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2 Mathematical setup of finite-dimensional quantum information theory

2.1 Quantum systems and quantum states

A quantum system is a physical system with one or more quantum-mechanical degrees of freedom that
are either discrete or continuous. Examples include:

* position and momentum of a particle
* spin of a particle (e.g. spin along z-axis of an electron)
* polarization of a photon

The motivating example we will use is that of the spin of an electron. There are two possible “basis
states": spin up (1) and spin down (). Each of these is assigned a vector in the state space C?:

| 1) = (é) 1) = ((1)) 2.1)

The superposition principle states that a quantum system can be prepared in an arbitrary state

) =al ) +BI1), (2.2)

where a, 3 € C satisfy |a|? +|B|? = 1. When measuring the system (see Section 2.2), the probabilities
of finding the electron in the spin-up or spin-down state are given by the expressions

Pr(N) = {1 [$)? = |af Pr(l) = (L [} > = IBI>. (2.3)

More formally, we make the following definitions:

Definition 2.1 (State space). The state space describing a quantum system is given by a Hilbert
space, a complete complex inner-product space. A quantum state on a Hilbert space is a density
operator p € L(#H) satisfying:

* Positivity: p =0, i.e., (¢|ply) = 0 for all |p) € H.

* Normalization: trp = 1.

In this lecture we usually restrict our attention to finite-dimensional Hilbert spaces H = C? equipped
with the standard inner product

d
(WPlp) = > ig; 2.4)

i=1

for vectors |Y) = (¢1,...,%4)" and |¢p) = (pq,..., P4)".

Definition 2.2 (Observables). Observable quantities are represented by Hermitian operators

Ae{X e L(H): X =X} (2.5)




The real eigenvalues of an observable can be measured in an experiment. A state of a quantum system
assigns an expectation value to observables, that is, it describes the expected measurement statistics of
an observable in a quantum system. The expectation of an observable A with respect to a state p is
given by

(A), =tr(Ap). (2.6)

The set of density matrices of a finite-dimensional Hilbert space is convex and compact. That is, if
p; are density matrices and p; probabilities, then p = Y. p;p; is also a density matrix.

A pure state is an extreme point in the convex set of density matrices, that is, it cannot be written non-
trivially as p = ), p;p;. A pure density matrix has rank 1 and can be written as a projector p = [1)(¢|
for some vector ) € H with (1|1p) = 1, or equivalently, tr p = 1. The vector |¢) is also often called a
pure state or state vector. A density matrix (state) that is not pure is called mixed.

Definition 2.3 (Pure-state ensembles). A collection of state vectors {|v);)}; with probabilities {p;};
is called a pure-state ensemble for a mixed state p if

P = Zipi|¢i>(¢i|- 2.7

Every mixed state has infinitely many pure-state ensembles realizing it (see Exercise 2.1). Every
quantum state p has a spectral decomposition

p = Mlv)vil, (2.8)

where A; are the eigenvalues of p and {|v;)}; is an orthonormal basis of eigenvectors of p, that is,
plv;) = A;|v;). Because p > 0 and trp = 1, we have A; > 0 and > ; A; = 1. Hence, the eigenvalues of a
density matrix form a probability distribution, thus generalizing "classical" states.

2.2 Measurements

Measuring a quantum system means that we determine a property of a quantum system associated
with an observable (see Section 2.1), yielding different classical outcomes with certain probabilities
determined by the state of the quantum system. A quantum system that is measured loses its quantum
behavior; we will not discuss this process in this lecture (but see, e.g., [Brul7]).

Definition 2.4 (Projective measurements). Let A be an observable on a quantum system H prepared
in the state p. Consider the spectral decomposition

J

where x; are the (real) eigenvalues of Aand P; are the orthogonal projectors onto the corresponding

eigenspaces. The projectors {P;}; satisfy the following properties:
(i) Positivity: P;=0 (in particular P].T = Pj)
(i) Completeness: Y. P =1y

(iii) Orthogonality: PP, = 19) e




{P;}; is called a projective measurement that gives the measurement outcome x; with probability

pj =tr(pP;). (2.10)

The numbers (p;); indeed form a probability distribution: We have p; = tr(pP;) = 0 since both p, P; > 0,
and furthermore

ijj = Zj tr(pP;) = tr(P Z]. Pj) =u(ply)=up=1 211

by linearity of the trace and normalization of the quantum state p.
If p = |y)(y| is a pure state and {P]-}}iz1 is a von Neumann measurement with P; = |v;)(v;| for an

orthonormal basis {|vj)}?:1, then

2 (2.12)

p;=tr(pP;) = tr(h/))(lﬁh’j)(vﬂ) = |(1/)|Vj>

which is consistent with (2.3).
Note that we only needed items i and ii in Definition 2.4 to ensure that (p;); is a probability distri-
bution. This motivates us to consider a more general measurement by dropping property iii:

Definition 2.5 (Positive operator-valued measure (POVM)). A positive operator-valued measure
(POVM) is a collection of operators {E; }; satisfying:

(i) Positivity: E;, =0
(i) Completeness: Y, Ex = 1y

The E; are often called effect operators and correspond to a possible outcome “k” that is obtained
with probability p; = tr(pEy).

The main difference between these two types of measurements is whether we have information
about the quantum state of the measured system after the measurement. After performing a projective
measurement {P;}; on a quantum system in the state p and obtaining the outcome j, the system assumes
the post-measurement state

pi= P.pP.. (2.13)
I~ w(ppy) T

For a POVM {E }; there is no unique way of defining a post-measurement state—the only information

encoded in the measurement are the probabilities p;, = tr(p E; ). However, in the open systems formula-

tion of quantum mechanics, every POVM can be realized as a projective measurement on a larger system

consisting of the system itself and an environment system that is inaccessible to the experimenter. This

is the content of Naimark’s Theorem (see, e.g., [Wil16]).

2.3 Composite systems and entanglement

Consider two quantum systems A and B with associated Hilbert spaces #, and Hp. For example, A
and B could each be spin-1/2 particle with state space C2. The joint system AB is described by the
tensor product Hup = Ha ® Hp. A density matrix p,p for the joint system lies in £(H, ® Hp), which is
isomorphic to L(H,) ® L(Hp)-



The marginal state p, of a bipartite state p,p is defined as the operator p, satisfying the following
relation for all X, € L(H,):

tr(pAB(XA ® I]‘B)) = tr(pAXA) (2.14)

This uniquely defines a linear map trg = idy®tr: L(Hap) — L(H,) called the partial trace. If £ =
{le;) B}?ETB is an orthonormal basis for Hy, then the partial trace trz can be computed in £-coordinates
as

dimB

trg Xap = Z (1 ® (eilp) Xap (14 ® le;)p) - (2.15)

i=1
Note however that the partial trace is uniquely defined, and any choice of orthonormal basis in (2.15)
yields the same operator X,. The defining relation 2.14 shows that the marginal p, describes the effective
state of system A when doing a local measurement.

Correlations

One of the major goals of quantum information theory is to understand correlations between quantum
systems. In the case of bipartite systems AB, we distinguish between the following types of correlations
between A and B:

1. Product states: pap = wy ® op for states w, and op. In a product state any local measurements
do not depend on the other system: If E4, F > 0 are measurement operators (e.g., from POVMs
on A and B, respectively), then

tr[pap (Ea® Fg)] =tr[(wy ® 05) (Ey® Fg)] = tr(waEy) tr(opFp). (2.16)

Hence, the measurement outcomes of A and B are independent and therefore uncorrelated.

2. Separable states: psp = Zi piwg) ® 0'](;) for states coX) and ag) and a probability distribution
(p;);. Separable states represent classical correlation between A and B encoded in the index i.
Conditioned on this value i, the state cog) ® O'I(;) is uncorrelated. Note that a pure separable state

is automatically a product state.

3. Entangled states are states that are not separable. They describe quantum correlations.

Example 2.6. Let {|0),|1)} be an orthonormal basis for C>. We define the EPR state, Bell state or
maximally entangled state

1

0oL _1 o

| )AB_ﬁ(|0>A®|O>B+|1>A®|1>B)—ﬁ ol (2.17)
1

The corresponding density matrix is

1
i =P ) (D" |ap = 5 (2.18)

= O O
el eNeNe]
o O oo
_ O O =




This is an example of an entangled state. There are actually three more such maximally entangled
states on two qubits:

1
o = ! 0 0 1 1 = ! (O 2.1
| )AB_E(l >A®|>B_|>A®|)B)—E 0 (2.19)
\—1
(0
10%) 45 = —= (10}, ® | 1)5 + 1), ®10)5) = —= | (2.20)
V2 V2 \1
0
(O
L1 11
| )AB—E(lO)A®|1>B_|1>A®|O)B)—E \_1 . (2.21)
0

The four states {|7) a5, |97 ) ag, [¥F) g, ¥ )45} are orthonormal (see Exercise 2.2) and thus form
an orthonormal basis for C2 ® C? known as the Bell basis. We call them maximally entangled
because for each state both marginals on A and B are completely mixed:

try ), =51 =trg &, (2.22)

and similarly for |®) 45, (%) a5, ¥ ) 5.

To show that ¢* is entangled, we could try to show that there is no way of writing it as a convex
combination of product states. However, there is a more elegant (and more widely useful) way of
proving that * is not separable based on the PPT criterion. To introduce this criterion, let us define
the partial transpose (-)™® := id, ®(-)T. In coordinates, we can define operator bases {QA’i}l. for L(H,)
and {PBJ}J. for L(Hp). The partial transpose of a bipartite operator X,z = Zi’j ¢ijQa; ® Pp ; can then
be computed as

T
XZE = CijQA,i ® (PB,]) . (223)

i,j

A state p,p is called PPT (for positive partial transpose) if pig > 0 (or equivalently pIZI’; > 0, see Exer-
cise 2.3). The partial transpose gives rise to the following separability criterion:

.. o o T, 7 T
Proposition 2.7 (PPT criterion). Every separable state o5 satisfies o,; > 0. Hence, if p,; has a
negative eigenvalue, then p,p is entangled.

Proof. Let opp = ) piag) ® og) be separable. Recall that this means in particular that Ug), O'g) >0,

and p; > 0. Since ()75 is linear and X is positive semidefinite iff X T is positive semidefinite, we have

T, i N
om=> poLe(cf) 20, (2.24)
as a convex combination of positive semidefinite operators. O



Using this criterion, it is easy to prove that $* is entangled. We first compute its partial transpose:

100 1\™® . . 1000
a0 000 _((§8) (88) \_[o o0 1 0f_
2097210 0 0 0 _((?S)T () |0 1o o TRe 229
1001 000 1

The operator F,j is called swap operator. It acts on the tensor product space C2 ® C? by swapping the
two systems,

Fap(1Y) ® [$)) =¢) ® [vh) forall [4h),|¢) € C*. (2.26)

It follows immediately that the Bell states |1 ) a5, |9~ ) ag, ¥ )45, ¥ ) 45 introduced in Example 2.6 are
eigenvectors of the swap operator, and the eigenvalue corresponding to [¥~) is —1. Hence, ($*)'? is
not positive semidefinite, and so % is entangled by the PPT criterion in Proposition 2.7.

Example 2.8 (A first contact with representations). The swap operator Fz is an example of a rep-
resentation of the transposition (12) € S,, the symmetric group on two symbols, on the vector space
C? ® C2. The other group element in S,, the identity permutation e, is represented as the identity
operator I,z = 1, ® 1. The Bell basis {|®™) a5, 9 ) g, ¥ ) a5, ¥ )45} provides an orthonormal
basis that is adapted to this representation e — 145, (12) — F4p in the following way:

* The vectors [6%) 45, |7 ) a5, [¥") 45 are eigenvectors of both 1,5 and F,z with eigenvalue +1.
Thus, on the space Sym?(C?) := span(|®*) 45, |® ) g, ¥ ) 45), known as the symmetric sub-
space, both group elements e and (12) act trivially. Later in the lecture, we will say that the
symmetric subspace contains three copies of the 1-dimensional trivial representation of S,:
each Bell state |7 ) 45, |9 ) a5, |¥ ") 45 spans a 1-dimensional copy of this representation.

* On the other hand, on the space A%(C?) := span(|¥~)) known as the antisymmetric subspace,
the group element e still acts trivially (since it is represented by the identity operator), but the
transposition (12) acts by multiplying with —1. We will later call this the sign representation
of Sy, since —1 = sgn((12)) is the sign of the permutation (12).

* Partitioning the Bell basis into the two parts (|97) 5, |9 ) g, [¥F)45) and (|¥™)) gives a de-
composition of C? ® C? as

C? ® C2 = Sym?(C?) @ A%(C?), (2.27)

where the symbol “=” indicates the special basis choice we made. We have dim Sym?(C?) = 3
and dim A2(C?) = 1. With respect to the decomposition (2.27),

1

112

I4p . 1 = ﬂSymz(CZ) D ﬂAz(Cz) (2.28)

1

112

Fap = ) 1 = Lgymz(c2) @ (1) Laz(c2) (2.29)




These observations can be greatly generalized, on the one hand to representation spaces C¢ ® C4
with d > 2, and on the other hand to representations of the symmetric group S, on the space (C%)®"
via permuting the n tensor factors. Much of this course is dedicated to studying this representation
and its applications in quantum information theory.

Let us return to the study of entanglement. Unfortunately, the PPT criterion is only a necessary cri-
terion for separability. In small dimensions (when dim(#,)dim(#p) < 6) it is also sufficient [HHH96],
but in higher dimensions there are indeed quantum states that are PPT and entangled. Such states are
called bound entangled [Hor97; HHH98]. There are many more examples of necessary (but not suffi-
cient) separability criteria, such as the “reduction criterion” p,z < p4 ® 15, which is again satisfied by
every separable quantum state [HH99]. In general it is NP-hard to decide whether a given mixed state
is separable [Gur03]. However, for pure states there is an efficiently checkable separability criterion
based on the singular value decomposition.

Proposition 2.9. Let |) 45 be a pure bipartite quantum state. Then there are sets of orthonormal

vectors {|e;)a}I_; and {|f;)5 Jr'=1 and strictly positive real numbers (4;)!_, such that

[Y) a5 :Z\/A_ilei>A®|fi)B- (2.30)
i=1

The Schmidt coefficients (A;);_, satisfy Zirzl A; =1, and are unique up to reordering. The integer
r is called the Schmidt rank of |1))) z5.
The state |1)) 5 is entangled iff r > 1. The marginals of [1) 5z are given by

Pa =t YPag :Zlﬂei)(eih Pp = ttaYPap :ZAilfiMfilB- (2.31)
i=1 i=1

These are spectral decompositions, that is, p, and pgz have the same spectrum given by the Schmidt
coefficients, and the Schmidt vectors {|e;),} and {|f;)p} can be completed to eigenbases of p, and
Ppg, respectively.

Proof sketch. Consider orthonormal bases {|v;) A}?i:nlmf‘ and {|w;) B}?EHB , and expand 45 as

V) as Zzi’j xijlvi)a® |w;)p. (2.32)

All claims now follow from the singular value decomposition of the matrix X = (x; j) (see Exercise 2.4).
O

Purifications

A mixed quantum state reflects our uncertainty of the true preparation of the quantum system. That is,
if a mixed state p,jp is realized by a pure-state ensemble (p;, [;) (;]); as pag = X, pil;) (;], then we
can interpret this decomposition as finding the system in the pure state 1); with probability p;.!

The open systems formulation of quantum mechanics provides a purified picture in which the uncer-
tainty of system preparation corresponds to the system being entangled with an inaccessible environ-
ment. This is formalized as follows:

1But recall that there exists an infinite number of pure-state ensembles realizing a given state p ;!



Definition 2.10 (Purification). Let p, be a mixed quantum state. Any state [Y)zg € Ha ® Hy
satisfying trp ¢4 = p4 Where Hy is some auxiliary Hilbert space, is called a purification of p,.

Proposition 2.11. Let p, be a mixed quantum state.
(i) There exists a purification of p, on H, ® Hy with dim Hy > rank p,.

(i) Any two purifications are isometrically equivalent: Let [v)4r, and |¢)sg, be two purifica-
tions of p,, and without loss of generality assume dimHg < dimHg,. Then there exists an
isometry V: Hp — Hg, such that [p) g, = (1o ® V) [¢) g, -

Proof. (i) Consider a spectral decomposition p, = Z?:l A;i|vi)(vila, where A; > 0 such that r = rank p,.

Take Hy = C" with orthonormal basis {|w;)z}/_,, then [)az == D.._, v/Ai[v;)a ® Iw;) is the desired
purification.

(ii) This follows from Schmidt decomposition (see Exercise 2.5). O
2.4 Distance measures

Approximations are quantified using measures of how close quantum states are. Here we focus on two
such measures: trace norm and fidelity.

Definition 2.12 (Trace norm). The trace norm of a linear operator X € L(#H) is
d
X1l = tr VXX = 500,
i=1

where d = dim# and s;(X) are the singular values of X.

This defines a norm (in the usual sense) on £(#). In the special case when X is Hermitian with

real eigenvalues A;, we have || X||; = Zle |A;]. Our first distance measure, the trace distance, is just the

metric defined via the trace norm:

Definition 2.13 (Trace distance). Let p and o be quantum states on H. Then their trace distance
is defined as

1
D(p,0):= 3 lp =0l 2.33)

There is a useful variational characterization of the trace norm:

Proposition 2.14. ||X||; = max{|tr(XU)| : U unitary}.

Proof. See Exercise 2.6. O

The trace distance satisfies the following properties:

10



Proposition 2.15 (Properties of the trace distance).
(i) D(-,-) is a metric, that is, it is non-negative, symmetric and satisfies the triangle inequality.

(i) 0 <D(p,0)<1andD(p,o)=0iff p = o. With suppX := (kerX)', we also have D(p, o) =
1 iff suppp L suppo.

(iii) D(p,o0) =sup{tr[P(p —oc)]: P >0and 1 —P > 0}.

(iv) D(p,0)=D(UpU",UcU") for all unitaries U and D(p4, 04) < D(Pag, T a5)-

Proof. See Exercise 2.7 for Item iv, and [Wil16] for the rest. O

The trace distance D(p, o) is related to the maximum success probability pg,..(p, o) of distinguish-
ing between p and o. This is known as the Holevo-Helstrom theorem:

1
psucc(p> 0) = 5(1 +D(P, 0)) (2.34)

Another important distance measure (though not a metric in the mathematical sense) is the fidelity:

Definition 2.16. The fidelity F(p, o) of quantum states p and o is defined as

1
F(p,o0)= ||1/E\/5||1 =tr(a%po%)2 .

The origin of fidelity lies in the transition probability Pr(y) — ¢) := |{(10|¢)|? of a quantum system
to go from a state |1) to a state |¢). By Proposition 2.17(v) below, the two notions agree on pure states
(up to a square, which is a matter of definition): F(3, ¢)? =Pr(yp — ¢).

Proposition 2.17 (Properties of the fidelity).
(i) 0<F(p,0)<1and F(p,o0) =1iff p =0, while F(p,o) =0 iff suppp L suppo.
(i) F(p,0)=F(o,p).

(iii) F(p,0)=F(UpU",UcU") for all unitaries U, and F(pag, 0a5) < F(pa, T 4).

(iv) F(-,-) is jointly concave: For quantum states p;,o; and a probability distribution (p;);,

F(Zil’ipi’zil’ﬂi) & ZipiF(pi:Oi)- (2.35)

(v) For pure states |¢) and |¢) we have F(¢, ) = [(y|d)].

(vi) Uhlmann’s theorem:

F(p,0) =max{|(y"|$)| (2.36)

where the maximization is over purifications |¢*), |¢7) of p, o, respectively.

Proof. See[Will6]. O

Finally, we mention a set of inequalities that relates the trace distance and fidelity to each other.

11



Proposition 2.18 (Fuchs-van de Graaf inequalities). For any two quantum states p and o,

1—-F(p,0)<D(p,0)<+y/1—F(p,0)2.

Proof. See [Will6]. O

2.5 Exercises

Exercise 2.1 (Pure-state ensembles realizing a mixed state). Let p be a mixed quantum state realized
by a pure-state ensemble (p;, [4;))_; as p = > Pily;) (. Define unnormalized vectors lypi) =
JPily;) so that p =77 [¢7)(yf], and let V be an (k x r)-matrix consisting of orthonormal columns,
that is, k > r and V is an isometry satisfying V'V = 1,. Show that the states

Z ) 2.37)

for j=1,...,k satisfy

I|Mx‘

e’ I—qulcbj (¢il, (2.38)

where ¢; = (¢/|¢) and |¢,) = q;”2|¢;>.

