4.10) that we used for pure
state estimation in Chapter 4 — that’s already an encouraging sign!

Moreover, note that Qi has permutation symmetry (i.e., [Rr, Q] = 0) and that it is
covariant with respect to the unitary group in the following sense: For all V' € U(2),

= tr [ Quo] = tr [Vt VIOV EnQ Ve b [(VeV ) Q|

Note that if Q) 7 corresponds to p then Q) vy corresponds to VpVT. What this means is that
the following two experiments produce the same result:

(a) Prepare (VpV1)®" and measure the POVM {Qy. v/}
(b) Prepare p®", measure the POVM {Qj 1/}, with outcome p, and report V V7.

We could summarize this as

p> Vvl ~ s Vv
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The proportionality constant

We now show that we can choose a suitable normalization constant in Eq. (14.7) so that Eq. (14.6)
holds true. The key observation is that with respect to the Schur-Weyl duality

(@2)@71 = @ Vn,k ® Wn,k
k

we can use our usual equation Eq. (12.3) (with A = p) to write
ARN ~ (k)
Qru X Pppp™" Ppj = T,a ® IWn,k

(we omit the @,/ 0k ). We can thus calculate

/ dU Py 1 p®" P ), = / dUTé"’k) ®Iw, - (14.8)

O(Ivn k

The underbraced equation is a consequence of Schur’s lemma! Indeed, the indicated operator is
a self-intertwiner on the irreducible representation V,, 1, since

n,k n,k n,k n,k n,k n,k n,k n,k n,k
¥ >/dUTg V=1 )/dUT[(] )Tép ) >T[(JT ):/dUT‘(,U )Téﬁ ) )T[(JT )
1-p 1-p

= / dUTé”’k)TEZ’k) f}ﬁ’(ﬁ’ = / dUTl(]"’k)Té’;’k) )Tgk’“)T‘(,"”“) = / du Ty
1—p 1-p

Here we used repeatedly that T)((n}’,k) = T)((n’k)T}(,n’k), which is clear from Eq. (12.4). In the third
step we used that the integral is invariant under the substitution U + VTU.
Equation (14.8) shows that

/dU ankﬁ®npn,k X Pn,ka (14.9)

S0 it remains to figure out the correct normalization constant to turn this into an equality. As
usual, we only need to compare traces. On the one hand, we have

tr [P pp®" Pyy| = tr [T("’k)

3 dim

This trace not depend on U, so it is equal to the trace of the left-hand side operator in Eq. (14.9).
On the other hand, the trace of the right-hand side operator simply

tr [Po] = dim V,, g dim Wy, = (k + 1) dim W,

We conclude that the appropriately normalized POVM elements are given by

k+1 .
Quour = oy o™ P (14.10)
tr [ ]

(n7
T;
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14.3 Analysis of the measurement

We follow the approach of [HHJT16] (cf. [Key06, OW16, OW17a] and the wonderful survey
[OW17b]). Similarly to when we analyzed the spectrum estimation measurement, we will show
that the probability density tr [Qk,yp®"] is exponentially small unless p ~ p. We will need to use
the full strength of the Schur-Weyl toolbox.

We start with

tr [Qr,up®" ht lk P g% Py op®" | = le tr [T[E"’k)T[E"”“) ® Iw, .
o [T("’ } tr [Té”’ )} ’
= tr T T ————tr |12
o [Tm k } 1) = o [1] [T 50s)
nh(p)
_ (bt m(n k) [T(" i 2} PRI [T(”’k) 2]
tr T(n k Vpe/p tr [Tén’k)] VPP

(14.11)
We first used Eq. (14.10), then Eq. (12.3), then that T)(("{/k) = T)((n’k)T}(,n’k) as well as the cyclicity
of the trace, and finally the upper bound m(n, k) < 27h(P) from Eq. (12.10).

We need to find a lower bound on tr [ngn,k)} and an upper bound on tr [T)((Z’k)}, where

X = /\/pp+/p is the operator whose trace is the fidelity (Eq. (14.3))! (We cannot use the upper
bound (12.11) since X? is not necessarily a density operator.) To obtain these, we proceed as in
Eq. (12.11):

i [Tgn,k)] — (det p)™ M2 Tﬁ(k) = ((1 = p) B2 k)

’ ("125)
2 _ (k)2 Z (14.12)

> ﬁ(n—k)/Q( )(n k)/2pk _ p(n+k)/2( p)(n—k)/2 _ 2—nh(ﬁ)
(In contrast to Eq. (12.11), we now evaluate the trace for p, and we now lower bound the sum by
a single term.) For the upper bound, let us write {q, 1 — ¢} for the eigenvalues of X/ tr[X].

n n n n—k)/2 n
b [109] = b [T, ] (0% = (@20 - )T,
( (1—Q)2)
_ n—k n k 2m 2(k: m)
=q q (tr X)*"
E (14.13)
<M1 - k(k + )¢ (tr )™ < (k4 1)g" (1 — )" " (tr X)*"
= (k+1)2” 2n(h(p)+5(pllq)) (trX)Qn
< (k+ 1)z 20 P>F<p o
We now use Egs. (14.12) and (14.13) in Eq. (14.11) and obtain:

k 4 1)27h(®)
tr [Qk,Uﬂ®n] < (271)h(ﬁ)

This is the desired upper bound! Indeed, it implies that, for ever ye > 0,

(k+1)27 "DV F(p, p)*" < (n+1)°F(p, p)*"

Pryon (Fp.p) <1-2) = 3 [ U Lps1- 00 [Qui™)
k
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k

(l[_._] denotes the characteristic function, which is equal to one when the condition is satisfied,
and zero otherwise). This expression converges to zero exponentially with n!
We can also express this in terms of the trace distance. E.g.,

Prp®”(T(/A)7 P) > 5) = Prp®"(F(ﬁ7p) <1- 62) < (n + 1)3 (1 - 62)2n

where we have used the (easy) upper bound in Eq. (14.2) and the result that we just proved.

14.4 The Schur-Weyl toolbox

Below we assemble all important facts and formulas about the representation theory of the
n-qubit Hilbert space that we obtained past week (the “Schur-Weyl toolbox”). It contains two
slight generalizations of formulas that we discussed today:

e The lower bound in Eq. (14.14), which is proved just like in Eq. (14.12) except for a general
density operator p.

e The upper bound in Eq. (14.15), which is proved just like Eq. (14.13) but for general x.

Schur-Weyl duality:

(%) = Vi @ Wo,

k=...n—2n
XS TPt whae 90 = )T
k
Re =Py, @ RO,
k

Vi and W, j, are pairwise inequivalent, irreducible representations of U(2) and S,,, respec-
tively.

Dimensions:

dmV,p=k+1<n+1,
k

. 1
dim W, , = m(n, k) < 2""®) where p = 3 (1 + n) .

There are < n + 1 possible values of k.

Estimates:

o[ +5(ln)] <tr [Tp(n’k)} <(k+1)27" [r®+561)]  yhere p has eigenvalues {p,1 — p},
(14.14)
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More generally, if X > 0 and x > 0:
e X
tr [T)((n,;k)] < (k+1)27"" [h@)+5(l0)] (tr X)™", where — has eigenvalues {q, 1 — ¢}.
T
(14.15)
Spectrum estimation:
P = @%MIVM ® Iw,, 1,
k/
p®n >~ @T/SnJC) ® IWn,k = @pk} an,k ® TWn,k’
k k
and so
pr = tr [Pop®] < (n+ 1)27900P) < (n 4 1)2 "z (P-p)?
tr [Pnp®”] >1—(n+ 1)22*"$62
where P, := Zk:\ﬁ—m < Pa e 1s the projector onto the universal typical subspace with
parameter €.

Beyond qubits

How does the Schur-Weyl toolbox generalize beyond qubits? This is best explained by making a
simple coordinate change and instead of by (n, k) parametrizing all representations by

n+k n—=~k
)\:()\1,)\2):( 5 )eZz.

We can identify A with a so-called Young diagram with two rows, where we place A\; boxes in the
first and Ay boxes in the second row. E.g.,

A =(7,3) = 11D

We always demand that Ay > Ao, corresponding to £ > 0. Note that the total number of boxes is
A1 + A2 = n, while £ = Ay — A5 is the difference of row lengths.
If we write V) 1=V}, ;, and W) := W, 1, then the Schur-Weyl duality (13.9) becomes

(©)®" = PHVy e Wa, (14.16)
A

where we sum over all Young diagrams with n boxes and at most two rows.

