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The quantum de Finetti theorem says that, given a symmetric state, the state obtained by tracing
out some of its subsystems approximates a convex sum of power states. The more subsystems are
traced out, the better this approximation becomes. Schur-Weyl duality suggests that there ought
to be a dual result that applies to a unitarily invariant state rather than a symmetric state. Instead
of tracing out a number of subsystems, one traces out part of every subsystem. The theorem then
asserts that the resulting state approximates the fully mixed state, and the larger the dimension of
the traced-out part of each subsystem, the better this approximation becomes. This paper gives a
number of propositions together with their dual versions, to show how far the duality holds.

PACS numbers: 03.67.-a, 02.20.Qs

I. INTRODUCTION

Suppose we have a state space H = (C?)®" consisting of n identical subsystems. The quantum de Finetti theorem
[1, 2] tells us that, given a symmetric state on H, the state obtained by tracing out n — k of the subsystems can be
approximated by a convex sum of powers, i.e. by a convex sum of states of the form o®*; the smaller k/n, the better
the approximation. This is a useful result, because such power states are often rather easy to analyse.

Now, the symmetric group S,, and the unitary group (d) both act on the space (C%)®", the former by permuting
the factors and the latter by applying any g € U(d) to each factor, so the action is given by g®™. These actions
commute, and this leads to a type of duality, called Schur-Weyl duality [3]. Given any result that holds for the
symmetric group, one can hope to find a dual result for the unitary group.

Here I show that there is a dual to the de Finetti theorem, obtained by swapping the roles of S, and U(d). The
situation is summed up in Table[ll Instead of symmetric states, we consider unitarily-invariant states. And instead of
tracing out a number of subsystems, we trace out part of each subsystem; more precisely, we replace each individual
subsystem C? by CP ® C9, and we trace out the C? part from all the subsystems in (C? ® C?)®". The theorem then
states that, when ¢ is large relative to n, the resulting traced-out state approximates the fully mixed state. This is
different in character from the standard de Finetti theorem, in that all information about the original state is lost.
However, this fact in itself may lead to some interesting applications.

As far as possible, the results are laid out as pairs of propositions that are duals of each other. Some of these pairs
are exact analogues; in other cases, one of the pair is less meaningful or even trivial. This gives some insight into the
nature of the duality.

TABLE I:

Standard de Finetti theorem. Dual theorem.

Symmetric state p. Unitarily-invariant state p.
State space is (C?)®™. State space is (C? @ C?)®™.

Trace out n — k subsystems. |Trace out C? from each subsystem.

trp—xp & convex sum of powers. trcap & fully mixed state.
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II. DUALITY FOR SYMMETRIC WERNER STATES.

We will refer to unitarily-invariant states as Werner states |[4]. Rather than considering general Werner states, we
begin by looking at a special class, the symmetric Werner states, i.e. states that are invariant under both the unitary
and symmetric groups. The de Finetti theorem and its dual can then be applied to the same state, so the pattern
becomes particular clear, as shown in Table [Tl

The Schur-Weyl decomposition [5] of H = (C?)®" is given by:

@ Ux ®Vy, (1)

A€EPar(n,d)

1%

((Cd)®n

where U, is the irrep (irreducible representation) of U (d) with highest weight Ay > Ao > ... > A4, and V), is the irrep
of S, defined by the same partition A\. Here Par(n,d) denotes the ordered partitions of n with at most d rows. We
will also refer to a A € Par(n,d) as a (Young) diagram.

Let Py denote the projector onto the subspace Uy ® V) in the Schur-Weyl decomposition. Write f) = dim(V}), and
e$ = dim(U,), where d is the dimension of the unitary group U(d). Then the normalised projector py = Py /(e fy)
is a symmetric Werner state, and in fact any symmetric Werner state p can be written as a weighted sum of such
projectors, »_  aupu, with 37 a, = 1 [6]. Let tr,_rpx denote the state obtained by tracing out n — k of the n
subsystems from the state py. Lemma III.4 in [6] can be restated as follows:

Proposition II.1 (Trace formula). Let A € Par(n,d). Then

trn—kpx = %Zpﬂfﬂ <Z Cl);ufl/> )
12 v

where the sums extends over all p € Par(k,d) and v € Par(n—k,d), and c;\w is the Littlewood-Richardson coefficient,

i.e. the coefficient in the Clebsch-Gordan series for U(d): U, @ U, =, ¢, Ux.