Exercise 2.2 (Bell basis). Show that the states |®%) 5, |97 )ap, [¥ 1) a5, |¥ ) 45 defined in Example 2.6
form an orthonormal basis for C2 ® C2, and that for each state both qubit marginals are equal to the
completely mixed state %]1.

Exercise 2.3 (Partial transpose).

(i) Show that p B > 0 if and only if pTA >0.

(i) Determine operators L; and M; such that XZE = > LiXsM;.
Exercise 2.4 (Schmidt decomposition). Let |y),5 be an arbitrary bipartite state. Denote |A| = dim H,4
and |B| = dim Hp. Choose orthonormal bases {|vi)A}li|1 and {le)B}ljB:ll and expand 1) as

Al 1B]

AB :szij|vi>A®|Wj>B- (2.39)

i=1 j=1

Define the (|A| X |B|)-matrix X = (x;;) and use singular value decomposition to show that there exists
an integer r, sets of orthonormal vectors {|e;)4}[_; and {|f;)},_;, and strictly positive real numbers

(A:)i_, satisfying >./_; A; = 1 such that

j=1

=2V Ade)a® ). (2.40)
i=1

Exercise 2.5 (Isometric equivalence of purifications). Let [1))4z, and |¢)sg, be two purifications of
a mixed state p,, and without loss of generality assume dim#Hy, < dim?Hg,. Use the Schmidt de-
composition derived in Exercise 2.4 to show that there exists an isometry V: Hp, — Hpg, such that

|0)ar, = (La® V) |Y)ar

12



Exercise 2.6 (Variational expression for trace norm). Show that ||X||; = max{|tr(XU)| : U unitary}.
Hint: Recall that ||X||; = 2, s;(X), where s;(X) are the singular values of X. Use a singular value decom-
position X = Wy XW, and the Cauchy-Schwarz inequality (X,Y) = tr(X'Y) for operators to show that
|tr(XU)| < tr 3 = ||X||;. Can you determine a unitary U that achieves this bound?

Exercise 2.7 (Data-processing inequality for trace distance).
(i) Show that D(p,0)=D(VpV' VoV") for any isometry V.

(ii) Use the variational formula in Exercise 2.6 to show that D(p,, 04) < D(0ag, 0 az)-

Hint: Let X5 := pag — O a5 and choose Uy such that 2D(pp, 04) = ||X4ll; = | tr(X,U,)|. Now use the
fact that tr(X,Uy,) = tr(X45(Us ® 15)) by definition of the partial trace.

3 A primer in representation theory

3.1 Motivation: Entanglement in Werner states

We learned in Section 2.3 that there are efficient ways to detect entanglement, for example based on
the PPT criterion in Proposition 2.7. But the problem with such separability criteria is that they are
generally only necessary but not sufficient, and indeed there are known constructions of states that are
entangled and still pass the PPT criterion. In general, deciding whether a state is separably is NP-hard
and thus believed to be impossible using efficient algorithms (i.e., whose runtime is polynomial in the
input size d* where d is the local dimension of the bipartite system).

The problem of deciding separability may become easier when we have additional information about
the state. In particular, the presence of symmetries can greatly simplify the structure of a quantum state,
thus making the study of its entanglement properties more tractable. In fact, the principle of symmetries
reducing the complexity of an object (and thus studying its properties) is the central theme of this course,
and a crucial tool in mathematical physics more generally.

We will motivate this study with a well-known class of quantum states known as Werner states,
named after the mathematical physicist Reinhard Werner [Wer89]. Werner introduced this class of
states in quantum mechanics to study hidden variable models, using the fact that their entanglement
structure is much easier to understand than that of general bipartite density operators. Here, we give a
first flavor of this simplification by considering the two-qubit case with state space C2®C?2.? We consider
a density operator p,p on this space satisfying the following symmetry property:

pas=U®U)pp(UU)  forall Uecls,. (3.1)

Here, U, = {U eL(C®:U'U= ]1} is the group of unitaries acting on C2. One way to understand the
symmetry property (3.1) is that p,z is invariant under coordinated local basis transformations on each
qubit. Many quantum information processing tasks are invariant under such local basis transformations,
and hence one can sometimes assume the symmetries in (3.1) without loss of generality.

The symmetry property (3.1) is quite powerful since it eliminates most degrees of freedom in the
two-qubit state p,5. Indeed, as we prove below for the special case of a two-qubit system, and using
the representation-theoretic machinery developed in this section and Sections 4 and 5 for arbitrary d,
Werner states have the following special form:

2In Section 6 we will generalize the discussion of this subsection to arbitrary d > 2.
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Proposition 3.1 (Two-qubit Werner states). Every quantum state p 5 on C? ® C? satisfying (3.1)
can be written in terms of a single parameter x € [—1,1] as

2—Xx 2x—1

Proof sketch. This proposition (and its generalization to Werner states on C? ® C?) is most efficiently
proved using the representation-theoretic methods develop in Section 4.

However, there is also an ‘elementary’ way of inferring the special form in (3.2) from the unitary in-
variance U®2p,5(U")®2 = p 45 by making judicious choices of the unitary U and tracking the conditions
on the coefficients of p,p that the invariance properties imply. This is the content of Exercise 3.2. [

Proposition 3.1 has profound consequences for the possible correlations in Werner states. To study
these consequences, it will be useful to have a means of imposing the Werner symmetry (3.1) on an arbi-
trary unsymmetric state. This is achieved using the idea of twirling, or averaging over the set of unitaries
with respect to a uniform probability measure. Luckily, the unitary group U, (and more generally 2/;)
admits a unique uniform measure dU called Haar measure, which allows us to integrate (matrix-valued)
functions of the components of a unitary matrix over the full group. We will discuss this measure in
more detail in Section 3.8. Here, we just assume for the time being that this Haar measure exists, and
has the following two important properties:

(i) Normalization: fuz dUu =1.

(i) Left- and right-invariance: For any function f and an arbitrary unitary V, we have

J dU f(VU) = J dU f(UV) = J du £ (). (3.3)
U, U,

Us

We now introduce the following twirling operation for a bipartite operator X5 € £(C? ® C?):
T(Xpp) = f dU (U ® U)X,(U @ U)'. (3.4)
Uy

The result of this operation is that the twirled operator 7(X,5) now possesses the symmetry (3.1): For
any unitary V € U,, we have

(VeV)T(Xp)(VeV) = f dU(Ve V)(UeU)Xa(UeU) (Ve V) (3.5)
Uy

:f dU (VU @ VU)X,5(VU ® VU)T (3.6)
Us

:f dU (U ® U)X,z(U e U)' (3.7)

TG, @9

where we used linearity of the integral in the first equality, and the invariance property (3.3) of the
Haar measure in the third equality.
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Let now p,p be an arbitrary two-qubit state, and consider the twirled state 7(p,g). According to
(3.8) this is a Werner state, which by Proposition 3.1 can be written as

2—Xx 2x—1

Our goal is to express the parameter x as a function of p,p. To this end, we make the following two
observations for arbitrary X,z:

AU r[(Ue U)X,(Ue U)' ] = f dU trXap = trXsp (3.10)
Uy

tr[T(Xap)] =J

U

which follows from linearity of the integral and the normalization property of the Haar measure, and

-
tr[FagT (Xap)] = ) AU tr[Fap(U ® U)X15(U ® U)'] (3.11)
U
.
= | dU tr[(U®U)'Fup(U ® U)Xy5] (3.12)
Ju,
[
= | dU tr[FapXas] (3.13)
Ju,

Here, we used the fact that F,p is invariant under the unitary (U ® U)", which can either be seen from
Proposition 3.1, or directly as follows: for any two states |}, |¢) € C2, we have

(U U)Fap(UeU)(|y) ®¢)) = (U U) Fip(Ulp) @ Ulp)) (3.15)
=UTeUN(U|p) @ Uly)) (3.16)
=|¢)®[y) (3.17)
=TFap(l)) ® ), (3.18)

and thus the invariance property follows.
We now compute using (3.9) and (3.14):

—Xx 2x—1__, 2—x 2x—1
trFup + trFy, = 2+ 4

c c X. (3.19)

e [Fap T ()] = tr [Eapons] = =

This shows that the parameter x in Proposition 3.1 parametrizing Werner states is equal to the trace
overlap of the state with the swap operator. We use this calculation to prove the following main result
of this section:

Proposition 3.2 (Entanglement of two-qubit Werner states). The Werner state p,z = Z_TXIL A +

2x6_ LF 5 is entangled if and only if x < 0.

Proof. We first use the PPT criterion from Proposition 2.7 to show that p,p is entangled for x € [—1,0).
To this end, recall from (2.25) that Fyp = 2($};)"?, and thus ]Fzg = 2&,. Furthermore, ]l/f'g =101} =
145. Taking the partial transpose of p,z and using linearity, we thus get

TB_Z—x]lTB+2x—1FTB_2—x 2>c—1d)Jr

(3.20)
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The &* state is part of the orthonormal Bell basis {|®") 45, |9 ) a5, 1% ) a5, ¥ )45}, and hence we have
the resolution of identity 1,5 = ®,, + $,; +¥a; + ¥, This means that in the Bell basis the operator in
(3.20) is a diagonal matrix,

pfﬁ =diag(z,y,y,y), (3.21)

with eigenvalues y = 2_Tx and z = Z_Tx +2-1. We have z < 0 if x < 0, proving by Proposition 2.7 that

Pag is entangled in this range.
To show that p,z is separable for x > 0, observe first that for an arbitrary product state w, ® o,

tr[(O)A®O'B)IFAB] :tr(CL)A(TB) > O, (322)

where the first equality is the swap trick (see Exercise 3.1), and the inequality follows from the fact that
wy,0p > 0. We can easily generalize this to arbitrary separable states of the form T3 = Y., p;wa ;®0p;;,
showing that tr(F457T45) = 0 also holds for every separable state 7,5. Twirling such a separable state
according to (3.4) does not introduce any entanglement, since the twirled state is again a (continuous)
probabilistic mixture of product states and thus separable itself.?> By the calculation in (3.19), the Werner
state obtained from twirling a separable state has parameter x = tr(F,5745) = 0. Finally, given any
x €[0,1] it is straightforward to construct states w,, 0z such that x = tr[F4z7 (w, ® 05)] = tr(w,05)
(see Exercise 3.1), showing that all Werner states with x > 0 are indeed separable. O

Note that in the special case of two qubits considered in this section, we could have also used the
sufficiency of the PPT criterion in low dimensions to prove Proposition 3.2 [HHH96]. However, already
for d = 3 the sufficiency breaks down; on the other hand, the proof of Proposition 3.2 is actually valid
for any local dimension d, as we will show in Section 6. It thus illustrates the power of symmetries in
understanding the entanglement structure of bipartite quantum states.

3.2 Representations

In this section we give a very brief introduction to groups and representations. We keep the discussion in
this section deliberately short, and refer to Goodman [Goo14] for a more thorough treatment of group
theory, and to [Ser77; FH13; Eti+11; Tel05] for representation theory.

We start with the fundamental concept of a group:

Definition 3.3 (Group). A group (G, ) is a set G together with a binary operation - : G x G —» G
satisfying:

* Associativity: a-(b-c)=(a-b)-c forall a,b,c €G.
* Identity element: there exists an element e € G withe-g=g-e=g forall g €G.

* Inverse: for all g € G, there exists h € G with g-h =h - g =e. Such an element h is unique;
it is called the inverse of g,and denoted by g~*.

Note that the identity element e in a group is unique: If ¢’ is another identity element, then e’ = e’e = e,
where the second equality follows since e is also an identity element. The cardinality |G| of a group is
called its order.

There are many important examples of a group. We list here some examples that are relevant for
our lecture.

3This can be made rigorous by replacing the integral with a discrete approximation and using a limit argument.

16



Example 3.4.
(i) Let V be a vector space with vector space addition denoted by ‘+’. Then (V, +) is a group.
(i) Let (K,+,-) be a field, then both (K, +) and (K\{0}, -) are groups.

(iii) The set of bijections from the set {1, 2, ...,n} to itself together with function composition is a
group called the symmetric group S,,.

(iv) The set of invertible linear maps from a vector space V to itself together with function com-
position forms the general linear group GL(V). If dim V = d, then this group can be identified
with the group of (d x d)-invertible matrices.

(v) The group U(V) = {U € GL(V) : U'U = 1} is the unitary group on V. If dimV = d, then this
group can be identified with ¢, the group of (d x d)-unitary matrices.

Representation theory is the study of groups via their linear action on vector spaces. This allows us
to use methods from linear algebra to study the properties of an abstract group.

Definition 3.5 (Group homomorphism). Let (G, -) and (H, *) be two groups. A group homomor-
phism ¢ : G — H is a function satisfying ¢(x - y) = ¢(x) * ¢(y) for all x,y € G.

Group homomorphisms are functions between groups that respect the group structure of both groups.
For every group homomorphism ¢ : G — H between groups (G, -) and (H, *) we always have ¢(e;) = ey,
since for any g € G we have

¢(8) = pleg- &) = plec) * p(8), (3.23)

and the identity element in H is unique. Similarly, we always have p(g™) = ¢(g)™!, since

en=vleg)=¢(g-g ) =p(g)xp(g™), (3.24)

and the inverse of ¢(g) in H is unique.
A representation of a group is defined as a group homomorphism from the abstract group into the
group of invertible linear transformations acting on some (concrete) vector space:

Definition 3.6 (Representation of a group). A representation (¢, V') of a group G on a vector space
V over a field F is a group homomorphism ¢ : G — GL(V).

A representation always satisfies ¢(e) = 1, and p(g™!) = ¢(g)™! by the discussion above. The dimen-
sion or degree of a representation (¢, V) is the dimension of V. In this course we will always restrict
to finite-dimensional representations. We call a representation (¢, V) unitary, if ¢(G) < U(V), that is,
every representation operator ¢(g) is a unitary. Representations of finite groups (and certain infinite
groups called compact groups, see Section 3.8) can always be chosen unitary.

Example 3.7.

(i) Let V be any vector space, and let G be an arbitrary group. Setting ¢(g) =1y forallge G
defines the trivial representation.

(ii) Let G be a cyclic group of order d generated by g. Let V = C? with basis |0), |1),...,|d —1).
Consider a linear operator X on V defined by X|i) = |i + 1 mod d) for all i. Then the map
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g — X determines a representation (¢, V) of G.

(iii) Another representation (', V) of G is defined by the map g — Z, where Z|j) = w/|j) for a
primitive d-th root of unity.

The two representations in Example 3.7(ii) and (iii) above are essentially the same, a notion which
we now make precise:

Definition 3.8 (Equivalent representations). Let G be a group. Two representations (y, V) and
(¢’,V’) of G are said to be isomorphic or equivalent if there exists a vector space isomorphism
2: V — V' such that ¢’(g) = o p(g)oy ! forall g €G.

For example, the matrix X corresponding to the shift |i) — |[i — 1] (mod d)) of |0),...,|d —1) has
eigenvalues 2™/ for k = 0,1,...d — 1.The unitary U diagonalizing X satisfies ¢’ =Uo poU".
Here are some more examples of representations that can be defined for any finite group G:

Example 3.9.
(i) Trivial representation defined in Example 3.7.

(i) Regular representation: Let n = |G| and V = C" with basis {|g)},cg- The linear extension
of the map ¢(g): |h) — |gh) to all of V is called the regular representation. If (3, W) is any
representation such that there exists w € W so that {{)(g)(w)},e¢ is a basis of W, then v is
isomorphic to the regular representation (see Exercise 3.7).

(iii) Permutation representation: Let X be a finite set and G be a group acting on X. Consider
the free vector space generated by X, i.e., V = C™ with m = |X| and basis {|x)},cx. Then the
linear extension of the map ¢(g): |x) — |gx) defines the permutation representation of G.

Note that the regular representation of G is the permutation representation of G that results from
G acting on itself by left multiplication.
3.3 Irreducible representations and decompositions

A crucial concept in representation theory is to decompose a representation into ‘building blocks’, which
are called irreducible representations. First, we make the following definition:

Definition 3.10 (Invariant subspaces and subrepresentations). Let (¢, V) be a representation of a
group G. A subspace W C V is called G-invariant if ¢(g)|w) € W for all |w) € W and g € G. The
restriction @[y, of ¢ onto W is called a subrepresentation.

Example 3.11. Let G be a finite group with n = |G| and (¢, C") be the regular representation. Let
W = span(zgec |g)). Then (¢|y,W) is a subrepresentation of (¢, C") that is equivalent to the
trivial representation.

Let (3, V) be a representation of a finite group G of degree m = dimV, and let W < V be a G-
invariant subspace of dimension k = dimW. Choose a basis {w1, ..., Wi, Wi41,...,Ww,,} for V such that
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W = span(wy,...,wy), and set W' = span(wy, 1, ..., w,,) so that V. = W @ W’. Then every 1(g) has the
following representation matrix with respect to this basis:

w w’

w(g)={ HSh ‘ i \ " (3.25)

o T )

We will see below that there always exists a decomposition V = W & W+ and an orthonormal basis for
V such that ¢(g) = 1/)(g)|W ® w(g)le in this basis; that is, the top-right block in (3.25) can be made
zero, too.

Note that {0} and V are always invariant subspaces of any representation. For irreducible represen-
tations, those are the only ones:

Definition 3.12 (Irreducible representation). A representation (¢, V) of a group G is called irre-
ducible if {0} and V are the only G-invariant subspaces of V.

We will often abbreviate irreducible representation as irrep. A one-dimensional representation is
always irreducible, since one-dimensional vector spaces have no non-trivial subspaces. For example,
the one-dimensional subspace W in Example 3.11 is irreducible. A major goal of representation theory
is to find all irreducible representations of a group G.

Definition 3.13. Let (¢, V;) and (¢, V) be representations of a group G. Then the direct sum
V, @V, affords the representation [(p; ® ¢4)(g)](v; ® v5) :i=[¢1(g)]1(v1) ® [p5(g)]1(vs) of G. This
is called the direct sum of the representations (¢, V;) and (¢, V5).

The direct sum construction allows us to decompose representations. In finite dimensions this pro-
cess necessarily terminates. The following proposition gives us a tool to decompose a given representa-
tion.

Proposition 3.14. Let (¢, V) be a representation of a finite group G for which V is a vector space
over a field whose characteristic does not divide the order of G. Then every G-invariant subspace
W has a G-invariant complement W', i.e., V. =W & W’ (as vector spaces and as representations).

Proof sketch. Let Py, be the projection onto W and define

W

Z p(g)Pyp(g)" (3.26)

|G| gei

Then one can check that imQy, = W and ¢(g)Qw = Quwy(g) for all g € G. It then follows that
W’ :=kerQyy, is the desired G-invariant complement. See Exercise 3.5 for details. O

Alternative proof using Weyl’s unitarity trick. Let (¢, V) be a representation over C and let (-|-): VxV —
C be an inner product on V. Define a new inner product by

Wiw)e = — S (o (@)l (gm).

"6l prere
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Then for every G-invariant subspace W the orthogonal complement W+ taken w.r.t. (|-} is G-invariant
as well, and V = W @ W+ as representations. Moreover, (¢, V) is a unitary representation w.r.t {-|-)¢,
that is, ¢(G) CU(V) and ¢(g™") = ¢(g) " = »(g)".

For general unitary representations (¢, V) and an invariant subspace W C V, the orthogonal com-
plement W+ is again invariant. O

Definition 3.15. A representation is called completely reducible if it is equivalent to a direct sum of
irreducible representations.

Proposition 3.16 (Maschke’s theorem). Every finite-dimensional representation of a finite group
G over a field with characteristic not dividing |G| is completely reducible.

Proof. Use induction on dim V' and the preceding proposition. O

Maschke’s theorem states that for a finite group G and a finite-dimensional representation V of G
over C we can always write V =V, & --- & V,, with each V; irreducible. Is this decomposition unique?
The following result helps us answer this question. It is a basic observation, but incredibly useful in
representation theory and its applications.

Proposition 3.17 (Schur’s Lemma). Let (¢, V;) and (¢4, V,) be irreducible representations of a
group G, and let f: V; — V, be a G-equivariant linear map, that is, f o ¢1(g) = p,(g) o f for all
g € G. Then the following hold:

(i) Either f is invertible (and hence V; = V,) or f = 0.

(ii) If V; =V, is finite-dimensional over an algebraically closed field F (for example F = C), then
f =Aly, for some A € F.

Proof.

(i) Suppose f # 0. Then ker f # V; is a G-invariant subspace of V; (see Exercise 3.6), so ker f = {0}
by irreducibility of V;. Likewise, im f # {0} is a G-invariant subspace of V,, (see Exercise 3.6), so
im f =V, by irreducibility of V,. This proves that f is invertible.