Remark 14.3. In Theorems 5.3 and 5.4 and Exercise 5.1 we already discussed the irreducible
representations of S3. In the Young diagram notation, W7 is the trivial representation and
Wi is the two-dimensional representation that you proved to be irreducible in Exercise 5.1.

You will verify this in Exercise 13.2. Note that these dimensions agree precisely with m(3,3) =1
and m(3,1) = 2, as they should. Together with the sign representation, Wi, these are all the

irreducible representations of S3 (up to equivalence). Since its Young diagram has three rows,
the sign representation does not occur in (C?)®3. Indeed, it would correspond to antisymmetric
tensors — but the antisymmetric subspace \®> C? = {0} is zero-dimensional.
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The notation A is quite suggestive. Indeed, let us define the normalization of a Young diagram
Aby A=X/n=(\/n,A2/n), where n = Ay + Ay. This is a probability distribution, and

_ 1 k - 1 k
)\1:<1+>:]§, )\2:<1—>:1—ﬁ.
2 n 2 n

Thus, spectrum estimation can be rephrased as follows: When we measure {Py} on p®™ and the
outcome is A, then A is a good estimate for the spectrum of p. Similarly, we can describe our
POVM measurement by the POVM elements { Py ;7 := P\p®" Py}, where p = U diag(A\)UT.

The key point now is the following: Eq. (14.16) generalizes quite directly from qubits to
arbitrary d. This is because the relevant irreducible representations of U(d) are labeled by Young
diagrams with now (at most) d rows, while the irreps of S,, are labeled by Young diagrams with
n boxes. We thus obtain:

(€)= V@ Wa,
A

where we now sum over all Young diagrams with n boxes and at most d rows. All results obtained
in this course generalize appropriately. The technical ingredients required for this are, e.g., the
Weyl dimension formula (for dim V) and the hook length formula (for dim Wy). The trace
tr[T)(()‘)] is a so-called character which can be estimated in the same fashion as above (or evaluated
more precisely using the Weyl character formula).

Remark 14.4. In fact, note that the core statement of the duality — that pairwise inequivalent
irreducible representations of U(d) and of \S,, are lined up in “diagonal” fashion — follows from
basically identical reasoning as for d = 2. Remember that the two main ingredients were that
(i) X®" acts block-diagonally with respect to A and nontrivially on the tensor factors Vy only
(whatever this action looks like), and (ii) that every operator that commutes with all permutations
is necessarily in the span of operators of the form X®". Our proof of (i) generalizes readily and
both proofs that we gave for (ii) work for arbitrary d (see Theorem 13.6; the first proof does not
even rely on the fact that Sym™(C?) is irreducible).

See, e.g., [FH13, EGH" 11, Har05, Chr06, Wall4] for further detail that expand on our very
heuristic discussion.
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Chapter 15

Quantum circuits, swap test, quantum
Schur transform

In the past two weeks we used Schur-Weyl duality as an important tool to solve various information
theoretic tasks (Chapters 12 to 14). In particular we often switched back and forth between

(C©@)*" = P Vik @ Wak, (15.1)
k
using a unitary intertwiner implied by the notation “22”. Mathematically, this is a straightforward

operation — but how can we actually realize this transformation in practice? (We posed this
question already in Theorems 13.1 and 13.4.)

For our purposes it will be sufficient to worry about the action of the unitary group and
ignore the action of permutation group. Indeed, the projections {P, s} that were relevant for
spectrum estimation and compression as well as the tomography POVM {Qj, v} each act by the
identity operator on the S,-irreps W, . Moreover, we may restrict to SU(2), since we always
know that scalars act by the n-th tensor power (indeed, we derived Eq. (15.1) in Chapter 12 by
reasoning about SU(2) alone). Thus what we would like to do is to construct a unitary operator

(©)®" — P symF(C?) @ o) (15.2)
k

that is an intertwiner for SU(2). The n-qubit Hilbert space on the left-hand side has the
(computational) product basis

b1, ..., bn) = [b1) @...® |by),
while the right-hand side likewise has a natural basis that we could label

|k, m, p) = |wkm—n) @ [p) € Sym*(C?) & C™"H C 5 Sym*(C?) @ ¢,
k

Here, k € {...,n —2,n} labels the sector, m € {0,1,...,k} our favorite basis vectors |wy, x—m)
of the symmetric subspace (Eq. (6.1)), and p the different copies of Sym*(C?). Why is there a
vector sign in p? Recall that m(n, k) was precisely the number of paths from (0,0) to (n, k) in
Fig. 12.2. We can label any such path by a string p = p1 ... p,, where each p; = £ corresponding
to making a step to the right and going either up (+) or down (). (Note that not all such strings
correspond to valid paths: some do not arrive at the right endpoint, others go below zero.)
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Figure 15.1: (a) The Schur transform (15.3). As usual we label subsystems by upper-case symbols.
(b) We can implement the measurement {P, } by first applying the Schur transform and then
measuring the K-system.

Now, since the values of m and p are constrained by k, the vectors |k, m,p) do not naturally
live in a tensor product space! However, we can safely think of it as a subspace of the tensor
product space

(DTH—I ® (DTH-I ® (@2)@71

since (i) there are at most n + 1 options for k, (ii) the dimension of Sym*(C2)is k+1<n +1,
and (iii) each path p gives rise to a computational basis state |p). Thus, what we will be after is
an isometry

Vochur: (C2)®" — €™M @ €M @ (€)% (15.3)

This transformation is called the quantum Schur transform (Fig. 15.1, (a)).

Why is this convenient? The isometry nicely separates the three pieces of information that
we care about — the sector k and the corresponding data in V;, ; and in C™k) — into three
different subsystems. For example, we can now implement the spectrum estimation measurement
{Py 1} by first applying Vschur and then measuring the K-subsystem. In other words,

P = Vi (F) (k| ¢ ® Tng @ Ip) Vi
This is visualized in Fig. 15.1, (b). The goal of today’s lecture will be to design a quantum circuit
for the quantum Schur transform.
15.1 Quantum circuits

Just like we typically describe computer programs or algorithms in terms of simple elementary
instructions, in quantum computing we are interested in describing “quantum software” in terms
of “simple” building blocks. These building blocks are quantum gates, i.e., operations that involve
only a smaller number of qubits (or qudits). We obtain a quantum circuit by connecting the
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Figure 15.2: Illustration of a quantum circuit, composed of four unitary quantum gates and a

single measurement. The first qubit is initialized in state |0) and the other three wires are inputs
to the circuit.

output of some quantum gates by “wires” with the inputs of others. We will allow both gates
that apply unitaries as well measurements of individual qubits in the standard basis {|i)}. In
addition, we will allow ourselves to add qubits that are initialized in a basis state |i) (such qubits
are often called “ancillas”). For example, the circuit in Fig. 15.2 first adds a qubit in state |0),
then performs the unitary

(Us@Uy) (Igzg @ Us @ Ig2) (U1 @ Iz @ L)

and then measures one of the qubits. In the absence of measurements and initializations, a
quantum circuit performs a unitary transformation from the input qubits to the output qubits.
In the absence of measurements alone, but allow initializations, the quantum circuit implements
an isometry from the input qubits to the outputs qubits.

The number of gates in a quantum circuit is known as the (gate) complezity of that circuit.
Intuitively, the higher the complexity the longer it would take a quantum computer to run this
circuit. This is because we expect that a quantum computer, in completely analogy to a classical
computer, will be able to implement each gate and measurement in a small, fixed amount of
time. Much of the field of quantum computation is concerned with finding quantum circuits and
algorithms of minimal complexity — with a particular emphasis on finding quantum algorithms
that outperform all known classical algorithms. For example, Peter Shor’s famous factoring
algorithm outperforms all known classical factoring algorithms. Just like quantum information
theory, this is a very rich subject on its own.

In this course, we only have time for a glance, but I encourage you to look at (or attend!)
Ronald de Wolf’s lecture notes (see [DW19]) or at the textbook [NC10]| for further detail if you
are interested in this subject.