From now on, we assume each individual subsystem C¢ is bipartite, so it can be written as C? ® C?. Let trce denote
the result of tracing out CY from each subsystem in the total state space (CP ® C?)®". The dual of the preceding
Proposition is:

Proposition I1.2 (Dual trace formula). Let A € Par(n,pq). Then

1
trcapy = P Zpuez (Z gAuv€Z> )
P p

where the sums extend over all diagrams pn € Par(n,p) and v € Par(n,q), and g is the Kronecker coefficient, i.e.
the coefficient in the Clebsch-Gordan series for Sp: V, @ Vi, =3\ gauw' V-

Proof. We can restrict the action of the group U(pq) on C? @ C? to the subgroup U(p) x U(q). This gives an expansion
in tensor products of irreps [7]:

Uy = ZQA;WU;L & qu
nv

where u € Par(n,p) and v € Par(n,q). If Py, denotes the projector onto Uy, we can rewrite this as

Ixpv
Py, =Y > Py, @F, 2)
pr o i=1
Taking the trace over C? gives
Ixpv
trea Py, = » > Pl el (3)
py o =1

Now define the symmetric average, S, by

S(r) = % Z nrmt, (4)

" eSS,



TABLE II:

Duality Dictionary for symmetric Werner states.

fA (dlm VA ) .

el (dimUy).

Littlewood-Richardson coefficient c;\W.

Kronecker coefficient g, .

Unitary group character (Schur function) sx.

Symmetric group character X/\-

Shifted Schur function sj,(\).

Character polynomial x*(q) (Definition [T4]).

Twirled power state.

Symmetrised cycle operator.

for any operator 7. Applying S to both sides of [3)), Schur’s lemma implies

I

P P,
tI’(Cq—A :Z—H
o

<Z gkuueg> .
H v

Substituting px = Px/(eX?fx), pu = Pu/(eh f.) gives the result we seek. O

This shows, incidentally, why the dual operation to tracing out over n — k subsystems is to trace out over part of
each subsystem: the analogue of the subgroup Si x S,,—r C Sy, is the subgroup U(p) x U(q) C U(pq).

Theorem 8.1 in [g] allows one to evaluate the bracketted inner sum in Proposition [IIl We restate this result as
follows:

Proposition I1.3 (Inner sum formula).

Frsu(N)

nlk’

Yt =

v

where sy, (\) is the shifted Schur function defined in [§] andn | k=n(n—1)...(n —k+1).

Likewise, one can evaluate the bracketed inner sum in Proposition [I.2l First we introduce a symmetric-group
analogue of the shifted Schur function:

Definition II1.4. Suppose A and u are arbitrary diagrams with n boves. The character polynomial x*(q) is the
polynomial in q defined by

XM a) = Y ¢ () (),
TESH

where x*(m) is the character of the symmetric group evaluated at the permutation m and c(m) is the number of cycles
m .

The character polynomial can sometimes be more conveniently calculated by summing over cycle types a rather
than permutations, giving

acPar(n,n)

M (q) = haq® M (@)X (),

where h,, is the number of elements in the conjugacy class a [9], and ¢(«) is the number of rows in the diagram «
representing the cycle type.

Proposition II.5 (Dual inner sum formula).

Ap
x*(q)
> gnwel = 2
v

Proof. First observe that



This follows from the fact [9] that the projector P, on (C?)®™ is defined by

Po= S ey,
s
and it vanishes on all components of the Schur-Weyl decomposition () except U, ® V,,, where it has trace el f,. On
the other hand, the trace of 7w acting on (C?)®" is given by ¢°™) since the basis elements e;, ® ... ® e;, of (C1)®"
that are fixed by 7, i.e. that contribute to trm, are those that assign the same e; to all the elements of each cycle of
7, and there are ¢ ways of picking an e; and ¢() cycles. Thus P, has trace % > q¢(™ X" (7), and equating these two
expressions for the trace gives ([G)).
Now the Kronecker coefficient can be defined by

G = 23 S O (7).