(ii) T being algebraically closed guarantees that the linear map f has an eigenvalue, say A € F. The
map f'=f — Aly, is G-equivariant, and it is not invertible since its kernel has a non-zero eigen-
vector of f. By (i), it follows that f' =0, and so f = Aly,. O

Corollary 3.18. Let (¢, V) be an irreducible representation of a group G. Then any operator X
satisfying ¢(g)X = X ¢(g) for all g € G is proportional to the identity.

Proof. The property ¢(g)X = X ¢(g) means that X is a G-equivariant operator acting on V, from which
the claim follows using part (ii) of Schur’s Lemma. O
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Example 3.19. Let p be a qubit density matrix. Then

1 1

Z(p +XpX+YpY+ZpZ)=§]1. (3.27)
This can be checked explicitly using coordinates, but also follows immediately from the fact that

the Pauli matrices 1,X,Y,Z generate an irreducible representation of the Pauli group, and using
Schur’s Lemma (Proposition 3.17). See Exercise 3.8.

Corollary 3.20. Let G be an abelian group. Then any complex irreducible representation of G is
one-dimensional.

Proof. Let (¢,V) be an irreducible representation of G. Since G is abelian, we have p(g)p(h) =
¢(gh) = w(hg) = p(h)p(g) for all g,h € G. It follows from Proposition 3.17 that ¢(g) = 4,1y for
every g € G, and so ¢(g)v = A,V for all v € V, that is, every non-zero v € V spans a one-dimensional
G-invariant subspace of V. Since ¢ is irreducible, V must be one-dimensional itself. O

Proposition 3.17 allows us to decompose a representation into groups of inequivalent irreps:

Definition 3.21 (Isotypical decomposition). Let (¢, V) be a finite-dimensional representation of a
finite group G over C. Consider a decomposition V = P,V and ¢ = Py ¢ with the following
properties:

* Each (g, Vi) is the direct sum of n; copies of an irrep (Y, W;) of G:
Vi=We @ oW, =W " =W, ®C™ (3.28)
(,0k='l/)k®...'l/)k='(/)k®id(cnk. (329)
* The different Wy, are inequivalent, that is, W), 2 Wy for k # k’.
Then V, is called an isotypical component, and
n
v=@P, vi=P W=, wiecn (3.30)

(with ¢ = @y ¢y) is called isotypical decomposition.

An application of Schur’s Lemma shows:

Proposition 3.22. The decomposition V = €, V; of a representation V into isotypical components
Vi is unique, and so are the multiplicities n; of W;, in V;.

Proof. See [Ser77; Tel05]. O

Another application of Schur’s Lemma states that symmetrizing an arbitrary operator with respect
to a representation leads to a special form with respect to the isotypical decomposition.
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Proposition 3.23. Let (¢, V) be a representation of a finite group G with isotypical decomposition
V=P wecH (3.31)

as in Definition 3.21. Then for an arbitrary operator X € £(V), we have

1

i > e(@Xe(e) ™ =D, 1w, ® X4, (3.32)

geG

where the X; € £(C™) are suitable operators acting on the multiplicity spaces C™ appearing in
the isotypical decomposition (3.31)

Proof. See [Wall8, Lemma 12.2]. O

3.4 Applications of Schur’s Lemma
3.4.1 The natural permutation representation of the symmetric group

Let us practice our understanding of the concepts introduced in this section—invariant subspaces, irre-
ducible representations, decomposing a representation, Schur’s Lemma—by working through an exam-
ple. We will use the so-called “natural permutation representation” of the symmetric group S,,.

Recall that S, is the group of permutations of n (distinguishable) objects. Consider n orthonormal
basis vectors {|1),...,|n)} of an n-dimensional vector space C",* and define the following representation
of S, on C":

¢: S, > GL(C")

7o (o(m): 1i) = 7). (3:33)

In words, in this representation S, acts on the vector space C" by permuting the elements of a fixed
basis. In fact, the representation matrices ¢(7) are the well-known permutation matrices. Since these
are unitary matrices, the representation (3.33) is actually a unitary representation, which allows us to
replace all inverses of representation matrices in what follows by Hermitian adjoints. The representation
(3.33) is somewhat similar to the regular representation that we introduced in Example 3.9(ii), but it
has degree n (= dim C"), while the regular representation of S,, has degree |S,| = n!.

Nevertheless, the formal similarity between the two representations helps us identify a subrepre-
sentation equivalent to the trivial representation. The vector |v) = Z?:l |i) spans a one-dimensional
subspace W,;, < C" on which S, acts trivially via the representation (3.33): we have ¢(7)|v) = |v)
for every € S,,, since |v) is just the equal superposition of all basis vectors (in quantum information
language)—compare this to the regular representation and Example 3.11. Thus, W, is an S,,-invariant
subspace that is irreducible as a 1-dimensional invariant subspace of C". By Proposition 3.14, we can
find a complement W that is also S,,-invariant with respect to the representation (3.33), and furthermore

we have the following isotypical decomposition of C" as vector spaces and representations,
C" = Wy, ® W,
N triv st (3.34)
P = Puiv ® Pst-

How can we describe the representation (¢, W) appearing in (3.34)? Let us use the technique
from the first proof of Proposition 3.14 to answer this question (but Weyl’s unitarization trick from

*In quantum information theory we usually start counting with 0, but here the labels 1,...,n for the n basis vectors are
more natural.
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the second proof of Proposition 3.14 works equally well). The projection Py, . onto the subspace Wy,
is given by Py, = |v){v|. This is an orthogonal projection (PJVt = Py_ ), and, luckily, it is already
S,-invariant! That is,

‘P(H)PWM‘P(”)T =Py, forallmes,, (3.35)

which follows from the S,,-invariance of the vector |v). Hence, by Exercise 3.5 we can set Wy = ker Py, _ .
Since Py, is an orthogonal projection, we furthermore have W, = W=
triv

+iy» the orthogonal complement
of W,,, which helps us describe this vector space:

n
Wstz{in|i):x1+---+xn=0}. (3.36)
i=1

In fact, it is easy to see that W, is invariant under the representation (3.33) of S,,, since any permutation
of the coefficients x; of a vector |v) € W, still satisfies x; + - -- + x, = 0. What is more, (¢, W) is an
irreducible representation of S,, of degree n — 1 = dim Wy, called the standard representation of S,,. You
will prove this in Exercise 3.9. Here, we will use the decomposition (3.34) in the special casesn = 2,3 to
explicitly construct ¢, and get a feeling for decomposing representations and applying Schur’s Lemma
(Proposition 3.17).

The case n =2

In n = 2 the symmetric group consists of just 2! = 2 elements, the identity permutation () and the
transposition (12). In the natural representation (3.33) they have the following representation matrices
with respect to the basis {|1),|2)}:

Lp(())ZG) (1)) <p(<12))=((1’ (1)) (3.37)

The two irreducible subrepresentations W,,;, and W,, in the decomposition C2 = W,;, ® W,, are both
1-dimensional:

Waiv = span(|1) +(2)) (3.38)
Wy, = span(|1) —12)). (3.39)

The identity permutation () acts on both spaces as the identity 1 (in words, the number 1). The trans-
position (12) acts trivially on W,;;, by definition. On the space W, we have

e((12))(11) = [2)) = ¢((12))]1) — p((12))[2) = [2) — 1) = —(I1) — [2)). (3.40)

In other words, (12) acts by multiplying with —1 = sgn((12)), so in this case (¢, W) is actually the
sign representation of S,! However, this is only true for n = 2, and for n > 2 the (n — 1)-dimensional
standard representation is inequivalent to the 1-dimensional sign representation.

With respect to the decomposition C? = W,;, ® W,,, we can think of any operator O acting on C? as
composed of four different maps:

OW@t - Wtriv \

\Owtriv_)wst | OWst_'Wstj

_ [Oth'iv - Wtriv

(0] (3.41)

Since both W,;;,, W, are 1-dimensional spaces, these maps (or matrices) O,_,, are just complex numbers,
but the principle applies more generally (see the next section where we discuss the case n = 3). We
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will now exhibit a simple application of Schur’s Lemma (Proposition 3.17): for an S,,-invariant operator,
only the diagonal “blocks” Oy, . . and Oy, _,y, are non-zero. The off-diagonal blocks Oy, _,, . and
Oy, ,,—w, map between inequivalent irreps of Sy, and for an Sy-invariant operator these are then S,-
equivariant maps between inequivalent irreps, and hence zero by Schur’s Lemma!

Let us first demonstrate this in coordinates by considering an arbitrary matrix X = (‘CI 2) This is in
general not invariant under the S,-representation ¢ in (3.37), but we can symmetrize it to obtain an
invariant matrix:

X = |S—12| 2 e(mXe(n) = %(x +((12))Xp((12))") (3.42)
S(E DGR ) ew
(e 22
=555 )

It is easy to check that this matrix is indeed invariant under the action of S,. A (unitary) basis transfor-
mation achieving the decomposition C? = W,.., ® W, is

1
U=—7 G _11) (3.46)

and in this basis we can express the symmetrized X as

— . 1fa+b+c+d 0 1{(a+b+c+d)ly_ 0
vxvt = 1 | A e | . 34D
2\ 0 |a—b—c+d} 2\ 0 |(a—b—c+d)ILWSJ
Comparing with (3.41), we see that
= a+b+c+d =
XWtriv_>Wtriv = 2 Wtriv XWStHWtriv = 0 (3'48)
i — —b—c+d
XWtriv—’Wst =0 XWst_’Wst = %]—WST. (349)

By the first part of Schur’s Lemma (Proposition 3.17(i)), X Wi Wiy and X Wi, are identically zero
as Sy-invariant maps between inequivalent irreps, and by the second part of Schur’s Lemma (Propo-
sition 3.17(ii)), both X WisyoW,,, and X w,—w, are proportional to the identity, which is equal to the
number 1 in this case because dim W,;, = dimW,, = 1.

Before going to the slightly more interesting and instructive case n = 3, we can also give a simple,
direct proof of the first part of Schur’s Lemma in our setting: Let f: Wy, — Wy, x — c;y be an Sy-
invariant map between the two 1-dimensional irreps (@ iy, Weiy) and (¢g, Wy, ). Here, x, y € C are basis
elements of the two spaces, and multiplying by the (1 x 1)-matrix (viz., scalar) c; € C defines the linear
map between them. The S,-invariance means that ¢y (7)f = f @uiv(7) for T € {O, (12)} = S,y. In
particular,

—cry = (=1)f () = ¢s((12))f (%) = f (puiv((12))x) = c1 y, (3.50)

which can only be true if ¢, =0, and hence f = 0.
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The case n =3

The group S; has 3! = 6 elements, which are mapped to the following matrices under the natural
permutation representation (3.33):

1 00 010 00 1
e(O)=10 1 0 e(12))=]1 0 0 e(3)=[0 1 0
0 0 1 00 1 10 0

(3.51)
1 0 0 00 1 010
e((23))=10 0 1] (a23)=|1 0 0] ((132))=[0 0 1
010 010 1 0 0

Once again, we consider an arbitrary (3 x 3)-matrix X and symmetrize it with respect to this represen-
tation:

_ 1 X111 X12 X13 z Yy
=% Dielm| xn xp x |e(mi=|y z ¥y (3.52)

TES3 X31 X3z X33 y ¥y z

with z = %(xll + X99 + X33) and Yy = %(xlz + X13 + X921 + X93 + X31 + ng).
For n = 3 the decomposition of the natural permutation representation is given by

C3 =W,y @ Wy, (3.53)
Wi = span(|1) +(2) +[3)) (3.54)
Wy = span(|1) —12), [2) —[3)). (3.55)

We choose the orthonormal basis

1 1 1
7 ﬁ(2|1)—|2>—|3>) lvs) = 73

so that W,,;, = span(|v;)) and W, = span(|v,), |v3)), and U = (v1,v,,v3) is the corresponding unitary
basis change matrix. In this basis, the averaged operator X takes the simple form

vi) = —=(1) +12) +13)) lva) = (12) —13)), (3.56)

z+2y 0 0 (+2)1y | 0 0

uUxu=l 0 z—y 0 |= 0 == _
0 0 z—y k 0 ‘(Z_y)ﬂw“ } \ Xy o, | Xw, o, J

Once again, this decomposition demonstrates both parts of Schur’s Lemma: Xy, _,, and Xy, _,,, are

triv Tiv

identically zero as Ss-equivariant maps between inequivalent irreducible representations, and Xy, _y,

and X w,—w,, are proportional to the identity maps on the two irreps.
With respect to the unitary basis change U defined via (3.56), the representation matrices in (3.51)
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transform accordingly as ¢ = @i, ® Qg

(110 0 (1] 0 0
Utp(O)u=[0]1 0 Ulp(2))u=[0]-1/2 V32
0|0 1 0|32 1/

(1] o 0 ) (1|0 o
Ulp(3))u=[0] 12 3| Ulp(@d))u=[0[1 0 (3.58)
0| V32 1) 0[0 —1

(1] 0 0 (1] 0 0\
Ulp((123))U=|0| -1z —V3/2 Ulp((as2))u=[0] -1/2 V32
0|32 -1/)2 0|32 -1/
For example, the group element (23) acts on the basis |v,), |v3) of W, as
P5e((23))|v2) = |v5) 0se((23))|vg) = —|vs). (3.59)

3.4.2 Limitations of Schur’s Lemma: Multiplicities

As another example of applying Schur’s Lemma, we revisit Example 2.8 where we discussed the symmet-
ric and antisymmetric subspaces of a representation. In this example we consider a different represen-
tation of the symmetric group S, = {(), (12)} by letting it act on a tensor product space via permuting
tensor factors:

P Sy, — GL((CH)*)
= (Y(m): [i) @ 1)) = |n(D) @ [7(1))),

where we fixed a basis {|0),|1)} for C2. The operator 1((12)) = F is called the swap operator. An
orthonormal eigenbasis of F is given by the four Bell states (using the shorthand |ij) = |i) ® |j)):

(3.60)
(3.61)

o L +
|97) = 1/§(|00)+|11)) o)
L =L
V2 V2

The first three of those span the symmetric subspace Sym?(C?), while the last one spans the antisymmetric
subspace A?(C?):

1

—=(l01) +110))

V2 (3.62)
[87) = —=(100) = [11)) |¥") = —=(l01) ~10)).

Sym*(C?) = span(|$*), |$7), [¢*)) A*(C?) = span(|¢7)). (3.63)
On each of the basis vectors |#7), |67), [¥*) of Sym?(C?) the swap operator acts trivially (i.e., they are
eigenvectors with eigenvalue +1), while on the basis vector [#~) of A%(C?) it acts by multiplying with
—1, which is equal to the sign of the permutation (12). In other words, |¢"),|$7), |¥") each span a
one-dimensional irreducible representation (v iy, Wyiy) that is equivalent to the trivial representation,
while [¢™) spans a one-dimensional irreducible representation (v gy, Wygy) that is equivalent to the sign
representation of Sy:

— W@B

triv

Viriv = Wariv @ Wiy @ Wiy
ngn = ngn

with  W; Z span(|¢")) = span(|¢~)) = span(|¥™*))

3.64
with Wy, & span(|¥™)), eoh
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and the representation space (C?)®? has the isotypical decomposition
((CZ)@z = Vtriv ® ngn- (365)

There is a significant difference between this isotypical decomposition of the tensor representation
of S, and the isotypical decomposition C2 = W,,;, ® W, of the natural permutation representation of S,
in (3.34). The latter is multiplicity-free, as both isotypical components W,;;, and W, consist of a single
irrep each (and those are inequivalent to each other). In contrast, in the isotypical decomposition (3.65)
of the tensor representation of S, on (C2)®2 the trivial irrep W,,;, has multiplicity 3 as it occurs three
times. Each occurrence is spanned by one the three Bell states |®%), |$7), |¥*). But note that we could
have equally chosen another basis (]00),[11), (]00) +|11))/+/2) for Sym?(C?). These three basis vectors
are again eigenstates of the swap operator with eigenvalue +1, and hence in this case the three trivial
representations of S, would have been spanned by those three basis vectors instead. We see that the
isotypical component V;, is uniquely defined as the (41)-eigenspace of the swap operator, but further
decomposing V, into irreps W:flf, corresponds to a basis choice and is thus not unique.

Finally, we investigate the symmetrization of an arbitrary operator X = (x;;)1<; j<4 under this rep-
resentation:

- 1
X = 5(X +FXF") (3.66)
X117+ X9+ Xa1 +Xgq X91 = Xag T X410 — Xgg Xpp 7+ Xq3+ Xy + Xy 0
~ L XX — X —Xgs X Xy —Xg F Xy Xpp X3~ Xgp — Xg3 0 (3.67)
2 Xo1 +Xoq + X371 + X34 Xoyp —Xoq+ X371 — X34 Xpp + Xp3+ X3p — X33 0 )
0 0 0 Xop — X3 — X33 + X33/
_ [thriv_)vtriv Xvsgn_)vtriv\ (3 68)
== — , .
\thriv_)vsgn | Xvsgn_)vsgn}

where the = refers to the basis change with respect to the unitary U = (|$7),|$7), |[&*), [¥7)). We see
that the components X Vign—Vasiy and X Vesiv—Vign of the symmetrized operator are zero by Schur’s Lemma
Proposition 3.17(i), since they map S,-equivariantly between inequivalent irreps. But the operator
X V.., —V,;, is not proportional to the identity as we found to be the case in Section 3.4.1 for the natural
representation! The reason is that now the isotypical component V,;;, consists of three copies of the triv-
ial representation, and hence this is not just a mapping from an irrep to itself. By writing the isotypical
decomposition as

VE(Wy ®C) oW, (3.69)
1!’ = (wtriv ® id(C3) ® wsgn: (3.70)

we see that the symmetrized operator in (3.68) has the form X & (Tw,, ® Xiriv) + Xsgn L, » where

X171t X14 T Xgq1 +Xgq X171 — X194t X471 —Xgq X120+ X3+ X0 + Xg3

1
Xtriv=§ X113+ X14 = X41 = Xgq X117 X174 — X471+ Xgq  X12+ X173 Xg2 — X43 (3.71)
Xo1 t Xoq T X371+ X34 X1 —Xoq + X371 — X34 Xopt+ Xoz+ X33 — X33
1
Xsgn = E(Xzz—ng—xzz‘FXs:a)- (3.72)

This is exactly the statement of Proposition 3.23. Note that since the trivial representation is 1-dimensional,
we have 1, =1 and hence 1y, ® Xiy = Xiriv-
triv triv
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3.5 Tensor and dual representations, hom spaces

We now discuss how to produce new representations from given ones.

Definition 3.24. Let (¢, V) and (v, W) be representations of a group G. Then (¢ ® Y)(g) =
p(g) ®Y(g) defines a representation on V ® W called the tensor representation.

Even if V and W are irreducible representations, the representation V ® W is in general reducible. A
simple but instructive (and for this course highly relevant!) example is the following:

Example 3.25 (Symmetric and antisymmetric square). Let (¢, V) be a representation of a group
G and consider the tensor representation (¢®,p,V®V). Let F=TFygy: VOV — V ®V be the
swap operator defined as the linear extension of the map F(|x) ® |y)) = |y) ® |x) for |x),|y) € V.
The swap operator commutes with the action of ¢ ® 1, and we thus have the decomposition
V ®V = Sym?(V) ® A%(V), where

Sym2(V) :={|z) e VoV : Flz) = |2)} (3.73)
A2(V):={|z) eVOV :Flz) =—|z)}. (3.74)

If dimV =d and {|ei)}f:1 is a basis for V, then these two subspaces can be constructed as

Sym?(V) = span{|e;) ® lej) +lej) ®le;) : 1 <i<j<d} (3.75)
A?(V) = span{le;) ® lej) —lej) ®le;) : 1<i<j<d}. (3.76)

In fact, these two sets of spanning vectors form bases for Sym?(V) and A%(V), and hence

d(d +1) dim a2(v) < 2=

dim Sym?(V) = 2 >

3.77)
Sym?(V) and A?(V) are both G-invariant subspaces, and thus representations of G, called the
symmetric and antisymmetric square, respectively. The projections Il onto the symmetric square

and [T,z onto the antisymmetric square are given by

1 1
Hym =3 (Ivev +Fyev) Masym = 3 (Ivev —Frev)- (3.78)

Setting V = C2, this construction gives the symmetric and antisymmetric subspaces of Example 2.8.
The main point of this example is to show that V ® V is reducible whenever V has degree at least 2.