To practice, let us consider some interesting gates. For any single-qubit unitary U, there is a
corresponding single-qubit gate. For example, the Pauli X-operator X = (; ) gives rise to the

so-called X-gate or NOT-gate
—Jost|—

which maps X |0) = |1), X |1) = |0). Another example is the so-called Hadamard gate
i
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which maps H |0) = |[+), H|1) = |—). Written as a unitary matrix, H = % (14).
Single-qubit gates are not enough — for example, they do not allow us to create an entangled
state starting from product states. A powerful class of gates can be obtained by performing a
unitary transformation U depending on the value of a control qubit. This standard terminology
might be slightly confusing — we do not actually want to measure the value of the control qubit.

Instead, we define the controlled unitary gate

—u—

CU(|0) @ [9) = 0) @ [¢),
CU(n) @) =10) © (U [4))

(and extend by linearity). It is easy to see that CU is indeed a unitary (indeed, C(UT) is its
inverse). For example, if U is the NOT-gate then the controlled not (CNOT) gate maps

CNOT0,0) = [0,0),

by
(15.4)

CNOT [0, 1) = [0, 1),
CNOT [1,0) = |1,1),
CNOT|[1,1) = |1,0),

ie.,
CNOT |z,y) = |z, z D y),
where @ denotes addition modulo 2. This explains why the CNOT gate is often denoted by

_
.
€2
1

Remark 15.1. More generally, if U(0), U(1) are two unitaries then we can define a controlled
unitary that selects one or the other based on the control qubit, i.e.,

|7) @ [¢) = |z) @ U(x) |¢) -

Another possible generalization is to use more than one qubit as the control. For example, the
doubly-controlled unitary C CU applies U if and only if both control qubits are in the |1) state:

) ® |y) @ [¢), ifx=0o0ry=0,
e U, ifr=y=1.
We can also combine these two ideas and use, e.g., two controls to select a unitary from a family

{U(x,y)}. We will use this generalization below when constructing a quantum circuit for the
Clebsch-Gordan transformation.

CCU(\$>®|y>®I¢>)={

Using these ingredients, we can already build a number of interesting circuits.

Remark 15.2. In fact, any N-qubit unitary can be to arbitrarily high fidelity approximated by
quantum circuits composed only of CNOT-gates and single qubit gates. We say, that the CNOT
gate together with the single qubit gates form a universal gate set. (One can show that, in fact,
CNOT together with a finite number of single qubit gates suffices.)
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Entanglement and teleportation

For example, consider the following circuit:

o> —]

[@$H= St?( (oo + UD}

oy T,

(
S—I— (SHPIEYSS

It is plain that this creates an ebit starting from the product state |00). More generally, for each
product basis state |zy) the circuit produces one of the four maximally entangled basis vectors
|pr) from Eq. (2.2) that we used in superdense coding and teleportation. Indeed, the circuit
maps

1

V2

lz,y) = —=(10) + (=) ) @]y) = —= (10, + (=1)*[1,9)) .

1
V2
As a consequence, this allows us to write down a more detailed version of the teleportation
circuit from Chapter 2:

A(E(_Q( reas.eonent

5

(S X HZ
L

Rer's Roasp”

The doubled wires (pink) denote the classical measurement outcomes (two bits x and y, corre-
sponding to the single integer k£ € {0, 1,2, 3} from last time). It is a fun exercise to verify that
this circuit works as desired, i.e., that it implements an identity map from the input qubit M to
the output qubit B.

15.2 The swap test

We can implement the swap unitary F': |zy) — |yz) by a quantum circuit composed of three
CNOTs:
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This is called the swap gate.

We can also write down a corresponding controlled swap gate, defined as in Eq. (15.4) for
U = F. Note that this is a three-qubit gate! The decomposition of the swap gate into three
CNOTs immediately yields a decomposition of the controlled swap gate into three CCNOTs —
i.e., doubly controlled NOTs, also called Toffoli gates. It is not completely straightforward to
decompose the Toffoli gate into a quantum circuit that involves only single-qubit and two-qubit
gates (Exercise 15.2).

When we started studying the spectrum estimation problem in Chapter 12, we first considered
the case that we were given n = 2 two copies of our state as a “warmup” (Section 12.2). The idea
was that the two-qubit Hilbert space decomposes into the symmetric (triplet) and antisymmetric
(singlet) subspaces,

C?oC?=Sym*(CH e C|¥).

This is of course a special case of Eq. (15.2)! In Section 12.2, we also saw that the corresponding
measurement {P o, P o} = {Ilz, I — IIy} already gave useful information about the spectrum.
But how can we implement this measurement by a quantum circuit?

Consider the following circuit, which uses the controlled swap gate discussed above:

& 2 ——E A =

Al
> -

b +
B |

Why does this circuit perform the desired measurement? Suppose that we initialize the B-wire
in state |0) and the A-qubits in some arbitrary two-qubit state |¥) , = |¥) , , . The Hadamard
gate sends |0) — |4) and so the quantum state right after the controlled swap gate (first dashed
line) is equal to

(15.5)

B .

1
V2

After the second Hadamard gate (second dashed line), we obtain

(10)p @ [¥) 4 + 1) g @ F|¥) )

[(10)5 + 1) p) @ W) 4 + (10)p = [1)p) © F'[T) 4]

I+ F I-F
= |0>B®T|‘I’>A+|1>B®T|‘I’>A

=[0)p @2 (V) 4 + [1) g @ (I —II2) |¥) 4
= |0>B ® P2,2 |‘1’>A + ’1>B ®P2,0 \\II>A,

N | =
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where Iy = P 5 is the projector onto symmetric subspace! The NOT gate now simply relabels
|0) 5 < |1) 5, leading to
1) @ P |¥) 4 +(0)p @ Pao V),

Thus, right up to before the measurement of the B-qubit (last, pink dashed line) the quantum
circuit achieves the following isometry:

(W) 40— Z )5 ® P22; V) 4.
j=0,1

For general density operators I' 4, this means that

TarThyi=Y [5) (15 @ Pag TPy
i’

since there were no measurements involved up to this point. As a consequence,

Prp(outcome j = 7) = tr [Dsa (17) (il g @ La, ® 1a,)] = tr[CaPogj] = tr [[aPyy]

and the post-measurement state on the A-qubits is proportional to P ;I'4 P, ;. Thus, we have
successfully implemented the projective measurement {Ps 2, P»o}! The quantum circuit (15.5) is
known as the swap test.

Applications

The swap test has many applications:

o If we choose I' = p®? as input state for the A-qubits, then

Pr(outcome 1) = tr [P2,2p®2] =-(1+tr p2) .

| =

Thus we can estimate the purity tr p> which gives us information about the spectrum of
the unknown quantum state p. This was our original motivation for implementing the swap
test (cf. Section 12.2).

e If we choose the tensor product of two pure states 1)) ® |¢) as input state,

Pr(outcome 1) — % (14 [(WIo)P), (15.6)

which allows us to estimate the fidelity [(1)|¢)|. Thus, the swap test can be used to test
two unknown pure states for equality.

The swap test can be readily generalized to qudits.

Remark 15.3. There is a fun application of the swap test known as quantum fingerprinting,
which we might discuss in class if there is enough time [BCWDWO1]|: The rough idea goes as
follows: We can find 2" many pure states [¢(x)) € C, indexed by classical bit strings x of
length n, with pairwise overlaps

(¢ (@)|(y))] <

Here ¢ > 0 is some constant. Thus the quantum states live in a space of only order logn
many qubits! (How can we justify the existence of such vectors? One way is to just choose
them at random and estimate probabilities using a more refined version of our calculations

N
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for the symmetric subspace, see [Harl3] for more detail.) If we perform k swap tests on
[ (2))®F @ [1(y))®* then we obtain

k
x#y = Pr(outcome 1 for all k swap tests) = <i> ~ 0

Thus the probability of outcome 1 is arbitrarily small, controlled only by the parameter k (but
not n). In this sense, we can use the states |1)(x)) as short “fingerprints” for the classical bit
strings . The latter are require n bits to specify, while the fingerprints only need order klogn
many qubits (this is not even optimal, but sufficient for our purposes).

Remarkably, while this allows us to test the fingerprints pairwise for equality with high
certainty, it is not possible to determine the original bitstring |) from its fingerprint |¢(x))
to good fidelity. This is ensured by the Holevo bound, mentioned briefly in Chapter 2, which
ensures that we cannot communicate at a rate higher than one classical bit per qubit sent (in
the absence of ebits).