Combining this with (&), we have

> gl = % Y a T (N (m) <% > x”(ﬂ)x”(ﬂ')> :

The orthogonality relations for characters imply that the expression in brackets is zero if 7 and 7’ are in different
conjugacy classes, and is otherwise the inverse of hf,, the number of elements in the conjugacy class of w. As c(7’)
only depends on the conjugacy class of 7/, the result follows. [l

Propositions [.3] and [[I.T] can be used to prove the de Finetti theorem for symmetric Werner states [6]:

Theorem II.6 (de Finetti theorem). Let py be the normalised projector onto the Young subspace of (C%)®™ with
diagram M. Then

k(k —1) it

3
tra_kps — 7] < = - 0(~) ,
||r kp}\ T||—4 AZ + (A%)

where T is a convex sum of power states and \g is the smallest non-zero component of .

Theorem I1.7 (Dual de Finetti theorem).

T —n+1\" 2n(n-1
||tl’cqp>\—ﬁ|| §2—2(q p > = (q )+O(7’L4/q2),

where T is the identity on (CP)®™.
We leave the proof till section [V where the theorem is proved for all Werner states, not just symmetric ones.

Example I1.8. The simplest example is the symmetric subspace for n = 2. Using Propostions [IL.2 and [[L3, we find

trecap(2) = (p;plq)(—l(—lj_)l)p@) + (p;(plq)(_'(_ll—)l)p(p)'
Also
]%: (p;];l)ﬂ(z) n (p2—pl)p(12)7
from which one gets
ltrcrney - Sl = B =L
p peq+p

Note that the bound tends to zero with ¢ — oo but its behaviour does not depend sensitively upon p; in particular,
there is no requirement for p to be small relative to q (see Discussion).



III. TWIRLED POWER STATES AND THEIR DUALS

Theorem [ in 6] actually makes the stronger claim that the approximating state 7 is the twirl of a power state
o®. We describe this now and also its dual version, where the analogue of the power state is a permutation matrix.
However, the rewards of the dual approach diminish rapidly, and one does not get a stronger version of Theorem
as will become clear at the end of this section.

Let us define the twirl of an arbitrary state 7 on (C%)®* as follows:

T(r) = /U®kT(UT)®kdU,

where dU is the Harr measure. Suppose r = (r1,...,74) is the spectrum of a state o on C?. Then the twirled power
state 7(r) = T(c®*) depends only on r and not on the particular state o chosen. Lemma III.1 from [6] expresses 7(r)
in terms of basic Werner states.

Proposition II1.1 (Twirl sum). Given a spectrum r = (r1,...,74),
(r) = Z Susu(r)pu,
nw

where s,,(r) is the Schur function.

To define the dual version of a twirled power state, let m be a permutation, and let by, ... by be a basis in C%. Define
the permutation matrix 7, by 7, = nZ, i.e.

Tr = Z |(bi7r(1)v""biﬂ(n))><(bi17---vbin)|'

0<i1...in<d

Let X be a Young diagram with n boxes representing a permutation cycle type. Pick any permutation m with cycle
type A\. The symmetrised cycle operator o(A) is defined to be S(7;/d™), where S is defined by ). This does not
depend on the choice of a permutation 7 having the cycle type A. We can regard S as the “dual twirl”, with the
symmetric group replacing the unitary group. Thus we have:

Proposition IT1.2 (Dual twirl sum). Given a cycle type A,

1

S e (Vo (6)

m

Proof. By construction, o()\) is symmetric; it is also unitarily invariant, since Ur, U = UrIU" = 7UIU" = 7] = 7.
Thus () can be expressed as a sum 4 CuPu, where the coefficients are given by

cu = tr[Puo(A)] = tr[BS(7x /d")] = tr[S(Pu) 7] /p" = tr[Purz]/p",

7 being a permutation of cycle type A. But tr[P,7] is the character of the representation 7 — P,7,P,, and as this
is equivalent to ez copies of the irrep V), we have ¢y = eﬁx“ (N\)/p™. O

Note that o(\) is in general not a state, since its eigenvalues, the coeflicients in (@]), can be negative. For instance,
with d = ?), O'((?, 1)) = %p(g,) — %p(p).. .
Returning to the standard de Finetti theorem, Propositions [L.I] and 3] tell us that, for A € Par(n,d),

51
n

The shifted Schur function [8], sj,(\), which appears on the right-hand side of this equation, is a polynomial in the

Ai, and its highest degree terms are the ordinary Schur function s,()). It follows that

ZZ(L)Z — 5,(\) as n — oo, (7)

where A = (\1/Y Ai,..., A/ > \;). Putting this together with Proposition [ILI} we can restate Theorem [L6]

showing that the approximating state can be taken to be the twirled power state 7(\).