Definition 3.26. Let (¢, V) be a representation of G. Let V* be the dual space of V consisting
of the vector space of linear maps from V to C. The dual representation (¢*,V*) is defined as
0*(g)(L):=Lop(g) ! forgeGandLeV*

Exercise 3.10 shows that the dual representation satisfies for all g € G, |v) € V, and (w| € V* that

e*(g) =g " (3.79)
(@* ()W ()Iv) = (wlp*(g) @ (g)lv) = (wlv). (3.80)

Moreover, (¢*,V*) is irreducible iff (¢, V) is. If (¢, V) is unitary, then ¢*(g) = p(g), that is, ¢*(g) is
the complex conjugate of ¢(g).
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The last construction turns the vector space Hom(V, W) of linear maps between representations V
and W into a representation itself, generalizing the dual representation introduced above.

Definition 3.27 (Hom space representation). Let (¢, V) and (v, W) be two representations of a
group G. Then G acts on Hom(V, W) by sending f: V — W to ¢(g) o f o ¢(g)!, which turns
Hom(V, W) into a representation of G.

Note that setting W = C and 1 the trivial representation of G in the definition above recovers the
dual representation of G. Furthermore, we record the following observations:

1. Hom(V,W) = V*® W as vector spaces and representations (see Exercise 3.11).
2. The set of vectors in V invariant under the action of G is denoted as
VG i={v) eV :p(g)lv)=]|v) forall g € G}. (3.81)

With this notation we have Homg(V, W) := Hom(V, W)® = (V*® W)°. An element f: V — W of
Hom(V, W) is called an intertwiner of the representations (y, V) and (v, W), satisfying fop(g) =
Y(g)o f forall g €G.

3.6 Group algebra and characters

Recall that in defining the regular representation of a group G we denoted by V the free vector space
on the elements {|g)} ¢ of G, that is, V is the set of formal linear combinations of elements of G. The
group multiplication endows V with the structure of an algebra, with multiplication defined by

(Dl | [ g ] =" codilshh =" _ filg), (3.82)

with f, = Dohec ¢gn1dy. This multiplication on V is associative, has the group identity element e as the
multiplicative identity, and satisfies distributivity over addition. Thus (V,+,-) is an algebra, called the
group algebra, and is denoted by C[G] (alternatively CG or Ax(G)).

A representation of an algebra A over a field F is an algebra homomorphism .A — Endy(V) into the
algebra of endomorphisms on an F-vector space V with multiplication defined by composition of linear
operators on V.

For A = C[G], any representation (¢, V) of G can be extended to a representation ({,V) of C[G]
by setting ¢(|g)) = ¢(g) and linearly extending to all of C[G]. Conversely, any representation (&, V)
of C[G] yields a representation of G by restricting ¢ to {|g)},cg. Therefore representations of G corre-
spond exactly to representations of C[G].

Another interpretation of elements of C[G] is as functions f : G — C. The element ), e cglg) can
be thought of as the function that maps g € G to ¢,. A function f : G — C is called a class function if it
is constant on conjugacy classes of G:

flg)= f(hgh_l) for all g,h € G. (3.83)

The set of class functions is exactly the center Z(C[G]) = {f € C[G]: fg = gf for all g € C[G]} of the
group algebra.

Definition 3.28. Let (¢, V) be a representation of G. The character y = yy of (¢, V) is the class
function defined by y(g) = tr(¢(g)).
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A character is indeed a class function since we have for all g,h € G that

x(hgh™ ) =tr[phgh™)] = tr[ e(Me(g)p(R) ] = tr[v(g)] = x(g), (3.84)

where the second equality holds by ¢(xy) = ¢(x)¢(y), and the third one by cyclicity of the trace.
We list here (without proof) some basic properties of the character of a representation. For more
details, we refer to [Ser77; Tel05].

Proposition 3.29 (Properties of characters). Let (¢, V) and (1, W) be representations of a group
G with identity element e, and denote by y, and yy, the associated characters.

(i) yv(e) =tr(1y)=dimV is the degree of the representation (¢, V).
(i) If (o, V) is unitary, then ¥ (g~ 1) = y(g).
(i) xvew = xv + xw-

(V) xvew = XvXw-

The group algebra C[G] has a natural inner product structure: For x = deG X,lg) and y =
deG }’g|g) in C[G], we define

1 _
(x,y):= ﬁ Z X¢Yg- (3.85)
gea

Characters of irreducible representations form an orthonormal set with respect to this inner product:

Proposition 3.30. Let W; for i = 1, ..., k be pairwise inequivalent irreducible representations of a
group G, and denote by y; the corresponding characters. Then (y;, x;) = 6;;. Moreover, any class
function orthogonal to all y/s is identically 0. Hence, { Xi}i'(:l is an orthonormal basis of the set of
class functions.

Proof. See [Ser77; Tel05]. O

Proposition 3.30 is a powerful tool in analyzing representations:

Proposition 3.31. Let (¢, V) be an arbitrary representation of a group G, and let (3, W) be an
irreducible representation of G.

(i) The multiplicity of W in the isotypical decomposition V is (yy, xw)-
(ii) V isirreducible iff (yy, yv) = 1.
(iii) Two representations are isomorphic iff they have the same character.

(iv) The number of distinct (i.e., pairwise inequivalent) irreducible representations of a finite
group G is equal to the number of conjugacy classes of G.

Character theory can also be used to show the following fundamental statements:

(i) The multiplicity of any irreducible representation in the regular representation of a group G is
equal to its dimension.
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(i) Let Wy,..., W, be a complete list of irreducible representations of G (that is, G has k distinct con-
jugacy classes). Then every W; appears in the regular representation, and by (i) we have

k
> (dimW;)* =G|, (3.86)
i=1

Finally, we mention the following useful result which gives a formula for the projection onto the
isotypical component of a representation corresponding to a given irreducible representation.

Proposition 3.32. Let (¢, V) be a representation of G, and let W be a fixed irreducible representa-
tion of G with character y,,. Then the projection onto the isotypical component of W in V is given
by the formula

. dimw
KT

Z 1w (8)p(g) (3.87)

geiG

In particular, let y,i,: g — 1 for all g € G be the character of the trivial representation. Then
P = %dech(g) projects onto V¢ = {|v) € V : ¢(g)|v) = |v) forall g € G} consisting of
(Xwiv> xv)-many copies of the trivial representation.

3.7 Realizing multiplicity spaces as intertwiner spaces

We now derive a useful description of the multiplicity spaces appearing in the isotypical decomposition
of a representation (see Definition 3.21) as spaces of intertwiners, following [Ser77, Ex. 2.8]:

Proposition 3.33. Let (¢, V) be a finite-dimensional representation of a finite group G over C. Let
(¢y,U) be an irreducible representation of G appearing in (, V) with multiplicity k, and denote
by Vi; = U®* the corresponding isotypical component. Then the following holds:

(i) k =dimhom(U,V).

(ii) The map ¢ : U ® homg(U,V) — Vi, (u,h) — h(u) is an isomorphism of G-representations,
where g € G acts on U ® hom;(U, V) via

g - (u,h) = (py(g)(uw),h). (3.88)

Proof. (i) A basic property of hom spaces is that they are additive in both variables:

homg(X,Y ® Z) = homg;(X,Y) ® homy(X, Z) (3.89)
homg(X ®Y,Z) = homg(X,Z) ® homg(Y, Z). (3.90)

Let now F be the direct sum of all those irreps of G appearing in V that are inequivalent to U, so that
V=V, @F 2 U® @F. Then,

homg(U, V) = homg(U, UK @ F) = [@; homg (U, U)] ® hom (U, F). (3.91)

Schur’s Lemma shows that hom;(U, F) = 0 and dimhom;(U, U) = 1, and hence dimhomg(U, V) = k.
(ii) The map v is clearly surjective, and thus by (i) an isomorphism of vector spaces. With the action
of G on U ® hom(U, V) as defined in (3.88), it is also an isomorphism of G-representations. O
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Corollary 3.34. The isotypical decomposition of a representation (¢, V) of G is given by
V=D W; ® homg(W;, V) (3.92)
0(g) =P, pi(g)®1, forged, (3.93)

where the (¢;, W;) are pairwise inequivalent irreps of G, and n; = dimhomg;(W;, V) is the multi-
plicity of W; in V.

We can make this realization of multiplicity spaces more explicit using the natural isomorphism
homg(W;, V) = (W ® V)6 = {x EW'®V: (go:‘(g) ® (p(g)) x = x} . (3.94)

The advantage of this description is that we have a succinct formula for the projector IT g) onto (W/®V)%:
1 = D eile ele). (3.95)

geiG
Recall that the trace of an orthogonal projection is equal to the dimension of its image. Taking traces

on both sides of (3.95), we have in the notation of Corollary 3.34 that

Z xw, (&) xv(&) = Qw 2v), (3.96)
geG

n= el = = > (e () rlp(e)) =

1G] &2 Gl

provided that the irreps ¢; are unitary so that y+ = yy,, which we can always assume without loss of
generality for a finite group. The identity in (3.96) is consistent with Proposition 3.31(i). Let us look at
some examples.

Example 3.35. We revisit the example from Section 3.4.2, in which we considered the action 1) of
the symmetric group S, on V := (C2)®? by permuting tensor factors. The representation matrices
for the two group elements () and (12) are

1 . . . 1

P(O)=|" 1 ' Y((12))=F=| 1 ' (3.97)
1 S |
This representation has two isotypical components: The first one, Sym?(C?), is spanned by the
three Bell states |¢*),|®7), |¥*), each spanning a copy of the trivial representation (Y iy, Viriv)
with ¥4, : 7 — 1. The second one, A%(C2), is a copy of the sign representation (Y sgns Vsgn) with
Ysgn: 7 — sgn(n), spanned by the Bell state [¢~). We thus have the isotypical decomposition

V=(C*)®" =V, ®(C*) @ Vg, ® C. (3.98)

Evaluating the projectors ngiv) and Hésgn) defined via (3.95), we obtain®

gy =~ (wmv(())ob Y(O) + Puip((12)) ®1P((12))) = %(Il +TF) (3.99)

ng' = (wsgn(())®¢(())+¢sgn((12))®1/)((12)))_%(]1 F), (3.100)
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which we immediately recognize as the projectors onto the symmetric and antisymmetric subspaces
mentioned above (cf. Example 3.25).

“Recall that 1) and all irreps 1), of S, are real and orthogonal, so that ¥} =1);.

Example 3.36. We now look at a generalization of Example 3.35 to three copies: the symmetric
group S; = { (), (12), (13), (23), (123), (132) } acts on V := (C?)®3 via permuting tensor factors,
which we again denote by 1. We will learn in Sections 4 and 5 that this representation has the
following isotypical decomposition:®

V 2V, ® Sym3(C?) @V, ® My, (3.101)

where Sym?®(C?) is the symmetric subspace of dimension 4 (see Definition 4.6 and Proposition 5.10),
(W4, V) is the standard representation of degree 2 introduced in Section 3.4.1, and M, is a 2-
dimensional multiplicity space for V.. The unitary (2 x2)-representation matrices 4 (7) for 7w € S5
are given as the bottom-right blocks in the matrices in (3.58).

Since () = 1 for all T € S, it is straightforward to see that

T =2 3 Yl (e p(m =2 > $(m) =My (3.102)

’I'L'ES:; 7-[653

gives the projector onto Sym>3(C?) as stated in Proposition 3.32.
To determine the multiplicity space My, of the irrep V;, one may compute the eigenvectors of
the projection H;tg given by the (16 x 16)-matrix

s = é ; P (m) @ (), (3.103)

which are given by
leo) = % (+/3]0010) — +/3/0100) + 2/1001) — [1010) — |1100)) (3.104)
le;) = % (v/3]0011) —+/3]0101) + [1011) +[1101) —2[1110)). (3.105)

We can realize these vectors on the representation space V = (C2)®3 by “walking back” the se-
quence of isomorphisms V:fz = homg, (Vy(, V) = (Vg ® V)%s. This is for example achieved by choos-
ing the basis {|0), |1)} for V,, and considering the vectors

o) = (Ol eo) o —= (1010)=[100)) (3.106)
fo) = (Ol er) o< —= (011) ~[101)) (3.107)
i) = (1l Jeo) o< = (21001) = 010} [100)) (3.108)
fr1) = (Ll ley) o< % (1011) + [101) — 2/110)), (3.109)

33




where we normalized the vectors on the right. The pairs {|fo),fo.1)} and {|f1 o), |f11)} each span
a copy of the multiplicity space M, appearing in (3.101).

In Section 4 we will use Schur-Weyl duality to identify this multiplicity space as an irrep of the
unitary group U,, which acts on V via U — U®3. Indeed, letting U = (‘C‘ 3) denote an arbitrary
unitary in U,, and forming the isometry W; = (| fo.o)s | f0,1)): it is straightforward to check that the
action of U®? on the multiplicity subspace M, = span (l foo)| f0,1>) is given by

W, U W, = det(U) (‘Cl Z), (3.110)

which can be identified as a 2-dimensional irrep of U, (see (5.28) at the end of Section 5.4.2).” The
analogous statement holds for the isometry W, = (l f100s | f1,1)) and the subspace M, spanned by
the vectors |f o) and |f; ;) (the second copy of the multiplicity space for V;, appearing in (3.101)).

?The standard representation V,, in (3.101) corresponds to the Young diagram A = (2,1) = EP
bIn fact, the irrep (3.110) of 4, is the one labeled by the partition A = (2,1) = EP

3.8 Finite and compact groups

So far we have focused our discussion of representation theory on finite groups. However, infinite groups
such as the unitary group U, play an important role in quantum theory, and hence we are interested in
exploring what elements of representation theory carry over to the infinite setting. We will see that for
compact groups many of the results from the previous sections still apply. We give a brief review of these
results in this section, and refer to the textbooks [Ser77; Knal6; Pro07] for a more detailed discussion.

Definition 3.37. A topological group is a group G endowed with a topology such that group mul-
tiplication and inversion are continuous. A compact group is a topological group that is compact,
that is, every open cover of G has a finite subcover. Closed subgroups of a compact group are also
compact groups.

Definition 3.38. A representation (¢, V') of a topological group G on a normed, finite-dimensional
vector space V is a continuous group homomorphism ¢ : G — GL(V).

A crucial element in proving the main representation-theoretic results in previous sections, especially
Proposition 3.14, Maschke’s theorem (Proposition 3.16), and the main theorems of character theory
(Propositions 3.30 to 3.3?) rf:hed on the aYeraglng operatlop Gl Z 2€G 9ver a finite g.rc‘)up. For compa?t
groups we can replace this discrete averaging by a suitable integral against a probability measure. This
allows us to recover many of the previous results for finite group also for compact groups.

Proposition 3.39. Let G be a compact group. There exists a unique measure dg on G, called the
Haar measure, satisfying the following properties:

1. Invariance: for every continuous function f : G — C and every h € G,

J f(g)dg =f f(gh)dg =J f(hg)dg.
G G G
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2. Normalization: fG 1dg =1.

Example 3.40. Every finite group with the discrete topology is a compact group. In this setting,

the Haar measure is equal to the counting measure, and we have fG dg ~ ﬁ > 2<G -

Example 3.41. The circle group T={z € C: |z| = 1} = {exp(if) : 6 € [0,27)} has Haar measure
dg = 5-d6.

General formulas for Haar integration are typically cumbersome even for well-known groups such
as the classical groups. In [CSM95, Lie Groups, Ch. 7], G. Segal writes:

It is not practical to give an explicit formula for integrating a general function on a group such
as [the unitary group | U,, for there are no convenient coordinates to use.

In applications, one typically avoids explicit calculations involving Haar integrals, and instead uses the
invariance property together with Schur’s Lemma.

Using the Haar measure, one can prove analogous statements about finite-dimensional representa-
tions of compact groups, e.g.:

1. Every G-invariant subspace has a G-invariant complement.
2. Every representation over C decomposes as a sum of irreducible representations.

3. Most aspects of character theory also carry over to the compact case (note however that if G is an
infinite compact group, then expressions involving |G| may no longer be valid).

The regular representation of a compact group G is defined as the Hilbert space L2(G) of square
integrable functions on G, with the action of G given by ¢(g)(f)(h) = f(g~'h). If |G| = oo, then
dim L?(G) = 0o. We have the following theorem about the decomposition of the regular representation
for compact groups.

Proposition 3.42. Let G be a compact group.

1. The linear span of all matrix coefficients of the irreducible unitary representations of G is
dense in L?(G).

2. Every irreducible unitary representation of G is finite-dimensional.

3. The regular representation (which has infinite dimension if G is not finite) L?(G) decom-
poses into a direct sum of the irreducible unitary representations of G, each occurring with
multiplicity equal to its dimension. The matrix coefficients of the complete set of irreps form
an orthonormal basis of L?(G).

Proof. See [Knal6, Thm. 1.12]. O
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3.9 Exercises
Exercise 3.1 (Swap operator). Let H, = C? = Hy and let F 5 be the swap operator.

(i) Show that trF,z =d.
(Hint: Determine the eigenvalues for F 45 by guessing an eigenbasis.)

(ii) Show that tr[(X ® Y)F.5] = tr(XY) for any X, Y € £(C9).
(iii) For given x € [0, 1], construct states w4 and o such that

x =tr[Fyp (wy ® op)] =tr(w,op). (3.111)

(iv) Show that —1 < tr(Fupp4p) < 1 for every quantum state p4p.

(v) Consider a general Werner state on c?® 4 of the form

- _dox g o dx71 g (3.112)
PaB = 4@z —1) 2 " ddz—1) ** '
Show that p,p is a quantum state iff x € [—1,1].
(vi) Show that p,z in (3.112) is entangled iff x < 0.
(Hint: Generalize the proof of Proposition 3.2 to arbitrary d.)
Exercise 3.2 (Explicit form of two-qubit Werner states). Recall the Bell basis
B = {|®7) a5, |97 ) ap> ¥ ) 4> (97 ) a5} (3.113)

from Example 2.6. Consider the following single-qubit unitaries:

0 1 1 0 1 (1 1 1 0
GG G eemll) eGY e

(i) Show that U® U for U € {X,Z,H,S} has the following matrix representation in the Bell basis 2B:
1 . .. [1
’ ’ (Z®Z]lg=|"
5 T
1 . . . [ 1
' ' [S®Sls=|" = (3.116)
-1 \. .o

(Hint: First, determine the action of these unitaries on the computational basis {|0),]1)}.)

[X @ X]yp = (3.115)

[H®H]y =

(ii) Use part (i) and the relation (U ® U)ps(U ® U)" = p,p for all U to show that pg = al,g + BF g
for some a, f € C. (Hint: Express psg in the Bell basis *B.)

Exercise 3.3. Let A be a Hilbert space. Show that (X,Y) := tr(X"Y) defines an inner product on the
space of operators £(#). What is the corresponding norm induced by this inner product?

Exercise 3.4. Recall the twirling operation 7;(X ) = fud dU (U ® U)X,5(U® U)'.
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(i) Show that 7 is an orthogonal projection on L£(H, ® Hjp), that is, 7:; = T (with respect to the
Hilbert space structure given by the inner product in Exercise 3.3) and 7; 0 75 = 74.
(Hint: Use left-invariance of the Haar measure.)

(ii) Let oo =1,0, =X,0, =Y,05 = Z. Consider the following operator basis for £(C? ® C?):
B={0;®0;:0<1,j<3}. (3.117)
Determine the matrix representation of 7, with respect to ‘B.

(iii) Give an orthonormal operator basis for £(C? ® C?) consisting of eigenoperators of 7.

Exercise 3.5. Let (¢, V) be a representation of a finite group G, and let W < V be a G-invariant subspace
of V with projection Py, . Define the operator

1

=151 2. #@Pwe () (3.118)

geG

Qw

(i) Show that Qyy is a projection onto W satisfying ¢(2)Qw¢(g)™! = Q.
(ii) Show that W’ :=kerQy, is a G-invariant subspace satisfying V. =W & W’.

Exercise 3.6. Let (¢, V;) and (5, V,) be representations of a group G, and let f: V; — V, be a G-
equivariant map, that is, f o ¢,(g) = @,(g) o f for all g € G. Show that ker f < V; and im f <V, are
G-invariant subspaces.

Exercise 3.7. Let G be a finite group with representation (v, W). Assume that there exists a w € W so
that {1(g)(W)},ec is a basis of W. Show that (), W) is isomorphic to the regular representation of G.

Exercise 3.8.

(i) LetP ={1,X,Y,Z}U{£1,+i1} be the group of order 16 generated by three Pauli matrices

01 0 —i 1 O
=L =) (%) e

Show that C? has no 1-dimensional P-invariant subspace, that is, the defining representation of P
on C? is irreducible.