15.3 The quantum Schur transform

Now that we have acquired some familiarity with quantum circuitry, we will turn towards solving
our actual goal for today — finding a quantum circuit for the Schur transform (15.3),

VSchur . (@2)@71 ~ @ Symk(®2) ® (Dm(n,k) N (DnJrl ® (Dn+1 Q (@2)®n
k

(cf. Fig. 15.1). We will follow the exposition in [Chrl0]. A general solution is given in [BCHO7,
BCHO06].

How could we go about finding such a quantum circuit? Remember how we proved Eq. (15.2)
in Chapter 12. There we used the Clebsch-Gordan rule (12.9), which asserted that there exists a
unitary intertwiner

P sym* 7 (C?)  if k>0,
Ji: Sym*(C?) @ ©? — { p=t1 (15.7)
Sym!(C?) = C? if k=0.

We started with & = 0 (zero qubits) and applied the rule in an inductive fashion — after n steps,
we managed to decompose the n-qubit Hilbert space into SU(2)-irreps. We can easily lift this
procedure from a mere counting scheme to the construction of an actual intertwiner:

(a) Construct a circuit for the Clebsch-Gordan transformation:

in— G ¢
_—t P

This circuit is supposed to implement the following functionality: For every k& > 0,

m € {0,1,...,k}, and b € {0,1},

k)i @ [m)p @ 1) g = D> (@ etpy—m | T (W) © 1B)) [k + ) ger @ [m) p10 @ D) p
p==x1 m’/

(15.8)
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For fixed k, the underbraced term is simply an arbitrary matrix element of the Clebsch-
Gordan transformation (15.7). Thus, (15.8) applies the Clebsch-Gordan transformation —
with k is controlled by the K input and the other two inputs corresponding to Symk(®2)
and in C?, respectively. The output subsystem K’ contains the label k' = k #+ p of the
symmetric subspace that we ended up in, the output M’ corresponds to the symmetric
subspace Symk/(@z) itself, and P’ contains the path information (p = +1).

To obtain a finite transformation, we should restrict the possible values of k that we allow
to not exceed some kpyax. Then the output can be as large as kpax + 1, so Eq. (15.8)
(partially) defines an isometry, which we will call a Clebsch-Gordan isometry

CG: (kaax"l‘]- ® (kaax"l‘l ® @2 — (kaax+2 ® (kaax+2 ® @2 (159)

(On all other basis vectors we can define this isometry in an arbitrary way.) We know from
Fig. 12.2 that kyax := £ is a good choice for the ¢-th step (( =0,1,...,n —1).
(b) Then the quantum Schur transform can be obtained in the following inductive fashion:

Each Clebsch-Gordan isometry is an isometry between Hilbert spaces of size at most 2n?
and we need to apply n such maps to implement the quantum Schur transform. This already
implies (using general principles which we have not learned in this course) that the quantum
Schur transform can be efficiently implemented!

The Clebsch-Gordan isometry

We will sketch how the Clebsch-Gordan isometries can be implemented in more detail. It is clear
that a crucial role is played by the underbraced matrix elements in Eq. (15.8). In the physics
literature, these are often called the Clebsch-Gordan coefficients.

To understand the situation better, we proceed as in Chapters 6 and 11. If H is a representation
of SU(2) with operators { Ry}, we previously associated with any operator M on €2 an operator

rar i= —10s—0 [Rewsn]

on H. We used these operators to analyze representations of SU(2) — in particular, to prove that
the symmetric subspaces are irreducible and to establish the Clebsch-Gordan rule! In particular,
if J: H — H' is an intertwiner then the rj; are likewise intertwined, i.e.,

Jry =1y, (15.10)

which in particular implied that J maps eigenvectors of rz to eigenvectors of 7, with the same
eigenvalue. We used this in Chapter 11 to decompose a given representation simply by studying
the multiset of eigenvalues of r.

Indeed, recall that for symmetric subspace H = Symk((DQ), Ry = Tl(]k) is the restriction of
U®* and we computed previously that r; = t(Zk) is simply the restriction of Z7=73I2..0I+
o+ I®...®1® Z to the symmetric subspace. The eigenvectors are precisely our favorite basis
vectors |wp, g—m) for m = 0,1,..., k, with corresponding eigenvalue m — (k —m) = 2m — k €
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Figure 15.3: Multiplicites of the eigenvalues of rz in Symk(®2) ® C2. The color coding indicates
the decomposition Sym**!(C?) @ Sym*~1(C?).

{k,k—2,...,—k} (each nondegenerate). What this means is that we can decompose an arbitrary
other representation H simply by decomposing the multiset of eigenvalues of its corresponding 7z
into sets of the form {k’, k' — 2,...,—k'}. In other words, the eigenvalue spectrum of the ry
operator uniquely characterizes the decomposition into irreducible SU(2)-representations!

At this point it will be useful to change notation one last time, since this makes the below
arguments much more transparent (and also closer to the literature). Specifically, let us label the
basis vectors by the eigenvalue s = 2m — k, i.e., define

|k‘; S> = |W(k+s)/2,(k—s)/2> € Symk((DQ), S € {k‘, k—2,..., —k},

so that t(Zk) |k; s) = s|k; s). In the situation at hand, this means that we would like to think of
the Clebsch-Gordan isometry as a quantum circuit of the format

~

I\
{

< Ca X
B P
mapping
k) @) g @ b g = > > (k+pis| Tk s) @[0) [k +p)e @) g @ Ip)p.  (15.11)

p==£1 s’

(This amounts to a simple relabeling m — 2m — k. If you prefer the old labeling, you can
conjugating with the controlled unitary |k) ® |m),; — |k) g ® [2m — k) g!)

Now consider the left-hand side and the right-hand side representations that appear in the
intertwiner

Jr: Sym*(€?) @ €% — @ Sym* 7 (C?). (15.12)
p==%1

We shall focus on the interesting case that k > 0, since for £k = 0 we can just use the identity
map.

e For H = Sym*(C?) ® €2, the group action is Ry = T((Jk) ®U and so rz = tgc) QI+I®Z.
This means that the vectors |k; s) ® |b) form an eigenbasis, with eigenvalues

s+(-1)e{k+1,k—1,...,—(k+1)}.
(Note that |b) 2 |1;(—1)) if we identify C? =2 Sym!(C?) and use our new notation.)
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e For H' = @p::l:l Symk+p(®2), the action is Ry, = T[(Jkﬂ) &) T[(kal), so 1, = tgﬁl) P tggfl).
Hence the vectors |k’; ') form an eigenbasis, where k' = k & p, with eigenvalues

se{k K —-2,.... K}y {k+1,k—1,...,—(k+1)}.

Note that, in both cases, the eigenvalues are {k+1,k—1,...,—(k+1)} and that each eigenvalue
appears twice, except for +(k+ 1), which implies that the representations must be equivalent! See
Fig. 15.3 for an illustration. This was precisely argument that we used in Chapter 11 to establish
the Clebsch-Gordan rule. Thus, we reproved the fact that there must exist a unitary intertwiner
Ji as in Eq. (15.12). Let us now go further and construct such an intertwiner precisely.

Since J preserves the eigenspaces, it must necessarily map the eigenvectors of eigenvalue
s’ = k + 1 onto each other, up to possibly a phase. Since any scalar multiple of an intertwiner is
again an intertwiner, we may in fact assume that

Ji (| k) @ 10) = |k + 1,k +1). (15.13)

For s’ = k — 1, we likewise know that

Ji (Jk;—k) @ 1)) o< |k — 13k —1). (15.14)
For all other eigenvalues, s’ € {k — 1,k —3,...,—k + 1}, the eigenspaces are two-dimensional, so
there must exist unitary 2 x 2-matrices U (k, s’) such that
Ji (Ikss = (D7) @10) = > Uk )y [k +p:) (15.15)
p==%1

for b = 0,1. Substituting s = s’ — (—1)°, we can write this as
Tr([k;s) @ b)) = Y Ulk,s+ (=1)")pp [k + p;s + (—1)").
p==£1
We can also bring Eq. (15.13) in this form by defining U(k,k + 1)1 = 1, and similarly for
Eq. (15.14). Thus, the Clebsch-Gordan isometry (15.11) takes the following simple form:
k) ©s)s @ D)= D Ulkys + (=1))pp [k + s @ s+ (=1)") o © [p) .-
p==+1