Proposition ITI.3 (Twirl limit for de Finetti theorem).

< 3 k(k-1) I
tr,— -t <=+ O(— 8
ltrasps = () < - 5 +0(5y) (5)
Dually, Propositions [I1.2] and [L.5] tell us that
1 XM (g
trcapa = —p7 g pueh '( ), (9)
ex n!

We can imitate the approximation of the shifted Schur function by the ordinary Schur function, and take the highest
degree term in x(q), which is ¢"x*(1")x*(1"). Using equation [ and the fact that xy*(1") = fx, we get

(pq)" fa

Pq_ |
ey n!

treapy — o(1™) as ¢ — oo.

We shall see later that the rather complicated coefficient of o(1™) tends to 1 for large ¢ (see inequality [[3]). This
enables us to write

Proposition IT1.4 (Twirl limit for dual de Finetti theorem).

ltrgaps — o(17)]] < % L O(nt/¢?). (10)

Unlike Proposition [IL3] however, this adds nothing to the preceding result (Theorem [I7), since o(1%) = Z/p". A
more interesting result is obtained from equation (@) without taking the limit of large ¢:

1 C(T
treapy = o S " (o (), (11)

This shows how symmetrised cycle operators other than ¢(1™) contribute to the trace.

IV. THE QUANTUM MARGINAL PROBLEM AND HORN’S CONJECTURE

We have now compared most of the ingredients of the de Finetti theorem and their dual versions. In this section
we complete this process by comparing the shifted Schur functions that appear in Proposition [[I.3] with the character
polynomials that appear in Proposition[[I.L5l We do this by relating each of them to a mathematical problem of some
historical interest. For the shifted Schur functions this is Horn’s conjecture [10], whereas for the character polynomials
it is the quantum marginal problem [11]. We begin with the latter.

Let pa =trg(pap) and pp = tra(pap) be the two marginal states of a bipartite state pag. Let X7? denote the set
of triples of spectra {Spec(pag), Spec(pa), Spec(pg)} for all operators pap on CP @ C2. It was shown in [7], [11], [12]
that Y7 can be defined in terms of the Kronecker coefficients. Given a diagram ), define A = (A1/ > Ai, ... Aa/ Do \i),
and let K be the set of all triples (X, i, 7) with A € Par(n,pq), p € Par(n,p), v € Par(n,q), for some n, satisfying
Grpr > 0. Then X719 is K, the closure of K.

One can also focus on a single marginal, and ask which pairs, {Spec(pag), Spec(pa)} of spectra can occur [13].
From the characterisation of X4, it follows that this set, I'”? say, is the closure of the set of pairs (), 1) where
X € Par(n,pq), p € Par(n,p), and there is some v € Par(n, q) satisfying g, > 0. For a given A, the p’s satisfying
this condition correspond to the p,’s that have non-zero coefficients in the expansion of trcapy given by Proposition
[[T2l This, together with Proposition [L3] implies

Proposition IV.1 (Character polynomial condition for the marginal problem). Suppose A € Par(n,pq), p €
Par(n,p), and x*(q) > 0. Then (A, 1) € TP,

The converse does not follow from the characterisation of X4 by Kronecker coefficients. If A\ € Par(n,pq) and
w € Par(n,p), and (X, i) € T?7 then we know there is a state pap with Spec(pag) = A and Spec(pa) = [i, but it does
not follow that Spec(pg) has the form & for some v € Par(n,q), or even that Spec(pg) is rational. Even if it were true
that Spec(pg) = v with v € Par(n,q), we could only conclude [11, 12] that gm my m» > 0 for some integer m > 0
and hence that x™* ™*#(q) > 0 for some m > 0.



Proposition IV.2. For any A € Par(n,pq), u € Par(n,p), there is an integer q4 in the range 1 < g4 < n such that
XM (q) >0 for g > g4 and xM(q) =0 for 0 < q < qi. IfA#p, g > 2.

Proof. Clearly x*(q) = 0 for ¢ = 0, and as x*(q) is a polynomial of degree n and can therefore have at most n
distinct roots, there must be some integer ¢ in the range 1 < ¢ < n for which y**(q) = 0. Let ¢, be the least such gq.
Then by Proposition [L5, Y, grwer’” > 0, and thus gy, > 0 and e > 0 for some v. Thus eg > 0 for all ¢ > ¢,
and x*(q) = > owed > 0forall ¢ > gy If X # p, X (1) = 0 by the orthogonality relations for characters, so
g+ = 2. U

This result is also a consequence of a theorem of Berele and Imbo [14], which says that g, > 0 for some v with
c(v) <max{c(A),c(u)}. This implies the stronger result that ¢, < max{c(X),c(u)}.