(i) Use (i) (or a direct calculation) to show that, for any qubit density operator p,
1 1
Z(p +XpX+YpY+ZpZ)= 5]1. (3.120)

Exercise 3.9 (Standard representation of S,). Let ¢: S, — GL(C") be the natural permutation repre-
sentation of S,, on C" defined in (3.33). Show that S, acts irreducibly on the subspace

n
Wz{in|i):x1+---+xn=O}. (3.121)
i=1

(Hint: Take an arbitrary non-gero vector |v) € C" and consider the space spanned by {¢(m)|v) : 7€ S,,}.)

Exercise 3.10 (Dual representation). Let (v, V) be a representation of a group G and (y*, V*) its dual
representation.
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(i) Show that*(g) = (g 1) forall g €G.
(i) Show that (*, V*) is irreducible if and only if (3, V) is irreducible.

Exercise 3.11. Let (v, V) and (p, W) be representations of a group G. Show that Hom(V,W) = V*QW
as representations of G.

Exercise 3.12. Let (¢, C?) be the natural permutation representation of S; defined in Section 3.4.1,
and denote by (¢yiv, Wiiy) and (¢, W) the trivial and standard representation, respectively, defined
via (3.58). Use Proposition 3.31 to show the following:

1) V=Wy & W,.
(i) (g, Wyy) is irreducible.

Exercise 3.13. Let C® := {f : G — C} be the vector space of functions from a group G to C (with addi-
tion and scalar multiplication defined element-wise). Show that the map ¢ : G — GL(C®),[¢(g)(f)](h) :=
f(g'h) defines a representation of G on C°.

4 Schur-Weyl duality

In this chapter we explore the relationship between representations of the symmetric group S,, and the
unitary group U, on the space (C?)®". We will learn that, in each isotypical decomposition, the irreps of
one group serve as the multiplicity spaces of the other one. This is known as Schur-Weyl duality and has
far-reaching consequences in quantum information theory that we explore in later sections. We mainly
follow the excellent and accessible treatment of this topic in [Chr06]. For a more modern treatment
using module theory, see [Eti+11].

4.1 Representations of direct product groups

Definition 4.1. Let G and H be groups. The direct product G x H of G and H is a group; the
underlying set is G x H = {(g,h) : g € G, h € H} with multiplication defined as (g;,h;) (g9, hy) =
(glgz,h]_hz) for all g1,82 € G and hl,hz €H.

Definition 4.2. Let (¢, V) and (v, W) be representations of groups G and H respectively. Then
V®W affords the external product representation of the direct product G x H by defining

(p®yY)(g,h) = p(g) ®yY(h). 4.1

The notation V®W is used to distinguish it from the tensor representation V ® W from Section 3.5.

One can prove the following:
@) If (¢,V) and (3, W) are irreducible, then so is (¢ ®, V®W) (Exercise 4.1).

(ii) Every irreducible representation of G x H arises this way.

4.2 Commutants of endomorphism algebras
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Definition 4.3. Let S be a subset of an algebra A. The commutant S’ of S is the collection of those
elements in .4 commuting with all of S:

S'={a€ A:as=saforalls €S}

For a vector space V, the set of operators End(V) acting on V is an algebra with respect to addition,
scalar multiplication, and composition of operators.

Lemma 4.4. Let V and W be finite-dimensional complex vector spaces. The commutant of End(V)®
1y in End(V @ W) = End(V) ® End(W) is 1, ® End(W).

Proof. Set A =End(V)® 1, and B = 1y ® End(W). Clearly, an element 1, ® b € B commutes with
every element a ® 1, € A, and hence B c A’.
Suppose now that a® 1, € A and b € A’ are arbitrary. Let dim W = n and write

a O 0 b]_]_ b]_z v b].l’l
0 a 0 by, byy - by

a®ly = . b=| . (4.2)
0 0 a bn]_ bnz e bnn

with b;; € End(V). Then (a ® 1,)b = b(a ® 1yy) is equivalent to

abll ab12 s ab]_n bl]_a b12a s blna
ab21 ab22 M abzn b21a b22a cct bzna

) 1= X (4.3)
ab,; ab,, --- ab,, bpja bppa -+ bya

Hence, for fixed i, j, we have [a, b;;] = 0 for all a € End(V). This forces b;; to be a multiple of the
identity, b;; = A;;14 for some A;; € C. Let b € End(W) be defined by (’E)ij = Ajj, then b =1, ®be
1, ® End(W) = B, and thus A’ C B. O

We can now the prove the following duality theorem.

Proposition 4.5. Let (¢, V) be a representation of a finite group G with isotypical decomposition

v=EPv,ecw (4.4)
a
into pairwise inequivalent irreducible representations (¢, V,,) with multiplicity n,. Let A € End(V)
be the subalgebra generated by ¢, and set B = A’. Then:
M) AZ@,End(V,)® Len
(i) B=P, 1y, ® End(C")
(i) B'=(A) =A

Proof. Setd, =dimV,.
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(i) An application of Schur’s lemma ([Ser77], Sec 2.2) shows that we have the following orthogo-
nality property for irreducible representations:

El(]a) ® ]]-(Cl’la = da Z (Pa(g)l](,o(g) S A, (45)
gei

where @, (g);; is the (i, j)-coefficient of the irrep matrix ¢,(g), and El(la) is the (i, j)-elementary matrix
in End(V,). Since the El(]a) are a basis of End(V,), we have

D End(v,) ® 1en, € A. (4.6)

The reverse inclusion follows from the decomposition of V into isotypical components V, ® C"+, and
hence we have equality.

(ii) First we show that B C P, 1y, ® End(C"«). To this end, let P, be the projection onto V,,, that is,
P, A=V, ®C". Then every b € B commutes with P, by definition, and hence

bzlAbzzaPab:ZaPabPazza by, 4.7)

where b, € End(V, ® C"+). By the preceding lemma, b, = 1,, ® b/, for some b}, € End(C"+), and hence
B c @, 1y, ®End(C"=). The other inclusion holds since any P, 1, ® b, with b, € End(C"+) commutes
with @, a, ® 1cn, € A by construction.

(iii) This follows by a similar argument as that in (ii) (Exercise 4.2). O
4.3 The Schur-Weyl decomposition
We now focus on the following two groups:

* the symmetric group S,,, the set of bijections from {1,...,n} to itself.

» the unitary group U; = {U € £(CY) : UTU =UU" =1,}.

The symmetric group has a representation on (C?¢)®" by permuting tensor factors:
e(m)(Y1) ® - @ [Yn)) =Y 11)) @+ ® [P 1)) (4.8)
The unitary group also has a representation on (C¢)®" by acting diagonally:
w(U)(IY1) ® -+ @ pp)) =Ulhpy) ®--- @ Ulyy,). (4.9)

Definition 4.6. The symmetric subspace Sym™(V'), also called the n-th symmetric power of V, is the
subspace invariant under the action (4.8):

Sym™(V) = (V)5 = {|v) e V" : p(m)|v) = |v) for all m €S,,}. (4.10)

With P = 1 Zrcesn ¢(m), we have Sym™(V) = PV®" by Proposition 3.32.
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Lemma 4.7. Sym"(V) = span{|v)®" : |v) € V}.

Proof. The inclusion span{|v)®" : |v) € V} c Sym"(V) follows from the observation that ¢(7)|v)®" =
|v)®" forallv eV and w €S,,.

For the other inclusion, let {|el~)}l‘.1:1 be an orthonormal basis for V, with d = dimV. By definition
Sym" (V) is spanned by the vectors

Vo) = . @(m)(le,) @ ® e )) (4.11)
mES,

=Dle )@ ®le, ) (4.12)
mES,

for indices i; € {1, ...,d} j=1,...,n.
Now rewrite the vectors |v; ..; ) using partial derivatives as (see Exercise 4.3)

n ®n
[Viji) = On,+ Oa, (|eil) +le|eij>)
j=2

. .13
Ap==2,=0 (4.13)
This calculation involves a sequence of partial derivatives of the form
(Iv) + Ajle))®" —[v)er
0, (Iv) + Ale; )" Ao = A : JA 4.14)

J J

The [v;,...;,) are thus limits of elements in W = span{|v)®" : |v) € V}. Since W is finite-dimensional and

in
closed in Sym"(V), we have |v; .., ) € W for all indices iy, ..., i,, and thus Sym"(V) c W. O

in

Corollary 4.8. Let C € End(V®") be such that p(n)Ce(n)’ = C for all T € S,. Then C €
span{X®" : X € End(V)}.

Proof. Let W = End(V®") = End(V)®" and let {Iei)}f:1 be a fixed basis of V. Consider the basis {Eij}ﬁjzl
of End(V), where E;;: |ex) — &ile;). Denote by ¢: S, — GL(V®") the tensor representation of S, on
V®" and by @ : S,, — GL(W) the analogous tensor representation of S,, on W = End(V)®". Then ¢(r)
acting on X € End(V®") has the matrix representation ((7t)X ¢(7)*. The claim then follows from the
preceding lemma applied to (@, W). O

In what follows we view w: X — X®" as a representation of GL(V) = {X € End(V) : X is invertible}.

Proposition 4.9. A representation of 2/(V) is irreducible if and only if the corresponding represen-
tation of GL(V) is irreducible.

Proof. For a proof, see [Alc18]. O

Proposition 4.10. S, and GL(V) span each other’s commutants in End(V®").
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Proof. Consider the following subalgebras of End(V®") spanned by the representations ¢ of S,, in (4.8)
and w of GL(V) in (4.9):

A= span{p(n): w€S,} C End(V®") (4.15)
B:=span{w(g): g € GL(V)} C End(V®"). (4.16)

Since ¢(7) and w(U) commute for all 7w € S,,, U € U;, we have B C A’. The previous corollary shows
that A" = span{X®" : X € End(V)}. Let X € End(V), then X + t1 is invertible for all but finitely many t,
and so (X + t1)®" € B for all but finitely many t. But (X + t1)®" is a polynomial in t of degree n, and
by Lagrange’s interpolation theorem determined by any n + 1 distinct points. Hence, (X + t1)®" € B
for all ¢, in particular for t = 0. It follows that A’ = span{X®" : X € End(V)} C B, hence A’ = B. The
Double Commutant theorem now implies B’ = A, which concludes the proof. O

Proposition 4.11. Let V = C¢ and (¢, V®") and (w, V®) be the tensor representations of S, and
GL(V) defined in (4.8) and (4.9), respectively. As a representation of S,, x GL(V), the space V®"
decomposes as

ver=Pve Uy, (4.17)
A

where (¢;,V;) and (w;, Ug) are inequivalent irreducible representations of S, and GL(V), respec-
tively, and

np(n)zﬁ/?cpﬂn)@]l[]g for te s, (4.18)

w(g) = @ Iy, ® wy(g) for g € GL(V). (4.19)
2

The same assertion holds when GL(V) is replaced with ;.

Proof. The decomposition of V®" follows from the Double Commutant Theorem and the fact that S,
and GL(V) span each other’s commutant. It remains to show that Uii = Homg (V}, V®) is an irreducible
representation of GL(V') (or U;). By Schur’s lemma, this is equivalent to showing that

Endgy(y)(UY) := Homg () (US, US) 2 C. (4.20)
We have Z (End(Ug)) = C. Schur’s lemma and the above decomposition show that
Endg (V®") = D End(UY) (4.21)
A
Endgyv)xs, (VE") & EP End () (UY). (4.22)
Since Endg (V®") = span{X®" : X € GL(V)}, we have
Endgyv)xs, (V®") € Z(Endg, (VEM)),

and hence also Endg)(V®") € Z(End(U$)) = C. O

42



In summary, Schur-Weyl duality states that

ver= (v, e Ud (4.23)
A

as a representation of S, x4, with V; and Ui being irreps of S, and U, respectively. In the next chapter
we discuss the index A and the irreps V, and U‘Ai.

4.4 Exercises

Exercise 4.1. Let G and H be groups. Show that if (¢,V) and (v, W) are irreducible, then so is
(e®Y, Vew).

Exercise 4.2. Let (¢, V) be a representation of a finite group G with isotypical decomposition
v=Pv,ecC" (4.24)
a
into pairwise inequivalent irreducible representations (¢, V,,) with multiplicity n,. Let A C End(V') be
the subalgebra generated by ¢, and set B = A’. Show that B’ = (B’) = A.
Exercise 4.3. Verify (4.13) by direct calculation.

5 Irreps of symmetric and unitary groups

5.1 Minimal projections and irreducible representations

Recall that for a given finite group G, the group algebra C[G] was defined as the C-vector space with
basis {|g)}sec and multiplication

(deG Cglg)) ) (ZheG dhlh)) - Zg,hEG nghlgh>' (5.1)

Definition 5.1. A projection in C[G] is an element p € C[G] with p? = p. A non-zero projection p
is called minimal, if there are no non-zero projections g, r such that p = g + r. Two projections p
and g are equivalent if there are invertible elements x, y € C[G] such that xpy = g, and disjoint
if pzq =0 for all z € C[G].

Definition 5.2. A central projection in C[G] is a projection in
Z(C[G]D)={xeC[G]:xy =yx forall y e C[G]}. (5.2)

A non-zero central projection is called minimal if it cannot be written as a sum of non-zero central
projections.

Proposition 5.3. Let G be a finite group with group algebra A = C[G]. Irreducible representations
of G are in one-to-one correspondence with:

* equivalence classes of minimal projections in .A.

* minimal central projections in A.
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Let (¢4, V,) be an irreducible representation of G with character y,(g) = tr¢,(g). Then

5 _dimV,
7 al

Xa

is the minimal central projection corresponding to (¢, V,).

Proof idea. Use the fact that C[G] = @, End(C%), where a runs through the irreducible representations,
and that the centre End(C%) is 1-dimensional and spanned by . O

Corollary 5.4. Let (¢, V) be a representation of a finite group G with isotypical decomposition
ve,V,and V, =W, & --®W, for inequivalent irreducible representations W, of G. Let y, be
the character of W,. Then
dimW,
Moy =
|G

D> xa()e(e)

geiG

projects onto the isotypical component V, of V.

5.2 Conjugacy classes of the symmetric group

Recall from character theory that for a finite group G, the number of irreducible representations of G is
equal to the number of conjugacy classes of G. Conjugacy classes form a partition of a finite group: The
relation ~ on G defined as g ~ h if and only if there exists s € G such that g = shs™! is an equivalence
relation. The conjugacy classes Cy,...,C; of G are the equivalence classes with respect to this relation,
and hence form a partition of G.

We will need the following facts about permutations (see, e.g., [Goo14]):

Proposition 5.5.

(i) Every permutation 7 € S,, can be written uniquely as a product of disjoint cycles, e.g., m =
(13)(2)(465) € S¢. The cycle type of a permutation 7w € S, is the tuple of cycle lengths in
non-increasing order. For example, © = (14)(236)(58)(7) has cycle type (3,2,2,1).

(ii) Cycle types (A4, ...,A4) of a permutation 7t € S,, form an ordered partition of n:
d
M=A>-22,20 and » A;=n. (5.3)
i=1

We use the notation A k4 n for an ordered partition of n into at most d parts. Note: If d < n
then not all possible partitions or cycle types appear.

(iii) Two permutations 7, 7’ € S,, are conjugate iff they have the same cycle type.

To see (iii), let (iy, ..., ix) be a cycle of length k < n and o € S,, be arbitrary. Then,
o (i, ., i) = (0(i1), ..., o (ig))- (5.4)

It follows from (i)-(iii) above that the conjugacy classes of S,,, and hence its irreducible representa-
tions, are indexed by the ordered partitions of n into n parts.
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5.3 Young diagrams and Young tableaux

There is a nice graphical representation of a partition of n:

Definition 5.6. Let A -; n be a partition of n into at most d parts. The Young diagram corresponding
to A k4 n is an arrangement of n boxes into d rows such that the i-th row has length A;.

For example, the Young diagram associated with the partition A =(3,2,2,1) I, 8 is

|

(5.5)

Definition 5.7 (Young tableaux).

* A Young tableau is a Young diagram A with boxes labeled with numbers {1,...,N} (we can
have N # n). We call A the shape of the Young tableau T.

* Astandard Young tableau is a Young tableau with N = n, and the labels are strictly increasing
along rows (left to right) and along columns (top to bottom).

* A semistandard Young tableau is a Young tableau whose labels are non-decreasing along rows
and strictly increasing along columns.

Example 5.8. The standard Young tableaux of shape A = (3,2) are

[1]2]3] [1[2]4] [1]2]5] [1[3]4] [1[3]5], (5.6)
[4]5 [3]5 [3]4 2[5 [2]4

The semistandard Young tableaux of shape A = (3,2) with numbering {1, 2} are

[1]1]1] [1]1]2], (5.7)
[2]2 [2]2

Recall from Section 4 that Schur-Weyl duality gives a decomposition

()" =P v, eud (5.8)
M—dn

of the representation space ((Cd )®n on which S, acts by permuting tensor factors, and U, (or alternatively
GL(d)) acts diagonally.

Proposition 5.9. In the decomposition (5.8),

* the index A k-, n runs over the partitions of n into at most d parts, or alternatively the set of
Young diagrams of n boxes and at most d rows;

e the irrep V;, of S, has an orthonormal basis indexed by the set of standard Young tableaux
of shape A -4 n.
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¢ the irrep Uil of Uy has an orthonormal basis indexed by the set of semistandard Young
tableaux of shape A I; n and numbering {1, ...,d}.

Proposition 5.9 says that the dimensions of the irreps V; and Ug are given by the number of standard
and semistandard Young tableaux, respectively. The following proposition gives combinatorial formulae
for these dimensions.

Proposition 5.10. Let d,n € N.

(i) The number of standard Young tableaux of shape A |4 n is equal to

d, : n! (5.9)

. l_[(i,j)el h(i, j)’
where for a box (i, j) in row i and column j of A we define the hook length

h(i, j) = #{boxes to the right of (i, j)} + #{boxes below (i, j)} + the box (i, j) itself. (5.10)

(ii) The number of semistandard Young tableaux of shape A ;4 n is equal to

Ay At =
ma= || ——— (5.11)
1<i<j<d J

Example 5.11. Let A = (4,2, 1) be the Young diagram

41; 211, (5.12)

[»-uwo\

where we filled each box (i, j) with its hook length (i, j). The number of standard Young tableaux
of shape A = (4, 2,1) is thus

. (@G+2+1 7
6:4-2-1-3-1-1 6-4-3-2

2 =7-5=35. (5.13)

On the other hand, the number of semistandard Young tableaux of shape A = (4,2,1) with num-
bering {1,2,3} is

e S S R —15. 5.14
2.3 2—1 3-1 3_2 121 (5.14)

The 15 semistandard Young tableaux of shape A = (4,2, 1) with numbering {1, 2,3} are

T[I]a]a] [x]afaf2] [a]a]a]3] [1]1]2]2] [1]1]2]3] [1]1]3]3]
) o o ) )
2[2 2[2 2[2 2[2 2[2 2[2
13/ 13/ 3] 3] 3] 13]
1[a]1]a] [a]afaf2] [a]afa]3] [1]1]2]2] [1]1]2]3] [1]1]3]3]
2(3 2(3 23 2[3 2[3 2[3 . (5.15)
13/ 13/ 13/ 3] 3] 13]
1[2]2]2] [1]2]2]3],[1]2[3]3]
2[3 2[3 2[3
13/ 13/ 13/
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5.4 Constructing the irreps of S, and U,
5.4.1 The irreps of S,

Recall that every permutation © € S,, can be written as a product of at most n — 1 transpositions (jk)
withl1<j<k<n.

Definition 5.12. Write 7 = 7, - - - T} € S, for transpositions 7;. The sign of 7 is defined as sgn(7) =

(—1)k.

Let T be a standard Young tableau of shape A ;4 n. Define two subgroups Ry, Cr of S,, as

R; ={m €S, : m permutes integers within rows of T} (5.16)

Cr ={m e S, : m permutes integers within columns of T}. (5.17)

Example 5.13. The table below lists standard Young tableaux T of shape A -5 6 and the corre-
sponding groups R, Cr.

T [1]2] [1]3]
3 2

Ry S3 {e,(12)3} =S, | {e,(13)(2)} =5, | {e} =S5,

Cr | {e} =51 | {e,(13)(2)} =5, | {e,(12)(3)} =S, S3

We define two elements in C[S,,]:

rp o= Z T (5.18)

TERT

cr = Z sgn(m)m. (5.19)

neCr

Definition 5.14. For a given standard Young tableau T of shape A I n, the Young symmetrizer e}
is defined as e :=rycy.

Example 5.15. (i) Let A=(n)Fnand T =[1L.-In]. Then c; = {e}, Ry =S, and er =3, s .

(ii) Let A=(1,....,1)and T = . Then e; = Znesn sgn(m)7.