In other words, the Clebsch-Gordan isometry in essence takes the form of a controlled unitary
(with input the B qubit and output the P qubit), controlled by the various inputs! This means
that it can be implemented by a circuit of the following form:

4 B— I |
L g \ P " (&
/\ -~ L “«

L— ¥ R U——¢

The notation on the right-hand side needs some explanation: In the first step, we apply a controlled
“addition” that maps [s)g ® |b) 5 to |s + (—1)b>ls ® |b) 5. The middle part uses the slightly more
general notion of a controlled unitary described in Theorem 15.1, mapping |k) x @ |s') ¢ @ |b) 5
to k) ®|5')g @ U(k,s') |b) 5. And in the last step we again apply a controlled addition, this
time mapping |k) x @ [p)p to [k + p) o @ |p) p-
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Computing the matrix elements

We still need to give a prescription for computing the matrices U(k, s’). As mentioned before,
U(k,k+1)4 o =1 is the only relevant matrix element for s’ = k41, corresponding to Eq. (15.13),
which we restate for convenience:

Ji (| k) @ 10) = |k + 1,k +1). (15.16)

To determine the other coefficients, we consider M_ = (9 J). If we apply ), to Eq. (15.16) and
use Eq. (15.10), we obtain

Jerar_ (ki k) ®10)) =iy Je (k3 k) @10)) =)y [k+ 1,k +1).
(k+1)

Recall that ry, = tg\]f[l QI+I®M_andr), =t @tg\lzl). Since t*) |k, s) o |k, s — 2) etc.
(Eq. (6.5)), it follows that

Je (alk;k—=2)@10) + Bk k) @1|1)) =k +1,k—1) (15.17)

for certain coefficients a and 3 that we can calculate explicitly. By unitarity, |a|? + [8]? = 1.
But we know from above that J; preserves the two-dimensional eigenspace corresponding to
s =k —1 (Eq. (15.15)), so it follows that

Je(V|kik—2) @ |0) + 0|k k) @ (1)) = |k — 1,k — 1) (15.18)

for some coefficients v and 6. By unitarity, |y|2 + |0]> = 1 and ya + 63 = 0, which determines
these coefficients up to phase. Any choice of phase will lead to a valid intertwiner, since this is

-1
exactly the freedom that we have from Theorem 13.2. If we define U(k, k — 1) := (: ?) , then
Eq. (15.15) is satisfied for s’ = k — 1.

We can now simply keep applying 7, to Egs. (15.17) and (15.18) to obtain the matrices
U(k,s") for all other values of s'.

Examples

At last, let us discuss some concrete examples to make sure that we fully understand what is
going on:

Example 15.4 (n=1). For a single qubit, the quantum Schur transform is completely trivial:

(@ ),\

lo>— Ce < N
N e

R, P |

It maps
0)p, = D ®1)sg®[+)p
Vg, = D ®|-1)s®[+)p

Note that the K-system is always in state [1); and the Pj-system always in state |+)p ,
corresponding to the unique (0,0) — (1,1).

Example 15.5 (n=2). For two qubits, the quantum Schur transform
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|
() o y
Q, A
F
maps
00) g — [2)r ®[2)g ® |++) p
1)p = [2) g ®@[-2)g @ |[++)p,
while
1 |01) +[10) 1 |01) —|10) 1 1
0l)p == +— H —=2) ®[0)g®[++)p+ —= 0 ®[0)g ® |[+—)p,
1 |01) +[10) 1 |01) —[10) 1 1
10)p = —= - = =2, @0 ® [++)p — —= |0 ®[0)g ® [+=)p.
ESyrrTE((DQ) eC|y—)

It is instructive to verify this explicitly by following the algorithm outlined above.

Exercises

15.1 Schur transform for n = 3: Can you write down the Schur transform (concretely) for
n = 37 Compare the result with your solution to Exercise 13.2.

15.2 Toffoli gate: Verify that the following three-qubit circuit computes the Toffoli (CCNOT)
gate:

Elgli vi (v HH]

Here, V' = (!,) is a square root of the Z-gate.
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Chapter 16

Quantum entropy and mutual
information

Today we will study the von Neumann entropy more generally and discuss its mathematical
properties. We will also introduce a new correlation measure — the mutual information. Finally,
we will introduce a quantum information processing task called (coherent) quantum state merging,.
This is a very general task that encompasses several others that we previously studied in this
course, and we will explain how to solve it tomorrow.

16.1 Shannon and von Neumann Entropy

Let us first revisit the classical case. For a probability distribution {p, 1—p} with two outcomes, we
previously defined the binary Shannon entropy as h(p) = —plogp— (1 —p) log(1 — p) (Chapter 9).
We will now define the Shannon entropy of general probability distribution {pi}glzl with d many
outcomes by

d
H({p:}{1) = =) _ pilogp;.
i=1

As before, we set 0log0 := 0. It is clear that H({p,1 — p}) = h(p), so this is a proper
generalization. Everything that we discussed in Chapter 9 generalizes to probability distributions
with d outcomes. Note that

0< H({p:}) < logd. (16.1)

The lower bound is attained for deterministic distributions and the upper bound for a uniform
distribution. How to see this? For the lower bound, note that p;logp; > 0 for every p; € [0, 1],
with equality if and only if each p; € {0,1}. For the upper bound we use Jensen’s inequality for
the concave log function, which shows that Z?Zl p; log p%_ < log(Z?zlpip%_) = logd. Since the
logarithm is strictly concave, we have equality if and only if all the 1/p; are equal.

Now consider a density operator p on C?. We define its von Neumann entropy by
S(p) == —tr[plog p].

Clearly, S(p) = H({p;}) for {p;}%_, the eigenvalues of p (repeated according to their multiplicity).
This generalizes the definition given previously in Chapter 10 for qubits. Note that

0 < 5(p) < logd,
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The lower bound is attained precisely for pure states and the upper bound if and only if p is a
maximally mixed state, i.e., p = I/d. This follows directly from the discussion below Eq. (16.1).

The von Neumann entropy is the optimal asymptotic rate for compression and quantum state
transfer (Chapters 9 and 10). The basic reason is that the following asymptotic equipartition
property (AEP): For every e > 0 there exist typical projectors P, on ((Dd)®", n=1,2,..., such
that

(a) tr[P,p®"] — 1 (typicality),
(b) rk[P,] < 2M5()+e) " and

(¢) the eigenvalues of P,p®" P, are within 2-"(5()+e),

For qubits, we proved the first two property in class. In fact, we gave two constructions — one
using the eigendecomposition in Chapter 10 and a universal one using Schur-Weyl duality in
Chapter 14). The third property is also useful as we will see tomorrow. For construction in
Chapter 10, it follows readily using the continuity of the binary entropy function, and for the
other you can proceed as in the derivation of Eq. (14.14).

The first property implies that p®" ~ P,p®" P, for large n (this follows directly from the
gentle measurement lemma, Exercise 7.8). The second and then third property show that
P,p®" Py in turn looks — roughly speaking — like a uniform probability distribution on a space
of approximately n.S(p) qubits. This explains the term “asymptotic equipartition property”.

16.2 Entropies of subsystems and mutual information

Supose that papc... is a density operator on a tensor product Hilbert space. We can then not
only compute the entropy of the overall state but also the reduced density operators such as pa
describing the subsystems, as visualized below.

=)
D ©
® -

In order to emphasize the subsystem, let us define the following useful notation:
S(A)p == S(pa)

We will often omit the subscript p and write S(A) when the state is clear from the context. Let
us discuss some examples for a density operator on a bipartite system:

o If pap is pure then
S(AB) =0, S(A)=S5(B). (16.2)
Note that S(A) = S(B) is nothing but Sg(p), the entanglement entropy of the pure state.

o If pap = pa®pp is a tensor product of two density operators, then S(AB) = S(A) + S(B).
Indeed, if {p;} and {g;} are the eigenvalues of p4 and pp, respectively, then {p;q;} are the
eigenvalues of psp and so

S(AB) = — Zplq] log(pig;) szq] log pi — sz% log g;

Z—szlogpz qulogq;—SA)JrS( )-

128



The second example shows that the von Neumann entropy is additive under tensor products (we
can also write it as S(p ® o) = S(p) + S(0) to emphasize this aspect).
When pap is a general density operator, it is still true that the entropy is subadditive:

S(AB) < S(A) + S(B) (16.3)

MW: Give a short recent proof. This is very important result follows, e.g., from a result
called Klein’s inequality (see [NC10] for all details). In class, we instead gave a plausibility
argument based on the operational interpretation of the von Neumann entropy as the optimal
rate for the quantum state transfer task. Indeed, consider [1)%% ABR> Where 1) 4 pp is a purification
of pap. On the one hand, we know that Alice can (approximately) transfer her AB-systems to
Bob at (a rate arbitrarily close to) the optimal rate S(AB):

o Eq Qﬂ
= / i> \&%®ﬁ

AR ANRD

On the other hand, she can certainly first send the B-systems and then the A-systems, at a rate
S(A) + S(B).