Corollary IV.3. For any A € Par(n,pq), i € Par(n,p), there is an integer q in the range 1 < gy < n such that
(A, ) € TP for g > g4

Example IV.4. Take A\ = p. Since every term in x* (1) is non-negative, and the term with o = (1) is f3/n! > 0,
we have x (1) > 0 and hence (\,\) € TPt It is easy to see why this is true: take pap = pa ® |0)(0|p, and
Spec(pag) = Spec(pa).

Example IV.5. Take A\ = (1), p = (n). Then x*(w) = (=1)"+t¢") by the Murnaghan-Nakayama rule [5], and
x*(m) =1 for all w. It follows that

M) = (D)™ (=)™ =qlg—1)...(g—n+1).

T

Thus x(q) =0 for q=1,...,n — 1. Hence (\, i) € IP™. For q > n, a state with the appropriate spectra for pap
and pa is pap = 710)(0[a ® 0, [i)(i] -

Since x™(q) = x"*(q), if X = (n), p = (1") then (\, 1) € T',. A state with the appropriate spectra is pap =
|Yap)(taB|, where Yap = ﬁ|11 +---+nn)ap. (Note that this form of p implies p > n.)

We can extend Proposition [V.2] as follows

Proposition IV.6. For any A\ € Par(n,pq), p € Par(n,p), there is a positive integer g4 and a negative integer q_
such that x™(q) # 0 for ¢ > qy and ¢ < q_, and x(q) =0 for ¢ < q¢ < q.

Proof. Let X denote the diagram conjugate to A, obtained by interchanging rows and columns. Then XX (m) =

(=)t A7), so xMH(q) = (=1)"x™(—q). It follows that the negative range of integral roots has the same
properties as the positive range, and the result follows from Proposition [[V.2] O

Example IV.7. Table [Tl gives some examples of x* (q) for n =5, illustrating the fact that the integral roots form
a sequence without a gap. Note that x*'*' (q) = xM(q), since ol () = (=)"+eM\A(w). To illustrate the property
XM (q) = (=1)"x M (—q), for each (N, ), either (N, ) or (A, i) is also given.

For each X\, p, states with ¢ = q+ and the appropriate spectra are described in Example [IV7) for the cases where
A = p, and in Example[IV.3 for the case (5), (15). States for the other cases are easy to construct; eg for (4,1),(2,13),
where ¢+ = 3, we can take p =4 and

1 4
PAB = g|11><11|AB + g|’l/1AB><¢AB|7

1 1
where [Y)ap = §|22+33>A3+—2|41>AB.

7

Turning now to shifted Schur functions, Horn’s conjecture — now a theorem [15] — states that, given A, u,v €
Par(n,d), c;\w > 0 if and only if there is triple of n x n Hermitian matrices A, B and C' with eigenvalues A, u and v,

respectively, such that A + B = C. Thus, if we know that >_ cﬁu fv > 0, we can infer that

Proposition IV.8 (Shifted Schur function condition for Horn’s conjecture). Suppose A € Par(n,d), u € Par(k,d).

Then s},(A) > 0 implies that there are n x n Hermitian matrices A, B and C' such that A+ B = C and the eigenvalues
of C are \;, and those of A are p;.

Proof. By Proposition [L3] s%(A\) > 0 implies there is some v € Par(n — k,d) such that cf;,j > 0, and by the
Horn-Klyachko theorem there are Hermitian matrices A, B, C' with eigenvalues A, u, v, respectively, satisfying
A+B=C. O



TABLE III: Some examples of the polynomials x**(q) for n = 5.

| A, 1 | XA“ (9) | integral roots
(5), (5) ; (1°),(1%) ¢® + 10¢* + 35¢° + 50¢° + 24¢q |—4,—-3,-2,—1,0
(5),(4,1) ; (1°),(2,1°) | 4¢° + 20" +20¢°> — 20¢> — 24¢ | —3,-2,-1,0,1
(4,1),(4,1) 5(2,1°),(2,1%)|16¢° + 40¢* + 20¢° + 20¢° +24¢|  —2,-1,0
(4,1),(2,1%) 16¢° — 40¢* + 20¢® — 20¢> + 24q 0,1,2
(5),(2,1%); (1°), (4,1) | 4¢° — 20¢" +20¢” 4+ 20¢° — 24¢ | —1,0,1,2,3
(5), (1%) ¢® — 10¢* + 35¢° — 50¢° + 24q 0,1,2,3,4