Proposition 5.16. Let T be a Young tableau of shape A |- n, and let e} be the corresponding Young
symmetrizer. Then fr = %eT is the minimal projection in C[S,,] corresponding to the irreducible
representation V; of S,, thatis, V; = C[S,,]Jer. The V, are called Specht modules. Every irreducible
representation of S, is isomorphic to a Specht module V, for some A+ n, and V, 2 V), for A # A'.
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L |
Proof. See [Chr06] or [Alc18]. O

Denote by SYT(A) the set of all standard Young tableaux of shape A. Consider the tensor repre-
sentation ¢ of S, on (C¢)®" from Section 4, and recall the isotypical projection IT, onto the isotypical
component V; ® U‘; corresponding to the irrep V; of S,, (which can be expressed in terms of the character
formula in Proposition 3.32). For a standard Young tableau T € SYT(A) define the projector

d
HT:n_AI Z sgn(o)e(m)e (o). (5.20)

" nmeRy,0€Cr

This is just the element f; from Proposition 5.16 realized on (C?)®" via the representation ¢. Then,

= Y. I (5.21)
TESYT(X)
5.4.2 The irreps of U,
Recall the Schur-Weyl decomposition
(cHn=Pv,eUi. (5.22)
M—dn

We know from Section 5.3 that the dimension of the S, -irrep V) is equal to the number d, of standard
Young tableaux, a formula for which is given in Proposition 5.10.

Proposition 5.17. Let A ;4 n be a Young diagram. Then for each standard Young tableau T of
shape A, the subspace e;(C9)®" is an irreducible representation of ¢, (or equivalently GL(C?))
isomorphic to U)‘f.

To construct a basis for U‘;, let {Ii)}f:1 be the standard basis of C?, and consider the tensor product
basis B= {|i) ®...®[i,) : i; € [d]} of (C9)®", For a fixed Young tableau T of shape A and basis vector
[v) =1i;) ®...®|i,) € B, construct a Young tableau T}, obtained from replacing j in T with the label
i;. Consider the following example for d = 2 and n = 4:

w=melemell): s=112[3] — g, =/1][2[1]

(5.23)

T = 3|4‘ — T|V>=

(5.24)

1
4
1
2

1
|1
1]1]1]
2]

Note that T}, is a semistandard Young tableau, while Sy, is not.

Observe that the Young symmetrizer eg defined in Definition 5.14 annihilates the basis vector |v),
since there is a repetition in S}, in the first column, which is antisymmetrized by eg. A simple corollary of
this observation is the following: For any Young tableau T with more than d rows, any basis vector |v) €
B will lead to a tableau Tj,) with some repetition in the first column, and hence the Young symmetrizer
er annihilates |v). This is why only irreps corresponding to Young diagrams with at most d rows appear
in the Schur-Weyl decomposition.

This observation can be generalized as follows: For given |v) € Blet v = (vi)le be the vector where
v, is the number of times the basis vector |i) appears in |v), and denote by v the vector obtained from
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v by sorting its components in non-increasing order. If the standard Young tableau T has shape A, then
er annihilates |v) whenever

k
v}>27hi forsome 1 <k<d-—1. (5.25)
i=1 i=1

This condition is the negation of the majorization relation, defined as ' < A iff Z:{:l v} < Zle A; for
alk=1,...,d.

The images under ey of those basis vectors |v) € B that are not annihilated by e; span the irrep
Ug, and the ones corresponding to semistandard Young tableaux T},, form a basis. For a concrete way
of realizing the irreducible representation of a unitary U on U¢, we refer to [Mol06] (for an approach
using Lie theory) or [FH13, Ex. 15.57] and [Mul07, Sec. 2.1.1] (for a more direct approach).

In the special case of U,, the irreps U % for a partition A = (4, A,) have a particular nice form:

212 ® Sym™(C2), (5.26)

2~
U?t - Ldet

where m = A; — A,, the symmetric subspace Sym™(C? has dimension m + 1, and Lg,, is the one-
dimensional determinant representation Lye.: U — det(U). For a unitary U = (‘; 3), the corresponding
matrix representation is

02(U) = (detU)*S,,(U), (5.27)
where the entries of the (m+ 1) x (m + 1) matrix S,,,(U) are given by
Km—lr " i\m=i\ , .
[Sm(D)]k; = % Z (])(T: ])apc]_pbk_Pdm_J_k+P. (5.28)
JUm= Gotomej) \P/ k=P

The matrix indices k and j range from m down to 0. A proof of this formula can be found in [BL25,
App. B].

5.4.3 Summary

Proposition 5.18. Let d = dimV and |v) € V®" be non-zero. For a standard Young tableau T of
shape A F n, consider the Young symmetrizer e;. Let p be the number of parts of the partition A
(or the number of non-zero rows of the Young diagram A).

* If p < d, then C[S,]Jer|v) is an irreducible representation of S, isomorphic to the Specht
module V.

e If p < d, then e;V®" is an irreducible representation of GL(V) (or ;) on V®". These are
inequivalent for Young tableaux of different shape.

* Using the above, we have the Schur-Weyl decomposition of V®" with d = dimV as an S,, X

representation:
ver=Pv,e U]
}U—dn

Proof. See [Chr06]. O
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Note that item (iii) of the proposition says that

dn = Z dlml,d, (529)
M—dn

with d, and m, 4 as in Proposition 5.10.

5.5 Quantum method of types

We close this chapter by collecting a few results about Young diagrams and the dimensions of the irreps
V, and U ‘; occurring in Schur-Weyl duality. We refer to [Har05, Sec. 6] for a more detailed discussion.
Fix n,d € N and consider the Schur-Weyl decomposition

cH=PveUl. (5.30)
M—dn

How many terms are there in the direct sum? A simple counting argument shows that there are at
most polynomially many Young diagrams A = (A4, ...,A,4) of n boxes and at most d rows: Ignoring the
constraint of non-decreasing row length (4; = A; for i < j), we can put between 0 and n boxes in the
first row, then in the second row, etc, giving the simple (over-)estimate

{A g n}| < (n+1)4. (5.31)

Hence, we only have polynomially many terms in (5.30).

We can also bound the dimensions of the irreps appearing in (5.30). For a given Young diagram
A k4 n, we define a probability distribution A = (A,/n,...,A4/n). We then have the following useful
bounds on the dimension of the S, -irrep V;:

exp(nH (1)) (n+ d)"4@*D/2 < dimV, <exp(nH (1)), (5.32)

where H(p) = — >, p;log p; denotes the Shannon entropy of a probability distribution p = (p;);. This
shows that some of the S, -irreps become exponentially large (in n). On the other hand, all Z;-irreps
only grow polynomially:

dimU{ < (n+1)4@-1/2, (5.33)

A useful consequence of these bounds is the following (see, e.g., [BL25]):

Corollary 5.19. Let % = (C?)®" and p € £(#) be a permutation-invariant operator, ¢(m)p¢(n)" =
p for all T € S,,. Then p is determined by poly(n) parameters.

Proof. Together with Schur’s Lemma and (5.30), the permutation invariance of p implies that there
exists a basis so that

p=P1, ep; (5.34)
M—dn
for some p, € £(U§). The estimates (5.31) and (5.33) now yield the claim. O
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Another useful property for applications is the following concentration of measure effect: Let us
denote by II, the isotypical projection onto the summand V; ® U‘; in (5.30). Let p € £(CY) be a
quantum state of a d-dimensional system, and denote by s = (s4,...,s4) the spectrum of p ordered in
non-increasing order. The operator p®" is permutation-invariant by construction, and hence we can
write

P = (P Ly, ® w,(p), (5.35)
ZJ_dT‘L

where w) is defined through Proposition 4.11.

As before, for given A ;4 n we denote by A = (A,/n,...,A;/n) the corresponding probability dis-
tribution. Then we have the following bound on the relative weights of the operators 1, ® w,(p) =
HAP ®nﬂkl

exp (—nD ()_L||s)) (n+ d)"4d+1/2 < tr(IT; p®™) = dim V, trw;, (p) < exp (—nD (ZHS)) (n+d)dd-1/2
(5.36)

where D(pllq) = >, p;log(p;/q;) is the relative entropy between the distributions p and q. Eq. (5.36)
says that the weight of IT, p®"IT, decays exponentially in n except for those irreps A for which A is close
to the spectrum of p in relative entropy “distance”. This concentration of measure will be a crucial
ingredient for estimating the spectrum of a density operator, discussed in Section 9.

5.6 Exercises

Exercise 5.1. Let k < nand (i, ...,i;) €S, be a k-cycle. Show that for an arbitrary permutation o € S,,
we have

o(iy, ....ip)o L = (o(iy), ..., o(ir)). (5.37)

Exercise 5.2. We denote by

P, = % Z sgn(n)m € C[S, ] (5.38)

© nes,
the projector onto the antisymmetric subspace. Show that, if d < n, then P,(C4)®" = 0.
Exercise 5.3.

(i) Compute the dimensions of the irreducible representations V, and U, of S,, and U, for the following
Young diagrams A ;4 n:

LTTT] H

(i) Compute the dimensions of the irreducible representation V, of S, for A = (n,0,...,0) F, n and
A=(1,...,)F,n.

(iii) Determine all Young diagrams whose associated irreps of S, and U; appear in the Schur-Weyl
decomposition (C3)®4. Compute the dimensions d; and m 2,3 of these irreps, and verify that 81 =

4 _
3% =2 radamaa-
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Exercise 5.4. Consider the following Young diagram A and standard Young tableau T of shape A.

A= T = (5.39)

(o]~
N

of shape A =(2,2,1).

(i) Enumerate all semistandard Young tableaux of shape A and numbering {1, 2,3}, and check this
number by computing m, 3 via formula (5.11).

(ii) Compute the Young symmetrizer er.

(iii) Determine all tensor basis vectors |v) = |i;) ®...® |is) € (C*)®° with i; € [3] such that T}y is a
semistandard Young tableau, and compute the basis vectors e;|v) of Ui.

Exercise 5.5. Consider the following Young diagram A and standard Young tableau T of shape A.

A= | r=|1]2] (5.40)

’-l;|w [

of shape A =(2,1,1).

(i) Enumerate all semistandard Young tableaux of shape A and numbering {1, 2,3}, and check this
number by computing m, 3 via formula (5.11).

(ii) Compute the Young symmetrizer er.

(iii) Determine all tensor basis vectors [v) = |i;) ® ... ® |is) € (C3)®* with i; € [3] such that T}y is a
semistandard Young tableau, and compute the basis vectors er|v) of Ui.

6 Families of invariant states

6.1 Werner states

Definition 6.1. Let H, = Hz = C? be d-dimensional Hilbert spaces d > 2. A quantum state pz
on H, ® Hp is called a Werner state if

UeWpp(UU) =p  forall Uel. (6.1)

Recall that Schur-Weyl duality gives a decomposition
()" =P v eul, (6.2)
M—dn
where

* the irrep V, of S,, has an orthonormal basis index by the set of standard Young tableaux of shape
A4 n, and
n!

dimV, =d) = =——————.
P Tjyenhlo )

(6.3)
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* the irrep Ug of U; has an orthonormal basis indexed by the set of semistandard Young tableaux
of shape A ;4 n and numbering {1, ...,d}, and

dimU{=m,= [] w (6.4)
1<i<j<d J=t
There are only two partitions of n = 2:
A =(2,00=L1] AZ=(1,1)=H (6.5)
The dimension of the corresponding irreducible representations V(5 o) and V{5 1) of S5 is 1 in each case:
dm=%=1 dH=%=1. (6.6)

The Schur-Weyl decomposition of (C¢)®? therefore becomes

(C)* 2yl eUld. (6.7)

H

The representation space Uéj is equal to the symmetric subspace

Sym?(C?) = {|v) e (CH®?: Flv) = |v)} (6.8)
of dimension
M4 = dim Sym?(C?) = @ (6.9)
On the other hand, the representation space Ué is equal to the antisymmetric subspace
A2 ={p) e(@H®?:Flv) =—|v)} (6.10)
of dimension
Mo = dimA%(Cc?) = @. (6.11)

By Schur’s lemma and the symmetry relation (U ® U)pa5(U ® U)" = p,z, the operator p is block-
diagonal with respect to (6.7):

PaB EcmllUéjéBcH]lUd (6.12)

H

for some ¢, CE > 0 with

d(d+1) d(d—1)

P T Y (6.13)

The operators HUED are the Young symmetrizers for (1) and A introduced in Section 5.4.1. There is
exactly one standard Young tableau for each shape, and , and thus the Young symmetrizers are
given by

en = 1+TF e=Il—IF. (6.14)
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Each S, -irrep is 1-dimensional (see (6.6)), and hence we have projections

1
Pp=2(+F)  onto Vip e Ut = U (6.15)
1
P= E(JL—IF) onto VH®U§EUé (6.16)
with tr P = d(d2+1) and trB- = @.

We have thus proved the following structure result for Werner states:

Proposition 6.2. A Werner state has the form

Pag =X P+(1—x) for some x €[0,1]. (6.17)

2 _2 ,
dd+1) dd—-1)'H

There is an alternative parametrization of a Werner state using the visibility a := tr(pgF):

1

Recall the twirling operation
TX)= f dU(Ue U)X (UeU), (6.19)
Uy

where dU denotes the Haar measure on U;. The following proposition generalizes the developments
of Section 3.1 to arbitrary local dimension d:

Proposition 6.3. Properties of Werner states:
(i) Every Werner state is invariant under 7.

(ii) Let pyp be an arbitrary state. Then 7 (p4g) is a Werner state of visibility a = tr(Fp,z).

Proof. (i) If (U® U)pap(U® U)' = p,p for all U € Uy, then

T(pag) = J dU(Ue U)pp(UeU) = J dU pap = Paps (6.20)
Uy Uy

by normalization of the Haar measure.
(ii) We compute:

(UeU)T(pp)UU) =UeU) U dv(VeV)pp(Ve V)"f] UeU) (6.21)
Ug
= f dV(UVeUV)pp(UVeUV) (6.22)
Ua

by left invariance of the Haar measure. Hence, 7 (p,5) is a Werner state of visibility

a=tr(T(pap)F) (6.24)
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= f dU tr[(U ® U)pus(U ® U)'F] (6.25)
Uq

= J dU tr[ pap(U ® U)'F(U ® U) ] (6.26)
Uq
— tr(PABF); (627)
where we used the invariance property (U ® U)'F(U ® U) = for all U in the last equality. O

We now show that a Werner state p,p is entangled iff a = tr(p45F) < 0. First, we show the follow-
ing:

Lemma 6.4. (i) Let o,5 be a separable state. Then 7 (0 45) is separable as well, and

tr(7(osF)) = 0. (6.28)

(ii) Every Werner state with visibility a > 0 is separable.

Proof. (i) If 0 4p is separable, thatis, 045 = D ; piag) ®og), then clearly (U® U)o ,5(U®U)" is separable

for all U € Uy, and a suitable approximation of the Haar integral using Riemann sums shows that
T(oap) = f ” dU (U ® U)o 45(U ® U)' is a limit of a convex combination of separable states and hence

itself separable. For a product state p,® y the ‘swap trick’ (see Exercise 3.1) shows that tr((p,® y5)F) =
tr(paxg) = 0, since py, x5 = 0. Hence,

tr(oaplFag) = Zpi tr[(ag) ® ag))IF] > 0. (6.29)
i

(ii) Let a € [0, 1] be arbitrary, and set |¢) = +/a|0) ++'1 — a|1) for some orthonormal basis |0),|1) €
C4. Then

tr[(pa ® [0)(0l5)F] = tr(|p){01410)(014) = [{0|0)* = a, (6.30)
and hence T(p, ® |0)(0|5) is a separable Werner state of visibility a. O

We now show that every Werner state p,p with tr(p4sF) < 0 is entangled. To this end, recall the
partial transpose operation

() =ids®()", (6.31)
and the positive partial transpose (PPT) criterion: Every separable state 0,5 satisfies O'};; > 0. Hence,
. . . Tg .
any state p,p with negative partial transpose, p,5 # 0, is entangled.
Lemma 6.5. A Werner state p,p is entangled if tr(psF) < 0.
Proof. We can parametrize p,p with a = tr(p,sF) < 0 as
1
=———[(d—a)l+(da—1)F]. 6.32
pan = Gga =y 4~ )1 +(da—DF] (6.32)
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We have ]ljg = 145, and fixing an orthonormal basis {Ii)}f:1 of C? we can write

d

Fap= Y. [1)(jila®1i)ils. (6.33)
i,j=1
We then obtain
d
T, N N
Fao= > [1)(ila® (j)ils)" (6.34)
i,j=1
d
= > 1i)ila® 1) (ils (6.35)
i,j=1
=d|®") (T |45 (6.36)
where |¢7) = %Zle li)ali)p is a maximally entangled state. Since the partial transpose is linear,

pjg o< (d—a)l+d(da—1)|¢") (| =: X,5. This operator has two distinct eigenvalues

AM=d—a+d?a—d=a(d*—1) (6.37)
Ay =d—a. (6.38)
We have d > 2 and thus A; = a(d? — 1) < 0 whenever a < 0, concluding the proof. O

The following proposition summarizes this discussion:

Proposition 6.6. A Werner state p,p is entangled iff tr(p,sF) < 0.

6.1.1 Multipartite Werner states

We can generalize Werner states to the multipartite setting: Let H,, = C? fori=1,...,n. Astate Pa-A,
is called a multipartite Werner state if

U/?npAl‘..An(UAT)®n = PA;--A, (6.39)

for all Uy € Uy.

Let A = span{U®" : U € U;} and B = span{Q,, : m© € S}, where Q, := () is a shortcut for the
action of S, on (C4)®". Then U®"pA1‘..An(UT)®" = pa,.-a, for all U € Uy implies that py .., € A" =B,
and thus

Pa,-A, = Z c:Qnr for some ¢, € C. (6.40)

nES,

In the n = 2 case we had the special case py 4, = al + fF. However, these expressions for p,, .., may
not always be useful since the Q,, are in general not positive semi-definite.
Alternatively, one can consider the decomposition

cHr=Pv,eul. (6.41)
)\I—dn
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. 9 n : . . . . d
Using Schur’s lemma, U®"-invariance forces p,, .., to be a scalar multiple of the identity ILU/% on Uj.
Thus,

1a
Pa, A, = @ X0, ®@ mlld (6.42)
M—dn >

where (x3 ), is a probability distribution, p is a quantum state on V), for A -4 n, and m; 4 = dim U/‘{.
If in addition p, ..., is permutation-invariant, Qo Al..,AnQL = pa,-a, forall m €S, then

1 1
Pa A, T @ XA_J]-V ® —]]_Ud = Z X2T s (6.43)
' WG maa h

where 7, = mﬂ ,, and IT, is the isotypical projector onto V, ® U g.

6.2 Isotropic states

Definition 6.7. Isotropic states A state p,z on systems AB with H, = Hp = C is called isotropic if

(UeT)pu(Uel) =puy foralUel,. (6.44)

Isotropic states are important, since they are the Choi operators of depolarizing channels D(X) =
(1—g)X +qtr(X )%]Id (see [Led23] for a discussion of quantum channels).

. oo Ty
Observe that a state p,p is isotropic iff p 7 is a Werner state:

, . _ — 1T
WeppU e =[(UeT)pu(Uel) ]’ =pL, (6.45)

where the first equality follows from the general identity
[(X; ® Y1) Zup(X, ® V)17 = (X1 ® Y )Z, (X, ® Y1), (6.46)

Expanding pg = alyp + PF,p, and using (qSXB)TB = 1F,;, Schur-Weyl duality shows the following:

Proposition 6.8. An isotropic state p,z can be written as

d? d2—1

2
oap =1 —=x)|ST) (T |45 +xi]lAB forxe[o, d ] (6.47)

The range of the parameter x becomes clear with Exercise 6.2. Similar arguments as in Section 6.1
(see Exercise 6.3) can be used to show the following:

Proposition 6.9. Let p,p(x) := (1 —x),, + X%HAB with x € [0, d;f—fl] be an isotropic state.

(i) Let 04p be arbitrary with f := tr(c3®1;) = (#+|045|9"). Then
J (UeU)op(UeU) = puip(y), (6.48)
Uq

where y = df—il(l —B).
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(ii) pup is separable iff x > %.

6.3 Exercises

Exercise 6.1 (Transpose trick). Let |®%),; = %2?21 li)4 ® |i)z be a maximally entangled state on
C? ® C?. Show that (X, ® 15)|8") s = (1, ® X[)|®*) 45 for every X € £(C?). Conclude that |[$7) 5 is

invariant under any unitary of the form U ® U for U € Uj.
Exercise 6.2. Show that the state pap(x) := (1—x)&, + % 14 is positive semidefinite iff 0 < x < di—il.