= %@\ 5 e

AT Fe | | \N\&F\

By optimality of the former, it follows that S(AB) < S(A) + S(B). This argument would be a
completely rigorous mathematical proof — except that we did not quite prove optimality! (Can
you see why Exercise 10.1 is not quite enough?)

Equation (16.3) is an example of an entropy inequality. Another example is Araki-Lieb
mequality:

1S(A) — S(B)| < S(AB). (16.4)

We can prove it by a convenient trick that allows us to produce new entropy inequalities from old
ones. Choose a purification [¢) 45 of pap. Then, using that the entropies of complementary
subsystems are the same (Eq. (16.2)),

aS(A) — S(B) =S(BR) - S(B) < S(R)=S5(AB),
and similarly for S(B) — S(A).

Remark 16.1. There is also a strong subadditivity inequality which asserts that S(AC) +
S(BC) < S(ABC) + S(C). It is not so easy to prove but enormously useful in quantum
information theory.
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Mutual Information

The preceding suggests that the mutual information, defined for any density operator pap on
Cd ® C8 by

I(A:B),:=5(A),+S(B), — S(AB),,

might be an interesting property to consider. The state transfer argument given above indicates
that this quantity to be related to the information that we lose by treating A and B as independent.
Let us discuss some of its mathematical properties:

e I(A: B) > 0 by the subadditivity inequality 16.3. One can show (but we will not) that
I(A: B)=0if and only if pap = pa ® pB-

o If pap is pure then I(A: B) = 25(A) = 25(B).

e More generally, (A : B) < 2min{S(A4),S(B)} < 2min{logda,logdp}. The former is a
consequence of the Araki-Lieb inequality 16.4.

e For separable states, I(A : B) < min{S(A), S(B)}. It follows that if I(A: B) > S(A) or
S(B) then the state pap is necessarily entangled!

For an example of the latter, contrast:

e For [®T) 5 = %(|00>—|— |11)), we have I(A: B)=1+1—-0=2,

e For pap = 1(|00) (00| + [11) (11]), we have [(A: B) =1+1—1= 1.

Tomorrow, we will prove that in this case we can even extract ebits at a positive rate given many
copies of the state pap.

Remark 16.2. There exist further measures than the ones we have discussed here. For example,
the binary relative entropy, which we so far only defined for classical probability distributions
with two outcomes each, can be defined for general probability distributions and even for quantum
states, by S(p|lo) := tr[plog p] — tr[plog o].

Moreover, there are other linear combinations of the von Neumann entropy that are meaningful.
For example, the conditional entropy S(A|B) = S(AB) — S(B) and its negative, the coherent
information S(A > B) := S(B) — S(AB). We will see the meaning of the latter tomorrow.

16.3 A glance at quantum state merging

We will close today’s lecture with a review of tomorrow’s topic — a task called (coherent) quantum
state merging. Here, we imagine that Alice, Bob, and an unspecified reference system share n
copies of a pure state 1) ,pp. Alice’s and Bob’s goal is transfer the A systems from Alice to
Bob by sending as few qubits as possible, as illustrated in the below figure:

1< RO
&0
. - e
EACR AN
7;\0 y @;’/_8@5/\/; Aﬁ (Sq‘
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Note that we already know how to solve this problem by sending S(A) qubits — simply use our
usual state transfer protocol (as we did above when discussing subadditivity). However, this
ignores that Bob already has part of the quantum state. Thus, this strategy will in general not
be optimal (unless there is no B system, in which we are back in the state transfer scenario).

How about if there is not R system? In this case, Alice and Bob share many copies of a pure
state 1) 5. Here, no quantum communication is required at all, since Bob can simply re-create
the state in his laboratory. Instead, Alice and Bob can use [¢) 45 “for free” for other purposes,
such as for distilling perfect ebits |®1) at some rate (as indicated in the figure).

Tomorrow we will see that this is indeed possible and prove the following result: There exists
a quantum protocol (sometimes called the mother protocol or the fully quantum Slepian- Wolf
protocol) that, given |w>§gR,

e achieves the state merging task by sending qubit at an asymptotic rate %I (A:R),
e distills ebits at an asymptotic rate 1I(A : B).

Since 1I(A: R) < S(A), this indeed improves over the qubit rate over the naive protocol. But it
will also teach us how to distill ebits (even when pap is mixed), which is something that we only
alluded to briefly in Section 10.3!
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Chapter 17

Quantum state merging via the
decoupling approach

Today we will study the (coherent) quantum state merging task in more detail and discuss its
many applications. We will discuss a protocol based on the decoupling approach, which is a
beautiful technique for solving quantum communication tasks. We will close with an outlook on
some of the topics that we did not manage to cover in this course.

17.1 Quantum state merging

In yesterday’s Chapter 16, we discussed the (coherent) quantum state merging task: Here, Alice,
Bob, and an unspecified reference system share n copies of a pure state [1) 4pp. They would
like to transfer the A systems from Alice to Bob by sending as few qubits as possible and, in
addition, obtain as many ebits as possible. The situation is illustrated in the following figure,
which also already states the main result:

RO

(o= e

@J— elotc@
\"o\\e (A Q

That is, we will see that it suffices to send qubits at an asymptotic rate arbitrarily close to
3I(A: R) and that we will obtain ebits at an asymptotic rate arbitrarily close to $I(A : B).

For comparison, naively applying the quantum state transfer protocol from 10 requires a
qubit rate of S(A) > 2I(A: R) and yields no ebits at all!

Remark 17.1. There are other possible variants that can be analyzed similarly. In quantum
state splitting, the “dual” scenario, we imagine that Bob starts out with the AB systems and
he wants to send the A systems over to Alice, while holding on to the B systems. Quantum
state redistribution is the generalization of both scenarios, where we start with many copies of a
four-party state |1)) 4 gop; initially, the AC systems belong to Alice, Bob has the B systems, and
after the termination of the protocol we would like for Alice to keep A while Bob is in possession
of BC.
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Special cases and applications

e If there is no B system (which you can formally model by taking #p = C) then everything
reduces to quantum state transfer. Indeed, (A : R) = S(A) and 31(A: B) = 0.

e Entanglement distillation: Suppose that Alice and Bob share many copies of a quantum
state p4p and that they would like to obtain as many ebits as possible by sending (classical)
bits only. This task is known as entanglement distillation (cf. Section 10.3, where we
discussed this briefly). Note that here we do not seem to care about the R systems at
all. Yet, the quantum state merging protocol can be usefully applied (simply choose
any purification |¢) ,5)! Simply use teleportation (Chapter 2) to replace the quantum
communication (at rate 1I(A : R)) by classical communication (at rate I(A4 : R)) and
consuming ebits (at rate 5I(A : R)). In this way, we can distill ebits at a net rate

by sending bits at rate I(A : R). The right-hand side quantity is called the coherent
information and often denoted by I(A > B). It can have either sign — but if it is positive
then this procedure allows us to distill entanglement at a positive rate!

For example, if there is no R system then psp is pure and so S(B) — S(AB) = S(B),
which means that we can distill ebits at rate S(A) = S(B)! This was a result that we had
announced in Chapter 2.

e Noisy teleportation: Once we have obtained ebits using the entanglement distillation
procedure sketched above, we can use it as a resource for other tasks, such as teleportation.
This means that using ‘“noisy” density operators psp we can teleport qubits at rate
S(B) — S(AB) (provided this rate is nonnegative) by sending bits at rate

I(A: R)+2(S(B) — S(AB)) = I(A : B).

e Noisy superdense coding: Similarly, we can do superdense coding by using general density
operators pap. Here we take the quantum state merging protocol and do ordinary super-
dense coding with the ebits obtained. This allows us to communicate classical bits at the
“superdense rate” I(A : B) by sending qubits at rate 1I(A: R) + $I(A: B) = S(A). Note
that this is only interesting if I(A : B) > S(A) (or S(B) > S(AB)), which is precisely the
threshold which implied that p4p had to be entangled.