Unlike Proposition [V.1 there is a simple criterion for the conditions of Proposition [V.8 to hold, since s},(A) > 0

if and only if 4 C A. This follows immediately from the fact that fis%(X\)/(n | k) = 3, ¢}, f, = dim A/, where
dim A\/p is the number of standard numberings of the skew diagram A/u. This is a positive integer when p C A and
zero otherwise. Indeed, when p C A it is clear that the matrix B with \; — p; down the diagonal satisfies A+ B = C,
where A and C are diagonal with spectra p and A, respectively. Thus this “two matrix” version of Horn’s conjecture
of the single marginal problem is essentially trivial, unlike its dual counterpart, the single marginal problem. However,
note that the single marginal problem is also trivial, by Proposition [V.2] in the sense that the condition x*(q) > 0
is always satisfied, unless one also specifies the dimension g of the traced-out subsystem.

V. GENERAL WERNER STATES.

We now drop the assumption that the state is symmetrical, and consider a general Werner state. First we charac-
terise such states.

Proposition V.1 (Werner state characterisation). Any Werner state p can be written
MILR
A

i oy Z . . . l
where 75 are positive constants, and PUX are projectors onto unitary irreps Uy .

Proof. It p = vi|a;){a;| is the eigenvalue decomposition of p, unitary invariance implies

p= > %T(la:){ail).

From the Schur-Weyl decomposition, we can write
|a;) = Z%,A|(Iz‘,,\>7
A

and Schur’s lemma then tells us that

T(lai)(ail) = Y il Tlaix) (ain)-
A

Let U} be the subspace generated by the set {Ula;x) | U € U(d)}. This is a unitary irrep, and T(]a; ) (as|) is an
intertwining operator from Uj to itself, and hence by Schur’s lemma is proportional to the projector Py, . O

Corollary V.2. The number of (real) degrees of freedom of the set of Werner states on (C?)®™ is dy = 3 -1,
where the sum is over X in Par(n,d).

Proof. Another way of stating the result of the Proposition is that the A-isotypic part of any Werner state is isomorphic
to p ® Py, , where p is any density matrix on V. But p has f real terms down the diagonal, with one constraint
due to the sum of eigenvalues being 1, and there are f)(fx — 1) real components in the non-diagonal terms above the
diagonal, and those below the diagonal are the conjugates of those above. [l



We are now ready to prove the main theorem:

Theorem V.3 (General dual de Finetti theorem). If p is a Werner state on (CP @ C?)®" and q > n, then

7 - 1\" 2n(n-1
IItrmp—EH§2—2(q Z+ ) _ ”("q ) 4 O/,

Proof. By Proposition [V1] it suffices to consider a state p that is a normalised projector onto a unitary irrep, i.e. a
state of the form

p= Py, /el (12)

Let {a;} and {b;} be bases for C? and C?, respectively. We can define the Cartan subgroup of U(pq) as the set
of matrices diagonal in the product basis {a; ® b;}. Let F denote the set of lexicographically ordered n-tuples of
elements of this basis, which we write as ((i171) ... (injn)); these define the weights of Uy. Let D be the subset
of F where the j indices are distinct; this set is non-empty because we are assuming ¢ > n. The corresponding
weight vectors are linear combinations of terms whose indices are permutations of those that occur in the weight, i.e.
((ix(1)dr1)) - - - (in(n)dn(n))) for some permutation m € S,.

Let UAD be the subspace of Uy consisting of all the weight spaces for elements of D. A permutation of the product
basis {a; ® b;}, which can be regarded as an element of S,4, induces a unitary map on U}\), and hence P(R , the

projector on U}\), is invariant under such permutations. This implies that terms of the form
(|ain(1)><ain(1)| ® |bj7r(1)><bj7r(l) |) ®--® (lain(n)><ain(n)| ® |bj7r(n)><bj1r(n) |)

in P[?A all have the same coeflicients, since any two such terms with different permuations 7 in S,, can be mapped
into each other by an appropriate basis permutation in Spq. Thus trca P[?A , 1.e. the result of tracing out the |b;)s from
P[Z, is a sum of terms

|aiﬂ(1)><ain(1) | @ |a/i7r(n)><aiﬂ'(n) |7

for all m € S,,, all terms having equal coefficients. Therefore trcq P,R is proportional to the identity Z on (CP)®™.