Exercise 6.3 (Entanglement in isotropic states). Let Hy, Hz = C? and p5(x) == (1 —x)b5, + 25 14 for
x €[0,d?/(d? —1)] be an isotropic state.

(i) Let 04 be an arbitrary state, and set f = tr(045%,5). Show that

Tap = f dU (U ® U)o 5(U® U)' (6.49)
Uq

2
is an isotropic state p,p(x) with x = dg—_l(l —-f).

(ii) Show that p,gz(x) is entangled if x < d/(d + 1).
Hint: Use the PPT-criterion.

(iii) Show that for every x € [d/(d +1),d?/(d? —1)] the isotropic state p,5(x) is separable.
Hint: Show this by constructing for every x € [d/(d+1),d?/(d?—1)] a product state 0 a5 = x4 ® wg
such that o 45 as defined in (6.49) is a separable isotropic state with parameter Xx.

(iv) Conclude that p,5(x) is separable if and only if x € [d/(d + 1),d?/(d? —1)].
Exercise 6.4 (Local unitary equivalence of 2-qubit Werner and isotropic states).

(i) Let |®%)5 = %(IOO) +11)) be a maximally entangled state on C2 ® C2. Show that
- 1
(1@ Yp)P1,(1,®YE) =Py = E(]lAB—IE‘AB). (6.50)

(i) Show that every 2-qubit Werner state p 5 = x%PDj +(1— x)PH with x € [0, 1] can be written as

pap = (14 ® Y5)045(1s ® V)T, (6.51)
where 0 45 is an isotropic state with (U, ® U)o 45(Us ® Ug)' = 0 5.
Hint: Use (i) and Proposition 6.8.

(iii) Let now d > 3 and H, = Hp = C9. Let p,5 be a Werner state and o 45 be an isotropic state. Show
that p,z and 045 are not unitarily equivalent unless psz = 045 = d%ﬂ AB-

Hint: Consider the spectra of p,p and o »p.
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7 The de Finetti theorem

7.1 Extendibility of quantum states

We call a bipartite state p,p k-extendible if there exists a state pup, .5, (called k-extension) where each
B; = B is a copy of the B-system and

PaB;, = trBl"'Bi—lBi+1"'Bk PaB,--B, = PAB foralli=1,..., k. (7.1)

Intuitively, in the k-extension pyp, ...5, of a k-extendible state p,p the A system is simultaneously entan-
gled to the same degree with each of the B;-systems. For a pure bipartite entangled state |1),5 this
is not possible, since any state p,pp/ satisfying trg papgr = Yap is of the form pypp = YPp ® wp for
some state wp (see Exercise 7.3). If 145 is entangled, then clearly trg pagp = Y4 ® wp # P ap. Thus,
extendibility can be understood as an obstruction to entanglement.

In fact, extendibility creates a hierarchy states, since every k-extendible state is also k’-extendible
for k’ < k (just discard the extra (k — k') systems from the extension). Denoting by Ext;(A : B) the set
of k-extendible states on AB (with Ext; (A : B) equal to the set of all density matrices), we thus have

Ext;(A: B) D Exty(A: B) D Ext3(A: B) D -+ D Exty,(A: B) = SEP(A: B). (7.2)

The inclusion Ext., (A : B) D SEP(A : B) is the content of the following statement:

Lemma 7.1. Separable states are oo-extendible.

Proof. Let oy = Zipia/(;) ® ag) be separable, then 0 yp,..5, = Zipio/(f) ® 01(;1) ®-® agk) defines a

k-extension for arbitrary k € N. O

One can also show that every oo-extendible state is separable [DPS04]. Furthermore, for every entan-
gled state p 45 there exists a kg such that p 4z has no k-extension for k > k,. An example of an entangled
2-extendible state is the following two-qubit isotropic state (see Section 6.2):

1 11

1/2)= &5 + ==

> Lys. (7.3)

Since x = 1/2 < 2/3, this state is entangled by Proposition 6.9. The following state is a 2-extension of
the isotropic state pug:

1 1
pABB’ = Z¢ZB ® ]13/ + Z@ZB, ® ]lB' (74)

Example 7.2 (Extendibility of Werner and isotropic states). The extendibility of d-dimensional
Werner and isotropic states was determined analytically in [JV13] using their symmetries:

* The Werner state pXVB = m [(d —a)l + (da—1)F] is k-extendible iff

1—d
> —. 7.5
az— (7.5)
Recall that @ € [—1, 1]. The k-extendibility condition (7.5) then implies that for d > 3 every

Werner state is at least 2-extendible.
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k=2, 3,4,... separable (k = c0) k=2, 3, 4,. separable (k = o0)
a | —HH— | x| T I
-1 0 +1 0 2/3 4/3
(a) The two-qubit Werner state P,KVB is k-extendible (b) The two-qubit isotropic state p/QB is k-extendible
iffaz—%. iffo%(l—%).

Figure 1: k-extendibility of Werner and isotropic states for d = 2.

¢ The isotropic state pI{XB =(1—x)o; + x%]l is k-extendible iff

d 1
xzm(l—i). (7.6)

We proved in Proposition 6.6 that the Werner state pXVB is separable iff a > 0. Similarly, in Propo-
sition 6.9 we showed that pf‘B is separable iff x > %. Both results also follow from taking the
limit k — oo in (7.5) and (7.6). Figure 1 shows the k-extendibility regions for two-qubit Werner

and isotropic states.

The above results say that quantum systems cannot be simultaneously entangled with too many
systems, which is sometimes referred to as monogamy of entanglement. De Finetti theorems provide a
quantitative version of this observation.

7.2 A de Finetti theorem for pure symmetric states

We will focus on pure states in the symmetric subspace

sym" (C?) = {ly) € (C)®": () = |4h)} (7.7)
=span{|p)®" : |¢) € C}. (7.8)

Note that dim Sym™(C%) = (n+i—1

Let Mgy, = % Znesn () be the projector onto Sym” ((Cd). There is a different formula for T,
that will be useful for proving de Finetti theorems. To this end, let us first introduce the Haar measure
d+ on pure states in C? induced by the Haar measure on the unitary group: Parametrizing |¢) = U|¢,)
for some fixed state |¢,) and unitary U € Uy, the Haar measure on ¢¢ induces a normalized measure
d¢ on pure states D;(C?) := {p is a quantum state of rank 1}.

) by Weyl’s dimension formula.

Lemma 7.3. We have

_(n+d-—1 on
My =(""071) Lm)d"”"w" 7.9)

Proof. Let us first consider the operator X = f p.(C) d¢ |¢){(¢p|®". The vectors |¢)®" span the symmetric
subspace Sym" ((Cd) (see (7.8), which is proved in Lemma 4.7), and thus any |¢)(¢|®" annihilates any
vector orthogonal to Sym"™(C?). It follows that X is fully supported on the symmetric subspace. In

addition, the operator X is invariant under the diagonal action U®" for U € U;:

Uex (U = f de (Ulg){plUT®" (7.10)

Dy(C9)
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= f AV (UV|¢o){¢polVTUT)®" (7.11)
Uq

= f AV (Vo) (¢olVH®" (7.12)
Uq

=X, (7.13)

where we used the definition of the pure-state measure d¢ in the second equality, and the left-invariance
of the Haar measure dU in the third equality.
Since Sym”((Cd) is irreducible under the representation U®", it follows from Schur’s Lemma that X

is proportional to [T, the identity on Sym™(C%):

cX = Mgy, for some ¢ > 0. (7.14)

Taking traces on both sides of (7.14), we have trX = f’Dl(cd)dqb tr|¢)(p|®" = f’Dl(cd)dqb = 1 by

n+i—1),

normalization of dy and thus ¢ = tr [Ty, = dim Sym"(C%) = ( which concludes the proof. [

We can now prove the following de Finetti theorem:

Proposition 7.4 (de Finetti theorem for pure symmetric states). Let H, = ¢4 and |1,b)A1...An &
Sym™(C?). Then for any k < n,

dk

D (wAlmAk’f d¢ P¢(¢)|¢)(¢|®k) < P (7.15)

where p,,(¢) is a probability density that depends on [v).

Proof. The main idea is the following: We set m = n — k and interpret the operator

1, = (m+d+1”d¢ ) (o 7.16)
m

as a continuous POVM with elements (m+:l+1)|¢) (¢|®™, used to measuring the last m systems that we

trace out in the proposition statement. We interpret a specific outcome |¢) € C¢ of this measurement as
the first k untraced systems also being in the state |¢)®* on average, due to the permutation invariance

of |¢>A1---An .
Let us make this intuition exact: Recall from Lemma 7.3 that II,, is equal to the projector onto the

symmetric subspace Sym™(C?), and hence
1
I, = — E p(m). (7.17)
m!
TES,,

Since [1)a1...4, i invariant under arbitrary permutations, it is in particular invariant under permutations
of the form 1, ® p(7), where we used the shortcut 1 =1, 4, , and the permutation ¢(7) acts on the
m systems Ay, ...A,. Therefore,

[Y)a,a, = (L ® )Y, a,» (7.18)

which implies that

Yaya, =ta, a4 1Y) (Plaa, (7.19)
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=1ty A, [(1 ® IT,) ) (WA]---AJ (7.20)

("o f d¢ (1, ® ($1°™1) (P 1(1, ©16)°™). 91)

The last equality uses the the partial cyclicity property try((1 ® X5)Y7,) = try(V15(1 ® X5)).
We implicitly define a vector le,) via

Voy@legh =" C T W0 (61, € (€ 7.22)

where p,,(¢) > 01is chosen so that (e, |e,) = 1. Note that p,;(¢) is a probability density by construction,
that is, fd(b py(¢) =1. Egs. (7.21) and (7.22) together say that

Ya,a, = f de py(@)leg){eql- (7.23)
Our goal is to show that

fd¢P¢(¢)le¢><e¢| NJd¢p¢(¢)|¢)(¢l®k, (7.24)

which is the statement of the proposition. To this end, we first compute the average (squared) fidelity
of le,) and |¢p)®k. Recall that the fidelity of two pure states |a), |8) is given by F(a, 8) = |{alB)|.

= f d¢ P¢(¢)<€¢|¢®k|e¢> (7.26)
d—1
= (m +m )f do (3= ™) since |e¢) o< (1, ® (™)) (7.27)
_ 181
- (m +:1 1) ' (n+i 1) (Y| My m|) since I, o< J d¢ ¢®k+m (7.28)
_ e
B (m +nci 1) ' (k+ Z:,j 1) since Mym[¥) = |4) (7.29)
_ (m+d-1)---(m+1)
T (k+m+d—1)---(k+m+1) (7.30)
m+1 ¢!
Z(k+m+1) (7.31)
k d—1
:(1_k+m+1) (7.32)
kd—1)
= k+m+1 (7.33)
kd
== (7.34)
m

We are now prepared to finish the proof. Recall the Fuchs-van-de-Graaf inequality from Proposi-
tion 2.18:

D(p,0) < y/1—F(p,0)? (7.35)
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It is straightforward to check that this is in fact an equality for pure states. We use this inequality to
bound the trace distance in the proposition statement as follows:

D (wAl---Ak,J d¢ p¢(¢)|¢)(¢|®k) (7.36)
=D(f d¢p¢(¢)le¢)(e¢l,fd¢p¢(¢)l¢)(¢|®k) by (7.23) (7.37)
< f dg py (@)D (leg)fes . 1) ($15%) by convexity of norms (7.38)
< J dé pw(qﬁ)\/ 1-F (e, o) by (7.35) (7.39)
< [ J dep py () (1—F ey, qb@k)z)r by Jensen’s inequality (7.40)
= (1—Jd¢p¢(¢)F (e¢,¢>®k)2)% bedqbpw(dJ): 1 (7.41)
< \ 1— (1 — %) by (7.34) (7.42)
= \ﬁ (7.43)
which concludes the proof. O

7.3 Extension to permutation-invariant mixed states

For this section, we introduce a new notation for permutation operators that can be useful in proofs.
Let H, = CY be a d-dimensional quantum system, and consider n copies of A with state space Hy, =
Haon, = H®", on which the symmetric group S,, acts via the system permutation representation ¢
defined in (4.8). For a permutation = € S,, we then denote by 7, = ¢(7r) € End(#4.) the corresponding
permutation operator.

Recall that a state p,, .., on Hn is called permutation-invariant if

nApAl...Ann; =pPa,-a, forallmes,. (7.44)

In this section we generalize the de Finetti theorem in Proposition 7.4 for pure symmetric states to arbi-
trary permutation-invariant states. To prepare this generalization, we first relate permutation-invariant
states to pure states in Sym™(C?) as follows:

Lemma 7.5. Let H,, = Ccd fori=1,...,nand Pa,.-a, be permutation invariant. Then p, .., hasa
purification |y?) € Sym™(C¢ ® C9).

Proof. Let pa,..a, = > Acspec( I))?LP;L be a spectral decomposition, where Spec(p) is the set of distinct

eigenvalues of p with corresponding orthogonal projector P, onto the eigenspace #;. Since p = myp n;
for all 7w € S,,, we have for any A € Spec(p) and |¢) € H, that

M) =plp) = mapmhleo), (7.45)
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and hence also nilcp) € H, for all m € S,. In other words, the eigenspaces H, are permutation-
invariant too, and P,y = msP, for all m € S,,, A € Spec(p). Defining M = Zlespec(p) VAP, we also
have t,M = Mm, forall meS,,.

Let {|x)}§1cn:1 be some basis for H,. = (C?)®" and consider the (unnormalized) maximally entangled
state

dn
|(P)A1...AHR1...RH = Z |X>An ® |X>Rn. (746)
x=1

The vector |YP) = (M ® 1gn)|p) is a purification of pn:

tar '(/)Z”R" = M(tar @angn )MT (7.47)
=MMT (7.48)
=>Vaxp,p, (7.49)

AN
= Pan, (7.50)

where the last equality follows from the orthogonality of the projectors P,.
It remains to show that |?) € Sym™(C¢®C?). Note that the symmetric group S, acts on the system
(A1Ry)...(A,R,)) =A;...AR,...R, Via Tyz = 4 ® Tz. We then have the following for all T € S,,:

(4 ® TR)|YP) = (14 ® mR)(M ® 1)) (7.51)

= (maM ® 1)(1 ® 75)[¢p) (7.52)

= (MM ® 1)|p) by the transpose trick (7.53)

= (MnArgz ® 1)|¢) since [M, 4] =0 (7.54)

=M e 1)) since T} = nAﬂ:J; =1 (7.55)

= [¥P), (7.56)

which concludes the proof. O

We can now prove the following general de Finetti theorem:

Proposition 7.6. Let H,, = cdfori=1,..,nand Pa,.-a, be a permutation-invariant state. Then
for any k < n,

d?k
D (pAl...Ak,J du, (o) 0}?") =\ =% (7.57)

where du,, (o) is a measure on the space of mixed states on ¢4 that depends on p.

Proof. Let [1P) yupn € Sym™(C¢ ® C?) be a symmetric purification of the permutation-invariant state p,
which exists by Lemma 7.5. Applying the pure-state de Finetti theorem (Proposition 7.4) to [1F) gives
us the bound

d2k
D (¢§1R1"'AkRk’f d¢ p¢P(¢)|¢><¢|§II§) < % (7.58)
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with the probability density p,,»(¢) as constructed in the proof of Proposition 7.4. The claim now
follows from the monotonicity of D(:,-) under the partial trace trg:

2
D(p f db pye (6 trps f}f)SD(wg’lRl...AkRk,fd¢p¢p(¢)|¢><¢|;3’;)s\%, (7.59)

which concludes the proof. O

7.4 Exercises
Exercise 7.1. Show that every k-extendible state is also k’-extendible for k" < k.
Exercise 7.2.

(i) Let pup be k-extendible, and let N': B — B’ be a quantum channel.> Show that
is also k-extendible.

(ii) Show that the converse of (i) is not true by finding an explicit counterexample.
Hint: Consider the family of isotropic states pp(x) = (1 —x)1; + xdi2 145, and recall that they can
be written as pap(x) = (idy ®D, )(®,,), where we defined the depolarizing channel

1
Dx(p)z(l—x)p+xtr(p)g]l. (7.61)

Now use Equation (7.6).

Exercise 7.3. Let |y),p be an arbitrary pure bipartite state. Show that any state pupp satisfying
trg: Papp = Y ap 1S of the form ppp = Y45 ® wps for some wp,.

Hint: Consider a purification |¢,,)agp:c, where C is a suitable purifying system, and use Schmidt decompo-
sition with respect to the bipartition AB : B'C.

8 Approximate cloning
Classical and quantum information are fundamentally different. Classical information can be cloned

and thus replicated arbitrarily. This is impossible for quantum information, as the main theorem of the
next section shows.

8.1 The no-cloning theorem

Theorem 8.1 (No-cloning theorem, [WZ82; Die82]). Let A, B be d-dimensional quantum systems.
There is no unitary U € U, that achieves the transformation

U: [Y)a®[0)g = [Y)a® ) (8.1)

for arbitrary |¢) € H 4. Here |0); is some reference state.

°A quantum channel A': Q — Q' is a linear map from End(#,,) to End(#,,) such that for any quantum state pg,, the output
state Opq = (idg ®NV)(pgr) is also a quantum state.
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L I
Proof. Let |v),|¢) € H4 be such that

U(lY)a®10)g) =Y)a® |Y)p (8.2)
U(l@)a®10)g) =l9)a® )5 (8.3)
Then,
(Yle)? = (Pl @ (YD) ® 9)) (8.4)
= (& (0NU'U(Ip) ®|0)) (8.5)
= (Yle), (8.6)
which shows that (1|¢) must be either 0 and 1. Hence, there is no unitary U that achieves U(|y)®|0)) =
) ®2 for all |1)). O

There is a generalization of the no-cloning theorem to mixed states and general quantum channels,
commonly called the “no-broadcasting theorem” [Bar+96].
8.2 Approximate cloning machines

Exact cloning is forbidden by the no-cloning theorem, but what about approximate cloning? We consider
the scenario where we are given a Hilbert space H of dimension d and N copies of a pure state |¢) € H.
The goal is to produce an approximation of M copies of |y) (| for some M > N. The figure of merit for
this scenario is defined as follows. Let T be the approximate cloning map

T: L(HEN) — £(HEM). (8.7)

We require T to be a completely positive and trace-preserving linear map. We define the worst case
fidelity of T by

F(T) =infF (3, T(p®))* = infur(y M T(4°"), (8.8)

where we used the fact that F(|¢){¢|,p)* = (¢|p|¢) = tr(|¢p){¢|p). The next lemma gives an upper
bound for the worst case fidelity.

Proposition 8.2. Define dy := dim Sym" () = (d+x_1). For any approximate cloning map T : £L(H®V
L(H®M), we necessarily have

dy (d+N-1\(d+M—1\"
rry< o (TN (@M o1y ®9

Proof. For a given T: L(H®N) — L(#®M) define a twirled version
TX):= f (UHMT (UeNx(UhHeN)ueMdu (8.10)
Uq

which satisfies T(USNX(UT)®N) = UM T(X)(UT)®M for all U € U, by construction. For arbitrary |p) €
‘H, we then have

tr[@®M7(¢®N)]=de tr[®M UM T (USN o®N (UT)EN) UM ] (8.11)
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=JdU tr[(UeUN®MT ((UeUT)®N)] (8.12)

> f dU F(T) (8.13)
=F(T), (8.14)

where the last inequality uses
a[(UeUN™MT(UpUT)®N)] > }g)ftr[z/)@MT(w@N)] = F(T). (8.15)

Taking the infimum over |¢) € # on both sides of (8.14) gives F(T) > F(T).
Now let T := %HN where [Ty is the projector onto Sym™(#). Using that U®N [Ty (UT)®N = 1Ty
for all U € Uy, we get

USMT (tp )(UNM =T (UN Ty (UT)®N) =T(ry) forall Uiy, (8.16)

Because of the U®M-invariance of T(7y), Schur-Weyl duality implies that we can write T(Ty) = ATy, +
(1—A)o where o L SymM(#) and A € [0,1]. We also have for every |¢) € # that ITy —|¢){p|®N >0,
since |¢){p|®N is fully supported on Sym™(#). The quantum channel T preserves the positivity of
Iy — ) {p|®N. Therefore,

0 < T (My—|e){el®") (8.17)
=T(Iy)—T(p®") (8.18)
Taking the trace of (8.19) against ¢®¥, we obtain
0 <tr[@®MT(ITy — ) (0|®™)] (8.20)
= dyAtr(e®M 1) +dy (1 — V) tr(e®M o) —tr [®M T (p®N)]. (8.21)
—_—— —_——

() ()

The quantities (%) and (%) can be simplified:

() =tr(p®M Iy, d;t) = it1r (M e®My,) = 1 tr(®M) = 1 (8.22)
dy dy dy
(k) = tr (M ®M My 0) = tr (9*M Ty 011y ) = 0. (8.23)
Using (8.22) and (8.23) in (8.21) and rearranging terms gives the bound
®M T, ®N dN dN
[ e®MT(p®V)] < Fa< . (8.24)
dy — dy

Moreover, F(T) < tr[ap@’M T(®N ):| by definition, and the bound F(T) < F(T) proved in (8.14) con-
cludes the proof. O

Can the bound in the lemma be achieved? The answer is yes, using the following map: Define

d
T(X)= d—NHM (xe18M M) 11),. (8.25)
M
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The action of this map on X € £(#®") can be understood as consisting of the following three steps:

Step 1. Extend state trivially from H®N to H®M.
Step 2. Project down to symmetric subspace SymM ().
Step 3. Normalize to get a quantum state.