For pap = |®T), the above reduce to ordinary teleportation and superdense coding, respectively.

17.2 The decoupling approach

How should we go about solving the state merging problem? Here is a natural template for what
such a protocol could look like:
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@\ = A0

Here we assume that the initial state is some arbitrary state |V) ,5p (not necessary a tensor
power state |¢>®”)' First, Alice applies a unitary U4. Next, she considers her Hilbert space as a
tensor product Ha = Ha, ® Ha,, with n; qubits in the first and ny qubits in the second tensor
factor, and sends over n; of the qubits to Bob. Lastly, Bob applies an isometry Va,p—,B,B,,
where Hp, = Ha ® Hp and Hp, = H,. This protocol would be successful if it leads to a state
that is close to

125)°"™ @ |0 4 (17.1)
on Az B2 on B1R

Hopefully we can achieve this by choosing n; not too large (and hence ny not too small). How
should we define the objects in the protocol so that this procedure is successful?
The crucial observation is that we can analyze the situation purely by considering the state

IT) apr = (Ua®IBR)|¥) spR -

Indeed, if the state at the end of the protocol is close to the desired state Eq. (17.1) then this
implies that

T4
Faor = Tnz@‘l’R. (17.2)

Indeed, note that the isometry acts only on A1 B and hence does not change the state of the
AR systems, so we can simply trace out B;Bs in Eq. (17.1). In fact, Eq. (17.2) is not only
necessary, but also sufficient in the following sense: Since |T") Apg 1s a purification of I'4, g and
Eq. (17.1) is a purification of é’% ® g, Eq. (17.2) implies that there must exist an isometry
Va,B—B, B, that maps one purification to another. If Eq. (17.2) held with equality then this
would be precisely what you proved in Exercise 7.5! In the approximate case, you can use the
fidelity from Section 14.1 to prove this assertion — can you fill in the details?

The upshot of the preceding discussion is the following: Remarkably, we do not need to
cleverly construct the isometry V' at all — we rather get it for free provided that we manage to
find a unitary U4 such that the system As that remain with Alice decouple from the reference
system R in the sense of Eq. (17.2). This is the essence of the decoupling argument.

How can we obtain the unitary U4? The following theorem shows that, on average, a randomly
chosen unitary does a good job provided that we choose Ay not too large.

Theorem 17.2 (Decoupling theorem). Let W ap be a positive semidefinite operator on C% @ CI®,
where dg = da,da,. Then:
As dadr

I
/dUA [[tra, [(UA @ Ip)Var(U} ® IR)] T du ® Ug|f < —5—tr [T5] .
2 Ay
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Asymptotics

We will prove Theorem 17.2 momentarily, but let us first see why it allows us to solve the
quantum state merging problem. For this, we will use the asymptotic equipartition property (see
Chapter 16)! Let |¢) , g denote an arbitrary pure state and P4, P, Pry typical projectors
for v 4, ¥p, ¥r and some fixed € > 0, respectively, and define

|\P>AanRn = (PA,n ® Ppn® PR,n) W)%%R

Then, by typicality and the gentle measurement lemma (applied three times),

|U) An g gn = Wﬁ%R )

so we may safely construct a protocol for the state |¥) instead of for [/)®".

We will follow the decoupling approach. Let us regard |¥) as a vector in C%’ @ €4’ @ C9r’,
where dar, dp/, dcr denote the ranks of those projectors. We will correspondingly write [¥) 4/ g pr-
Then, by the asymptotic equipartition property,

dy < 2MSA)+e)
dp < 2n(S(R)+5)7

tr [\11124’1%’] — tr [\112 /] < 2n(S(B)+€)272n(S(B)fs) _ 2n(fS(B)+3s) _ 2n(fS(AR)+35)'

(The last inequality requires some thought!) Together,
dardp tr [U% 5] < 2nU(AR)F52),
Thus, Theorem 17.2 ensures the existence of a decoupling unitary U4 provided that we choose
dy > 2n(GI(AR)+59)
1

and n large enough. In other words, we need to send over qubits at a rate arbitrarily close to
$I(A: R). This is exactly the desired asymptotic qubit rate!

As a consequence, it is also true that we will obtain ebits at a rate arbirarily close to

%I(A : B)> Indeed, we have %I(A ' R) + %I(A : B) = S(A), dayda, = da, and you proved in

Exercise 10.1 that any typical subspace for ¥4 has to grow faster than 2(5(4)=9) for any § > 0.

17.3 Proof of the decoupling theorem

In order to prove Theorem 17.2, we first need to understand how to compute averages with
respect to the Haar measure.

Haar averages

First, suppose that M is an arbitrary operator on C¢. Then:
tr[M
/dU UMU' = r[d]l. (17.3)

Indeed, C? is an irreducible representation of U(d) and the invariance property (14.4) of the
Haar measure guarantees that the left-hand side of the equation is an intertwiner; thus, Schur’s
lemma implies that it is proportional to the identity operator. Since the traces agree, Eq. (17.3)
follows.
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Now consider an arbitrary operator M on C? ® C?. Here one can similarly show that

Iy + 6(1 — o),

al + BF, (17.4)

/dU (U U)MU e U)t = {

where F' denotes the swap operator and «, 3, 7y, d are suitable constants that depend linearly
on M. Why is this true? Let us first observe that, since Iy = %(I + F'), we necessarily have
that @ = (v +0)/2, B = (v —0)/2, so it suffices to prove either expression. We will still give a
justification for each expression individually. Since the left-hand side operator

e Asarepresentation of U(d), C?®C? decomposes into the symmetric and the anti-symmetric
subspace, which are both irreducible. (The proof that the latter is irreducible is very similar
to the proof for the former, see Chapter 6.) By Schur’s lemma, it follows that any operator
that commutes with every U®? can necessarily be written as a linear combination of Iy
and I — IIy. See Exercise 7.4 where you proved a very closely related statement in the case
of qubits (d = 2)!

e On the other hand, one can prove directly that any operator that commutes with every U®"
can necessarily be written as a linear combination of the permutation operators { Ry }res,
— see Theorem 13.9. The above is the special case n = 2 of this general result.

We still need to determine the coefficients. Since there are two coefficients, two equations suffice
to determine both. For example, we can compare the trace of the left and the right-hand side
operators, as well as the trace after multiplying the equation by F' (which amounts to replacing
M by FM and interchanging  and ). Using that tr[I] = d? and tr[F] = d, this leads to

d 1

(17.5)

Sanity check

Let us first compute the average of the operator tra, [(Us ® IR)\I/AR(UL ® IR)] to get some
intuition why Theorem 17.2 should be true. Using Eq. (17.3), it is not hard to see that

/dUA tra, [(UA ® IR)\I/AR(UI‘ ® IR)} =tra, |:le1: ® \I/R:| = iiz QR WUp (17.6)
2

which is exactly the decoupled operator that we would like to obtain. (In case this calculation is

not clear: This follows simply by applying Eq. (17.3) to each “block” obtained by applying (r|,

on the left and |r’); on the right.)

Note tracing out the A; system was not important at all. However, this is only an average
statement — if we would like to show that there exist single unitaries U4 that decouple then we
need to control the fluctuations! The content of Theorem 17.2 is that the fluctuations are indeed
arbitrarily small provided we choose A; to be sufficiently large.

Proof of the theorem

We will now prove the decoupling theorem. First, it will be useful to introduce a new norm — the
Frobenius norm (or Hilbert-Schmidt norm) of an operator M, which is often denoted by

M|l = \/te [MTM]. (17.7)
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Note that || M|z is nothing but the £2-norm of the singular values of M. Thus it can be related
to the trace norm in the following way:

[M|[z < [[M][y < /rk(M)|[M]|2

(the second inequality is the Cauchy-Schwarz inequality). Let’s start calculating using the
Frobenius norm:

I
/dUA||trA1 [(UA®IR)\I/AR(UL®IR)} _ A
—/dUA tr

= /dUA tr [trj%‘l [(UA(X)IR)‘I’AR(UL ®IR)H

® g3

2

hi 2
(trAl [(UA ® Ir)Uar(U} ® IR)} - dff ® ‘PR>

2

_ 1. w3,

17.8
i (178)

where the second equality follows from Eq. (17.6). Note that only the first term depends on the
unitary U4! We can compute its average by using the swap trick — this is the main advantage of
using the Frobenius norm:

/dUA tr [trl%h [(UA ®IR)‘1’AR(U2 ®IR)H

f @2
= /dUA tr |:((UA @ IR)VAr(U) ® IR)) (IAlA’l ® Fa,a, ® FRR’)]

= tr [\p%( / AU ULE? (IAl A, ® Fa, A/Q) Ug? @FRR/)}

OJAA/-i-/BFAA/
= atr [U}] + Btr [Uhg] .