Now UP is the union of weight spaces, all of which are isomorphic and have dimension given by the Kostka number
K (1ny, which is fx (see [5, p. 56-57]). As there are p™ sets of possible i-indices in D and (Z) sets of distinct j-indices,

UP has dimension f)(?)p". Thus,

trea PR = f <Z>I

From this and eq. ([I2),

trca Py trca P(? I (q)
tresp = —5g > = 0 A+ A= i + A,
A A A

where A is a positive operator comes from tracing out the remaining weight subspaces in Py, — PIR . Thus, from the

triangle inequality
T In(H)p" Ix(E)p™
||t7‘(cqp—1?||§ <1_£T()1 +||A||:2 1 - Ept)l :

A A

The remainder of the proof consists in finding a lower bound for f) (Z) /e, To do this, we use the Weyl dimension
formula for ef? and the hooklength formula for fy [5] to write

I _ n!(pg —1)!(pg —2)!...1!
el (pg+ A= Dlpg + A2 —2)L A

This ratio decreases when a box in the diagram A is moved upwards, so it achieves its minimum for the diagram (n),
giving

fx o nl(pg—1)!

P e T B

€x (pg+n—1)



T, T,

FIG. 1: The two tableaux for (2,1); see Example [V.4

Combining this with the inequality

plg—i+1) < g—n+1

(pg +n —1i) q

)

which holds for 1 < i < n, one concludes

ex' \n (pg+n—1)pg+n—2)...pq — q :

(13)

O

Example V.4. The simplest diagram \ where V) is non-trivial is (2,1). Here f) = 2, corresponding to the fact that
there are two standard tableauz (numberings of A that increase downwards and to the right), shown in Figure [ as
Ty and To. Let Uy denote the unitary representation obtained by applying the Young projector [4] for the tableau
Ty. The normalised projector p = Py, ,/eX? onto this representation is an example of a Werner state that is not
symmetric. We explicitly calculate an approximation to the trace trcap of this state.

As in the above proof, let {a;} and {b;} be bases for CP and C%. Given (i1,i2,i3) and distinct (j1,j2,73), let us
write

|uayz) = (lai,) ®1b5.)) ® (|ai,) @ 1b5,)) @ (lai.) @ [b5.)),

where x,y, z is some permutation of 1,2,3. Applying the Young projector to the |ug,.) for all possible permutations
of 1,2,3 gives the set of vectors

|¢1> = (|U123> + |u213> - |U321> - |U312>) /27
|¢2> (|U132> + |U312> - |u231> - |u213>) /27
|¢3> = (|U321> + |u231> - |U123> - |U132>) /27

These are linearly dependent, since |yn1) + |¥2) + |3) = 0, and make the same angle with each other, since (V;|y;) =
—1/2 for all i # j. Thus the projector onto the 2D subspace they span is

= (90l + Road ia] + ) s

Summing this expression over all (i1,142,13) and distinct (j1,J2,j3) gives the projector Pyo .
Observe that Pyp is not symmetric; for instance [u123)(usa1| occurs with coefficient —1/3, whereas |uz13)(uzs1| has

coefficient 1/6. Hdwever, [ugyz) (Ugyz| has the same coefficient, 1/3, for all permutations x,y,z of 1,2,3, and it is
only these terms that contribute to the trace trca PU/\DI' Summing over distinct indices (j1, jo, j3) we therefore find

1
treaPyp, = 3! (g) <§> T.

The factor 3! here arises because, for distinct (i1,1i2,13), there are 3! ways of combining them with a set of distinct
(J1,J2,73); €g (i1]1, 4242, 1373), (142, 1271, 13]3), etc. When (i1,12,13) are not distinct, there are fewer ways of combining
them with (j1, j2,j3), but on tracing out we regain the lost factor.

Since e§ = d(d —1)(d +1)/3 for A= (2,1), we can write

prea U _ [ (4= 1)(g—2) } z
(¢—1/p)(a+1/p)| P*
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Let a denote the term in square brackets. Then
7
t’l”((jqp = O[E —+ A,

and we see that o — 1 for ¢ — oo.
To conclude this section, we look at the dual to Proposition [V.1] and its corollary.