To compute the fidelity F(T) of this map, we have for arbitrary |¢) € H,

d
tr[cp®MT((p®N)] = d_N tr[(p@’MHM((p@N ® ]l)HM] (8.26)
M
= g—N tr[ Ty p®" My (N © 1)] (8.27)
M
d
dy
dy
=—. 8.2
dyy (8.29)
Therefore, with K = M — N, we have
dy Kd
F(T)=2X>1-=— (8.30)
dy N

by a similar calculation as in Section 7. This bound shows that, for N,M — oo with K = M — N fixed,
approximate cloning becomes possible with the worst-case fidelity F(T) arbitrarily close to 1. These
results of this section are due to [Wer98].

Remark 8.3. We chose the worst-case fidelity

F(T)= }E{F(ww, T(y®N))? (8.31)

for our analysis of approximate cloning in this section. An alternative is the average fidelity

Fouo(T) = f dy F(y®", T(3p®V))?, (8.32)

where diy denotes the measure on pure states induced by the Haar measure on I/;. Evidently, we
have

F(T) < Foue(T) (8.33)

for every map T, and hence the worst-case fidelity is a stronger approximation criterion than the
average fidelity.

However, a similar proof as in Proposition 8.2 shows that we also have F,.(T) < dy/dy for
everymap T: L(HEY) — L(H®M) (see Exercise 8.6), and hence the map (8.25) is also optimal for
the weaker average fidelity criterion.

8.3 Further results on approximate cloning

1. The approximate cloning map

d
T(p) = d—NnM(p ® 1°M M)y, (8.34)
M
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is actually the unique cloning map achieving F(T) = % [Wer98].

2. The worst-case fidelity F(T) = infj,,, F(y®, T(y®*"))? measures the quality of the full output
state, which includes correlations between different systems. However, in applications we might
only be interested in comparing single copies; can we find a better map in this case? Interestingly,
the answer is no. As proved in [KW99], the cloning map in (8.34) is also optimal for the single-copy
worst-case fidelity

Fs(T) = infF (¢, tro_p T(W®)). (8.35)

3. There are asymmetric cloning machines for which the single-copy fidelities on different sites are
not necessarily equal. Because of the generality of this setting it is hard to obtain optimality results
as in [Wer98; KW99].

4. There are also state-dependent approximate cloning protocols that exploit some known structure
in the state to be cloned; see for example [KC22].

5. An important application of approximate cloning is in quantum cryptography, specifically quan-
tum key distribution (QKD). Here, a set of eavesdropping attacks can be described and analyzed
using the approximate cloning framework, which can be used to obtain security proofs for QKD.
This connection between cryptography and approximate cloning is explained further in the com-
prehensive review article [Sca+05] on quantum cloning.

8.4 Exercises

Exercise 8.1. Let Hy = {X € L(H} : X T = X} be the set of Hermitian operators on the d-dimensional
Hilbert space H. For X,Y € H; we write X <Y :& Y —X > 0. Show that this defines a partial order
on Hy:

(i) X <X forall X e H,.
(i) X <Y and Y <X implies that X =Y.
(iii) X <Y and Y < Z implies X < Z.
Exercise 8.2. Prove the following properties for the partial order on H,; defined in Exercise 8.1:
() fX<Y,thenX+Z<Y+Zforall ZeH,.
(i) If X <Y, then VXVT < VYV for every linear operator V € £L(H).

(iii) For every X € H; we have X < A,..(X)I, where A,,,(X) denotes the largest eigenvalue of X. In
particular, p < for every quantum state p.

(iv) If X <Y, then also tr(X) < tr(Y). More generally, for any positive map ¢ (i.e., mapping PSD
operators to PSD operators), we have #(X) < ®(Y)if X <Y.

(v) If X <Y and Z > 0, then tr(ZX) < tr(ZY).
Hint: Use the fact that Z has a square root together with (ii) and (iv).
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Exercise 8.3. Let A be a d-dimensional quantum system with state space #,, and let p be an arbitrary
quantum state on A". Denote by p = % D res TAP m, the symmetrized, permutation-invariant state.
Denoting by IT,, the projector onto the symmetric subspace Sym™(#,), show that

,pI, = M,pI,. (8.36)
Hint: First, compute II, 1, for an arbitrary permutation = € S,, using the character formula for IT,,.

Exercise 8.4. Let T: L(H®N) — L£(H®M) be a quantum channel, and define the twirled channel

TX):= f du (uh®Mr (UNx(UHEN)UeM. (8.37)
Ug

Use the left-invariance of the Haar measure to show that T has the following covariance property:
T(U®N - (UH®N)=UMT( (UM  forall U ely. (8.38)

Exercise 8.5. Let T(X) = %H M (X ®]1§M_N ) IT,; be the approximate cloning map from the lecture.
(i) Show that T(X) is completely positive and trace-non-increasing.

(ii) Define the map
TX)=TX)+tr(I—Iy)X)o (8.39)

for some fixed state o € L£(H®¥). Show that T(p) = T(p) for any state of the form p =
Zj xj|¢j)(¢)j|®N , where the [¢; € H are normalized pure states and (x;); is a probability dis-
tribution.

Exercise 8.6. Show that F,,,(T) < dy/dy for every map T: L(H®N) — £(H®M). Conclude that the
map in (8.25) is also optimal for this weaker approximation criterion.

9 Spectrum estimation

9.1 Problem setup

Density operators describe the state of a quantum system. Mathematically, p is a quantum state iff p
is positive semidefinite and trp = 1. As a positive semidefinite operator it is in particular Hermitian
(o = p")and normal (op" = p% = p'p), and thus has a spectral decomposition p = 2?21 Ailei){e;| with
eigenvalues (Ai)‘ii , satisfying A; > 0 and Z?zl A; =1, and eigenvectors {|ei)}‘l71:1 satisfying (e;le;) = 6;;.

In this section we are interested in the task of estimating the spectrum (i.e., the set of eigenvalues)
of an unknown density operator p of a quantum system. We make the following two assumptions:

1. We have access to an experiment that prepares the system (exactly) in the state p.

2. We can run this experiment n times and perform joint measurements on all n copies at the same
time. The goal is to estimate the spectrum of p by making a suitable measurement on p®".

The goal is to devise a strategy that correctly estimates the true spectrum of p with probability ap-
proaching 1 as n — ©o.
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9.2 Symmetries of spectrum estimation

We will solve the problem of spectrum estimation using an ansatz that exploits the symmetries of this
problem. First, we observe that the state p®" supplied to us in the framework of Section 9.1 is per-
mutation invariant, Qn;)@”Q'jT = p®" for all © € S,,.. This symmetry allows us to impose permutation-
invariance on any measurement as well: For any P > 0 (for which we have one of the effect operators
of a POVM modeling our measurement in mind), we have, for all Tt € S,,

a(Pp®") = tr(PQ.p°"Q}) = (Q} PQp®"), 9.1

and so tr(Pp®") = tr(Pp®") for the symmetrized effect operator P defined as

— 1 +
P=— > Q.PQl. (9.2)

' nes,

We also know that p and UpU" have the same eigenvalues for any unitary U € U{;, and thus any
measurement performed on p®" that is supposed to estimate the spectrum of p should be invariant
under U®" as well. Let us therefore assume for the time being this U®"-invariance for the measurement.
This additional assumption will help us in finding an elegant solution to spectrum estimation, but it turns
out that we can actually make this assumption without loss of generality [MW16, Lem. 20], similarly to
the permutation invariance of the measurement operators, which follows from (9.1).

We thus restrict our attention to measurements whose effect operators are both permutation- and
U®"-invariant. We should thus turn to Schur-Weyl duality to describe this measurement. Recall the
state space decomposition

(cHen = v, ® Ul . (9.3)
@ ~— \L

Abgn 7
d Spirrep 14, irrep

For A k4 n denote by P, the projection onto the A-isotypical component V; ® U¢, then P, > 0 and
> ar,n P2 = 1. In other words, {P3}a+-,n is @ bona fide measurement.
Furthermore, this measurement has the two desired symmetries:

[P,Q.]1=0 forallmeS,; (9.4)
[P,,U®"]=0 forallUel. (9.5)

Hence, this is is a good candidate for our spectrum measurement.®
When using {P, })}-,, as the measurement, we need to interpret the outcome ‘A -3 n’. We observe

that a partition A = (A4,...,A4) k4 n satisfies A; = --- > A; = 0 and Zle A; = n. Therefore, the
normalized partition

A= %Az(kl/n,...,ld/n) (9.6)

satisfies Z >0and Zle A_l =1, and is thus a valid (ordered) spectrum.
We put forth the following protocol:

5In fact, by the results of [MW16, Lem. 20] any spectrum estimation measurement can be implemented by first measuring
with respect to {P,},;,, and then classically post-processing the outcome.
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Algorithm 9.1 (Spectrum estimation protocol). Let p have spectrum r = (rq,...,14), and assume
wlo.g. thatr; >ry,>--->r; 2 0.

(i) Measure p®" using the measurement {P;} .

(ii) Upon obtaining outcome A -, n, we use the estimator 7+ = %

We will prove that Pr(# # r) — 0 as n — oo. The measurement in step (i) above is often called weak
Schur sampling.

9.3 Weak Schur sampling

Our goal is to bound the probability of obtaining outcome “A” in weak Schur sampling, where A -4 n is

a Young diagram. That is, denoting by P, the projector onto V; ® U‘Ai in the Schur-Weyl decomposition,

we want to bound tr(P, p®"), with p the unknown quantum state whose spectrum we want to estimate.
Since Q,p®"Qf = p®", it follows from Schur-Weyl duality that

= @ Ly, ® py 9.7)

A'_d n

for some positive semidefinite operators p, € End(U)‘f). Recall that U;f = ep(CH®", where T is a

standard Young tableau of shape A ;4 n. The first step is to characterize Uﬁ so that we understand the
effect of P, on p®". We will use the concept of majorization [MOA11] for this.

Definition 9.2. Let x,y € Rd and denote by x!, y! the vectors of components of x, y sorted in
non-increasing order (e.g. x > > xé). Then y is said to majorize x, in symbols x < y if

q
> xt
i=1

d
D=,

i=

y forallg=1,...,d —1, and (9.8)
1

~.

1

I|
M=~
<

(9.9)

—

_
I

e

. .. d .
Now consider the spectral decomposition p = Zi:l r;le;)(e;|, and form the tensor product basis

B={®§‘ ey} iy e[d]} (9.10)

of (C)®". For |v) € B let f = (fi, ..., f4) be the frequency distribution of |v), where f; is the number of
times |e;) appears in |v). Note that f is an (ordered) partition of n.

Lemma 9.3. Let |v) € B with frequency distribution f, and let T be the standard Young tableau of
shape A k4 n. Then er|v) =0 unless f < A.

Proof. We first observe that, if T has a column with indices j and k such that |el~j) = le; ) in |v), then
er|v) = 0. This is because e antisymmetrizes over columns and thus annihilates such |v).

Now assume w.l.o.g. that f; > fy, > --- > fy. If er|v) # 0, then f; < A; (where A, is the length of
the first row of 1), because otherwise some column would have two indices j and k with Iel-j) =le;, ) in
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[v) (where i; = i} has frequency f;), in which case er|v) = 0. In other words, the basis elements |el~j)
“spill over” into the second row.

Likewise, if f; + fo > A + A,, then the same thing happens in row 3 or further down, and hence
fi+ fo <Ay + Ay if ep|v) # 0. Continuing in this manner, we get

q q
DA< Aforallg=1,...d—1, (9.11)
i=1 i=1
and Z?:l fi=n= 2?21 A; if er|v) # 0, which is exactly the definition of A majorizing f. O

We can now prove the desired bound on the outcome probabilities of weak Schur sampling. We will
phrase these bounds in terms of the relative entropy (also called Kullback-Leibler divergence) between
two probability distributions p, q over the same alphabet, defined as

pi . .
D pilog=t if suppp := {i : p; # 0} C suppg;

D(pllg) =1 7 i (9.12)
oo otherwise.

The relative entropy satisfies D(p||q) = 0 and D(p||q) = 0 if and only if p = g, and hence we can view
it as a non-symmetric “distance measure” on probability distributions.

The following result states that the probability of obtaining outcome “A” in weak Schur sampling is
exponentially small if A is far from the spectrum of p in relative entropy distance.

Proposition 9.4 ([ARS88; KWO01; HMO02; CMO06]). Let p be a density operator with spectrum
r=(ry,..,rq) where r; > ry> - >r; > 0. Let A = (A4,...,A4) b4 n and set A = £, Then,

n

(P p®") < (n+ 1) exp(—nD(A||r)). (9.13)

Proof. Recall that for A F; n we denote by SYT(A) the set of standard Young tableau of shape A. Then

Pi= D pr (9.14)

TeSYT(A)

where p is the Young projector associated to T € SYT(A). Note that

n! n! n
|SYT(A)| =dimV, = — < =: ( ), (9.15)
[aperh@D ™ [Tl 20 \2
where the inequality is Exercise 9.3. For A -4 n, we thus have
tr(P; p®") = Z tr(prp®"). (9.16)

TeSYT(A)

We will bound each summand in (9.16) individually, and then use (9.15) to obtain a bound on the
sum. To this end, fix some T € SYT(A), and recall that p®" has eigenvectors |v) € B (with B the tensor

product basis of eigenvectors of p defined in (9.10)) with eigenvalues [ [, rlf ‘,where f = f¥ =(f1,..-,fq)
is the unordered frequency distribution of |v). We can thus write

p®" = Z l_[r{i|v>(v|. (9.17)
|v

eBi=1
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Tracing this against py, we get
d d
t(prp®) = > [ [ uer)o) = > rlier(prlv)(v), 9.18)
[vyeB i=1 [v)EB s.t. f<A i=1

since those |v) € B with f £ A are annihilated by p; by Lemma 9.3.
To further bound this expression, we use the following two facts from majorization theory (see, e.g.,
[Bha97, Sec. I1]):

e Let x = (xq,...,xq) withx; = ---> x4 = 0and v=(v,...,v4) with ¥; > 0 but not necessarily
in non-increasing order. Then

d d

V. v
| |ij Sl |xj1. (9.19)
j=1 j=1

Proof: Let k < m be such that v, < v,,, then we have x,r" x:{" < x,r’”x,’;lk, and thus (9.19) follows

from sorting the exponents v; in non-increasing order with a sequence of flips.
e For x,y € R? with x < y and u € R? arbitrary,
(ch,ut) < (vt ut). (9.20)
Proof: Exercise 9.2.

Choosing x = f,y = A and u = (logry, ...,logry), we get from (9.20) that

d d
(ft,u) =Zfillogrl- SZ)Li logr; = (A, u). (9.21)
i=1 i=1
Exponentiating this and using (9.19) with x = r and v = f yields the inequality’
d ., d
[T <T T <T T (9.22)
i=1 i=1 i=1
and hence we can bound tr(p;p®") as follows:
d
tr(prp®) = >, rier(pr vy (v]) (9.23)

[v)eB s.t. f<A i=1

d
< l_[ r?" tr | pr Z [v)(v| (using (9.22) and exchanging [ [ and >))  (9.24)
i=1 [v)eB s.t. f<A
d
< l_[ r?" trpr (since ZMGB st f<A v){(v|< 1) (9.25)
ldl
= l_[ ril" dim U/‘f (since pr projects onto Ug) (9.26)

Il
—_

1

’One could also directly use [Bha97, Cor. 11.4.4] for (9.22).
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d(d 1)

:|&

r; (n+ 1) 2 (9.27)

i=1

where we used the dimension bound dim U/‘%
summand in (9.16), we obtain

. Using this bound for each

tr(P; p®") = Z tr(prp®™) (9.28)
TeSYT(A)
d
Z l_[rix" (9.29)
TeSYT(A) i=1
d
(9.30)

n
() o1

Ai
where we used (9.15) in the second inequality, and yREY o ld' < l_[?:1 (%) in the third inequality. The

final form of the bound on tr(P, p®") follows from the following identity for the relative entropy,

l
d(d 1) d
<(n+1)"z ]_[

d d

—nD(Xur):—nZ%log(%):Z—x log( ) Zl ( ) 9.32)

i=1 i=1

so that exp(—nD(Xllr)) = ]_[ i 1( 7 "iy%i This concludes the proof. O

9.4 Asymptotics of spectrum estimation

We have proved that, for a quantum state p with spectrum r = (rq,...,r4) (ordered so that r; > r;,;)
and A k4 n,

tr(P, p®") < (n+ 1)@ exp(—nD(Xllr)), (9.33)

where A = % and D(-||-) is the relative entropy defined in (9.12). We can extend this bound to a set S
of possible spectra as follows. Set

Pg= P, (9.34)
&I—n,
AeS
and note that
d(d—1) — —
tr(Psp®") < (n+1) 2 exp (—n min {D(AlIr) Akn,Ae S}) . (9.35)

This bound follows from picking the A with the slowest convergence in S, or equivalently the minimum
relative entropy distance D(A||r) from the true spectrum, and using the (rough, but sufficient) bound

ISI< [{A kg n} < (n+ D)% (9.36)
Finally, for fixed € > 0 we consider the e—ball
B.(r)={r" Zi ri—rll <e} (9.37)

around the true spectrum r. Choosing S = (B.(r))¢, the complement of B.(r), we obtain:
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Proposition 9.5. Let p be a quantum state with (ordered) spectrum r = (ry,...,r4), and for given
€>0 let

Py= > P (9.38)
_AFn
2€B,(r)

Then for any 6 > 0 there exists n, such that for all n > ny we have

tr(Pxp®") > 1-6. (9.39)

We can turn this into a statement about the sample complexity of spectrum estimation. To this end,
recall the total variation distance of two probability vectors p,q € R? defined as

d
1
drv(p,q) = 5 Z lpj —gjl- (9.40)
=1

Pinsker’s inequality bounds the relative entropy from below in terms of the total variation distance:

.1
drv(p,q) < ED(pIIq)- (9.41)

Applying this inequality in (9.35) with S = {A b4 n: dy(A, ) > €} gives the following statement:

Corollary 9.6 ([OW15]). For a mixed state p with ordered spectrum r = (ry,...,r4), we have for
any ¢ > 0 that

Pr [dw(l r)> s] < (n+ 1)4@+D/2 exp(—2ne?). (9.42)

Hence, O(d?/&?) log(d/e)log(1/6) samples are sufficient to output an estimate A for the spectrum
of p satisfying dr(A, r) < ¢ with probability at least 1 — 6.

One can further improve the sample complexity to O(d?/e2), and it is known that £2(d/e?) copies
are needed for spectrum estimation [OW15; Wril6]. Interestingly, O(d?/e?) has the same scaling as
full state tomography, where one learns not just the spectrum of the state but the eigenbasis as well, so
that a full classical description of the quantum state is obtained. This is evidently a much harder task,
and it is an open question whether spectrum estimation requires the same number of samples as full
tomography [Wril6]. Recently, Pelecanos et al. [Pel+25] proved a separation when only unentangled
measurements are considered.

9.5 Exercises

Exercise 9.1. Let X be some finite alphabet and denote by 7 = (|7}, ..., |X|™}) the uniform distribu-
tion, and by 6* for some x € & the deterministic distribution (6*), = 6. Show that T < p < 6* for
any probability distribution p on X.

Exercise 9.2. Let x, y € R? with x < y, and u € R? be arbitrary. Show that {(x!,u!) < (y!, ul).

Exercise 9.3. Let A -4 n. Show that

dimV, = n <M (n) (9.43)
A= — < =: - .
[apeah@D ™ TTL 4 \A
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