In the underbraced expressen we used Eq. (17.4). The coefficients can be calculated using
Eq. (17.5):

da__ o 2 dada, —da, 1
= gt g, =t mde L
i dy—da " - & —da i G -1~ da,
dada, —d 1
B = roles of Ay and Ay reversed = w < .
dA_]‘ dA1

If we plug this back into Eq. (17.8) and take the average, we see that the o term cancels! Thus
we obtain

I 1
/dUA |tra, [(UA(X)IR)\IJAR(UL@IR)] — d‘:2 ®IIJRH§ < i tr [\Il?qR] .
2

1

Finally, we use the upper bound on the trace norm in terms of the Frobenius norm in Eq. (17.7):

1 da,d dad
[ sl [(Ua® In)Uar(U} @ 1n)] = 72 @ Walf < 5w (93] = 5 or [Whs).
2 1 A
This is the desired result.
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17.4 Outlook

Now that we have reached the end of this course, we will close with a brief discussion of two
important topics that we did not have time to cover this term:

o Converses: Over the past weeks, we constructed many useful information processing
protocols, but only rarely proved optimality. To do so in a systematic way requires
extending the formalism of quantum information theory to include so-called quantum
channels, which provide a natural model for arbitrary sequences of operations composed of
unitaries, measurements, adding and removing auxiliary systems, etc. On a mathematical
level, they are described by completely positive, trace-preserving maps.

e Noisy communication channels and their capacities: Throughout these lectures, we always
assumed that we could transmit bits, qubits, etc. in a perfect way from Alice and Bob. (In
contrast, our quantum data sources were noisy and we often considered arbitrary quantum
states shared between Alice and Bob quantum states, not just idealized resource states
such as ebits.) An important part of quantum information research is to determine the
ultimate capacities of noisy communication channels to transmit bits, qubits, etc.

See, e.g., [NC10, Wil17] for much more material than what we had time to discuss this term.
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Appendix A

Handout: The formalism of quantum
information theory

This handout summarizes the formalism of quantum information theory that is developed in this
course.

(A) Systems: To every quantum mechanical system, we associate a Hilbert space H. For
a joint system composed of two subsystems A and B, with Hilbert spaces H 4 and Hp,
the Hilbert space is the tensor product Hapg := Ha Q Hp.

(B) States: A density operator p is an operator on #H that satisfies (i) p > 0 and (ii)

tr[p] = 1. Any density operator describes the state of a quantum mechanical system.
If the rank of p is one (i.e., of the form p = ¢ := |¢) (¢b| for some unit vector |¢) € H)
then we say that p is a pure state. Otherwise, p is called a mized state. An ensemble
{pi, pi} of quantum states can be described by the density operator p = ). pip;.
If pap is the state of a joint system, the state of its subsystems can be described by
the reduced density matrices ps = trg[pap| and pp = tra[pap]. The latter states can
be mixed even if pap is pure. Conversely, any density operator p4 has a purification
paB = [YaB) (Yas| (see Chapter 7).

(C) Unitary dynamics: Given a unitary operator U on H, the transformation p — UpUT
is in principle physical. In other words, the laws of quantum mechanics allow a way
of evolving the quantum system for some finite time such that, when we start in an
arbitrary initial state p, the final state is UpUT. If p = |4) (1] is a pure state, then
this corresponds to ) — U |9).

(D) Measurements: A POVM measurement {Qz}co with outcomes in some finite set
is a collection of operators on H that satisfies (i) Q > 0 and (ii) > . Q2 = I. Born’s
rule asserts that the probability of outcome z in state p is given by the Born rule:

Pr,(outcome z) = tr [pQ] .

If p = |¢) (¥] is a pure state, then this can also be written as (¢|Q.|¢). A POVM
measurement that has precisely two outcomes is called a binary POVM measurement,
and it has the form {Q, I —Q}, hence is specified by a single POVM element 0 < @ < I.
We can also consider POVMs with a continuum of possible outcomes (see Chapter 4).
We say that {P,} is a projective measurement if { P, },cq is a POVM where the P, are
projections that are pairwise orthogonal (i.e., Q;Qy = 054 Q4). If @ C R, then the data
{P,}zeq is equivalent to specifying a Hermitian operator with spectral decomposition
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O =), zP,, called an observable. If the outcome of a projective measurement is
then the state of the system “collapses” into the post-measurement state

/ PrpPy
p =
tr[Pyp)

If p = [) (4] is a pure state, then p" = [¢)') (|, where [¢') = Py [4) /|| Py [} .
Any POVM can be implemented using projective measurements on a larger system

(see Chapter 2).

(E) Operations on subsystems: Consider a joint system with Hilbert space Hap =
Ha®Hp. If we want to perform a unitary U, on the subsystem modeled by H 4, then
the appropriate unitary on the joint system is U4 ® Ip. Similarly, if {Qa ,}zcq is a
POVM measurement on H 4 then the appropriate POVM measurement on the joint
system is {QA4,z ® IB}zen.

The standard formalism of quantum information theory includes two further notions that
we did not discuss in this course: Quantum channels model general evolutions that can be
obtained by composing unitary dynamics, adding ancillas, and taking partial traces. Quantum
instruments can be thought of as implementations of POVM measurements that not only describe
the statistics of outcomes but also model the post-measurement state.
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antisymmetric subspace, 35 Lie algebra, 48
average state, 53 action, 49
axioms of quantum mechanics, 5, 13 Lie algebra representation, 49
Lie group, 48
Bell basis, 15 local hidden variable strategies, 24
Bell inequality, 25
Bloch sphere, 59 matrix exponential, 48
Born rule, 7, 19, 32, 54 maximally entangled state, 6
maximally mixed state, 54
CHSH game, 23 mixed state, 54
classical states, 55
classical strategies, 24 nonlocal game, 23
computational basis, 6 nori
operator, 60
density matrix, 54 trace, 58

density operator, 8, 54
direct sum, 43
dual representation, 52

observable, 7

occupation number basis, 35, 47
occupation numbers, 34

ebit, 6 operator norm, 60

ensemble, 53

entangled, 6

entanglement swapping, 17

partial trace, 56
Pauli matrices, 9

EPR pair, 6 permutation matrix, 41
. post-measurement state, 7
equivalence, 44
. POVM, 19
extension, 55 :
continuous, 32
fidelity, 21 uniform, 35
POVM elements, 19
general linear group, 49 private randomess, 26
GHZ game, 23 product states, 6
GHZ state, 29 projection, 6
group, 33, 40 projective measurement, 13
group action, 40 projector, 6
guessing probability, 11 pure quantum state, 31
pure state, 54
Haar measure, 33 purification, 58
Hadamard basis, 9 standard, 60
purity, 54
intertwiner, 43
invariant subspace, 42 quantum cryptography
nontrivial, 42 device-independent, 27
irrep, 42 quantum information source, 53
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quantum state, 54
quantum strategy, 25
qubit, 5

randomness expansion, 26

reduced state, 55

representation, 34, 40
defining, 41, 46
equivalent, 44
irreducible, 42
Lie algebra, 49
sign, 41
trivial, 41
unitary, 34

resource, 17

rigid, 27

Schmidt coefficients, 57

Schmidt decomposition, 57

Schmidt rank, 57
Schur’s Lemma, 44
self-test, 27

shared entanglement, 15
sign, 41

singlet, 30

special unitary group, 40
square root

positive semidefinite, 20

superdense coding, 15
superposition principle, 6
symmetric group, 33, 40
symmetric subspace, 34
symmetrizer, 34

tangent vector, 48
teleportation, 16
tensor product, 43
trace distance, 21, 58
trace norm, 58
transposition, 40
type, 34

uncertainty relation, 10
uniform measure, 33
uniform POVM, 35
unitary group, 40

weight, 35
weight basis, 35
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