Proposition V.5 (Symmetric state characterisation). Any symmetric state p can be written
p=2_2 P,
A
where T are positive constants, and Pli& are projectors onto irreps VY of the symmetric group.

Corollary V.6. The number of degrees of freedom of the set of symmetric states on (C4)®" is dg = Y (e$)? — 1,
where the sum is over A in Par(n,d).

One might wonder if the standard deFinetti theorem could be proved by methods like those used for Theorem [V.31
It seems that this is not possible, as the symmetric group representations have no analogue of the weight spaces that
are essential for this proof.

VI. DISCUSSION

The de Finetti theorem and its dual seem very different in character. In the case of a symmetric Werner state pj,
the standard de Finetti theorem tells us that tr, _p,, the residual state when n — k subsystems are traced out, can be
approximated by the twirled power state T(c®¥), where ¢ has spectrum A (see Proposition [IL3)). If one carries out
a measurement on T(c®%) of the projections onto the subspaces U, ® V,, in the Schur-Weyl decomposition of (C=k,
the measured p, normalised to fi, approximates A [16, [17]. One will only get an accurate estimate if k > d; when this
condition is satisfied, most of the information about the initial state is encoded in the traced-out state. By contrast,
when part of each subsystem of a unitary-invariant state is traced out, the resulting state approximates a fully mixed
state, which conveys no information about the initial state.

One might wonder whether this difference between the standard and dual de Finetti theorems is related to the
number of parameters, ds and dy, needed to specify symmetric and Werner states, respectively. Is there a large
reduction in dy in tracing out C? from each subsystem? If so, the loss of information about the initial state would
be explained. However, this is not the case. In fact, for p > n, dw is given by > fZ — 1 over A € Par(n,d) (Corollary
[2), and is the same for the whole system, where d = pq, and for the traced-out system where d = p. There is
actually more of a reduction in the number of parameters with the standard de Finetti theorem, since dg is given by
Y oae Par(n, d)(e§)2 — 1 (Corollary [.6]), which does increase, though only polynomially, with 7.

For the approximation to the fully mixed state to be close, the dimension g of the traced-out part of each subsystem
must be large relative to n(n — 1), where n is the number of subsystems. Note that one does not require that p/q is
small, where p is the dimension of the remaining part of each subsystem after tracing-out. The situation is therefore
not directly analogous to the standard de Finetti theorem, where a good approximation requires that (n — k)/n, the
ratio of the number of subsystems traced out to the total number of subsystems, be close to 1.

When n = 1, the bound in the dual de Finetti theorem is zero, which tells us that no tracing-out is needed; this
just conveys the familiar fact that averaging the action of U(d) on a state on C?¢ gives the fully mixed state. One can
ask which finite subsets S of U(d) have the property that the average >4 UpUT/|S| gives a good approximation to
the fully mixed state for any p, and it is known [1&] that there are such sets with |S| ~ dlogd. The same question
can be posed for n > 1, though now we expect to have to trace out part of each subsystem to get an approximation
to the completely mixed state.

The dual de Finetti theorem has a certain resemblance to a theorem proved in |19]. This asserts that if Hg, the
state space of the environment, is traced-out from a random state p on the product of the system and environment
Hgs ® Hg, then trgp is approximately a fully mixed state, the approximation improving as dim Hg/ dim Hg increases.
(Actually the theorem holds more generally, for a state defined on an arbitrary subspace of Hg ® Hg.) This suggests
that obtaining the fully mixed state after tracing out should be a property that holds for “almost all states”, and not
just for those with the special structure of Werner states. One might therefore hope to be able to extend the dual
de Finetti theorem to a larger class of states (though mathematics abounds with propositions known to be almost
always true, yet where specific instances are rather hard to find).
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A natural application is to quantum secret-sharing: the theorem tells us that this can be achieved by splitting up
the subsystems of a Werner state and giving them to two or more parties. With two parties, for instance, each can
have half of each subsystem, though the dimension of each subsystem has to be large relative to n for this to work.
Note that the procedure relies on the fact that p/q does not have to be small; we need to be able to regard both C®4
and C®P as the traced-out part (and similarly for more than two parties).

Finally, one can ask whether the de Finetti theorem and its dual are facets of some more all-embracing version of
the theorem.
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