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Abstract

We investigate the properties of the inverse limit of the algebras of local unitary invariant
polynomials of quantum systems containing various types of fermionic and/or bosonic particles
as the dimensions of the single particle state spaces tend to infinity. We show that the result-
ing algebras are free and present a combinatorial description of an algebraically independent
generating set in terms of graphs. These generating sets can be interpreted as minimal sets of
polynomial entanglement measures distinguishing between states showing different nonclassical
behaviour.

1 Introduction

One of the most important questions in quantum information theory is the classification of states
containing inequivalent types of quantum correlations. Many results exist in the case when the
parts of the composite system are effectively distinguishable, but much less is known in the case
of identical particles. When discussing entanglement at short scales, one can expect that indistin-
guishability of identical particles changes the nature of quantum correlations in a fundamental way.
Understanding such correlations and inequivalent types of entanglement of identical particles is also
of great importance outside quantum information theory [I].

Following recent success in describing the algebra of polynomial invariants under the local uni-
tary group of multipartite quantum systems in the limiting case of large Hilbert space dimensions
[2], in this paper we turn to the question of finding a similar description when identical particles
are present.

In the case of distinguishable subsystems one has a natural notion of local operations: these
can be realized by acting on the parts separately. Lack of distinguishability of particles, however,
prevents one to apply this definition directly to identical particles, and indeed, the notion of en-
tanglement in this case is not entirely settled yet and several different definitions exist [3] 4 [5l [©].
In this paper we regard unitary evolutions generated by Hamiltonians built from single-particle
observables as the analogue of local transformations as e.g. in ref. [7]. The state space is then
of the form S'(H) = SyyH (bosons) or A'(H) = S(;1yH (fermions), and a local transformation is
described by the appropriate restriction of U®! (to be denoted by SuU and S1)U respectively)
for some unitary operator U acting on H.

In some cases the physical setting provides a splitting of the single particle Hilbert space into the
direct sum of orthogonal subspaces. The most natural example is when the position of a particle
can be localized in one of a few possible regions of space having vanishing or negligible overlap. In
this situtation we may assume that the single-particle Hamiltonian leaves the orthogonal subspaces
fixed, and this further restricts the possible transformations leading to conservation of local particle
numbers.

Finally, one may have to consider a quantum mechanical system where both bosons and fermions
are present and the most general Hilbert space obtained this way has the form

Sxa,H1® - @Sy, Hi (1)



on which the local unitary operations Sy,U; ® -+ ® Sy, Uy, act where \; € {({;), (1%)}. Note that
the same Hilbert space can also be interpreted as the state space of a system of k types of particles
where different types can be distinguished but particles of the same type are identical.

The outline of this paper is as follows. In section [2] we introduce the object which we study,
namely, the inverse limit of the algebras of invariant polynomials under products of unitary groups
starting over any irreducible representation where the limit is taken as the dimensions tend to
infinity. Here we state that the inverse limit does not contain “too many” elements, that is every
element is already represented for some finite values of the dimensions.

Section [3] summarizes some concepts related to the representation theory of the unitary groups
and its connection to symmetric groups and their representations. In section 4| we derive a formula
for the dimensions of the homogeneous subspaces of the inverse limit in terms of induced characters.

Section [5| prepares the detailed study of bosonic and fermionic systems by collecting some prop-
erties of regular bipartite graphs and integer stochastic matrices. In section [6] we utilize these tools
in the simplest nontrivial case: we describe invariants of pure states of a quantum system containing
any number of identical bosons.

The main result is stated in section [7] which deals with the most general quantum systems
containing different types of bosonic, fermionic or distinguishable particles in any combination.
We find a convenient way of encoding elements of an algebraically independent generating set by
certain graphs. In section [§] we show that the problem of finding invariants of mixed states can be
completely reduced to the case of pure states.

Some concluding remarks follow in section 0] For the readers’ convenience some more technical
proofs are presented outside the main text in section

2 The algebra of local unitary invariants

Let £ € N, A1,..., )\, be nonempty partitions and n = (n1,...,nz) € N¥, and let us consider
the complex Hilbert space Hi, (x,,..x);n = Sx (C") ® Sy, (C™) ® --- ® Sy, (C™). This space
carries an irreducible representation of LU,, :== U(n1,C) x - -+ x U(ng, C), the group of local unitary
transformations. For n < n’ € N* (with respect to the componentwise partial order) we have the
usual inclusions C™ — C" sending an n-tuple of complex numbers to the first n’ components which
gives rise to the inclusion iy @ Hi, (A1, 00 m < Hi,(0r,oh0) ! (obtained by tensoring the images
of the former inclusions under the appropriate Schur functor). Regarding LU,, as the subgroup of
LU, acting on the first n; entries in the ¢th factor and stabilizing the image of ¢, ,’, one can see
that iy, s is an LUp-equivariant linear map.

Let Iy (x,,...an),n denote the algebra of LU,-invariant polynomial functions over Hy (x, .. .x.),n
regarded as a real vector space. Polynomial functions can be identified with elements in S(H koMo i), D
HZ,(AI,‘..,Ak),n% the symmetric algebra on Hy (x,....A.)n @HZ,(A1,~.7/\;C),71 on which an action of LU,
is induced and we have

Ik»()‘lv“v)‘k)fn = S(Hk»()‘l1"-7)‘k)’n @ H;;v()‘lwna)\k)’n)LUn (2)

As in ref. [2], we use a grading which is different from the usual one in a factor of two, and
call homogeneous of degree m the polynomials which are of degree m both in the coefficients and
their conjugates. This convention is convenient as an invariant must have the same degree in the
coefficients and their conjugates, as seen from the fact that ¢*? € U(1) ~ Z(U(n;,C)) acts on
SP(Hi, (0, ) .m) @ SUHE (3, ap).m) by multiplication with etlr=alXile,

The inclusions tnns @ Hi (A, a0 > Hi (M., 0),ns induce morphisms of graded algebras
Onan ¢ L)’ = Le(yone)n defined by (0nn f)(¢) = f(tnne). Thus we obtain the
inverse system ((Ij,(x,,... \),n)nents (On,n)n<nent) of graded algebras, the inverse limit of which



will be denoted by Iy (x,....z,) and called the algebra of LU-invariants:

.....

L) = B0 Te o n0in = § Fadners € T Zeueni [V S0 fo = 0n fur ¢ (3)
neNk neNk

Note that Iy (x,,...x,),n 18 @ quotient of Iy (x, . x,)-
The next lemma implies that every element of Iy ,

T, oo i)

Ar) 18 already represented in some

yeeey

Lemma 1. Let k € N and n < n’ € N. Then the restriction of onn : Iy n — Ixn to the subspace
of elements of degree at most min{|\i|nq,..., | Xg|ng} is an isomorphism.

For the proof see sec.

3 Polynomial representations of the unitary groups, sym-
metric functions and the characteristic map

In this section we collect some well-known facts related to the representations of unitary and sym-
metric groups and their characters. For more details see e.g. refs. [8,[9].

Recall that the isomorphism class of a polynomial representation of the unitary group U(n,C) is
uniquely determined by its character which is a symmetric polynomial of the eigenvalues with integer
coefficients. Irreducible representations correspond to Schur polynomials indexed by partitions of
integers into at most n parts. We are interested in the large n limit, therefore it is convenient to
work with the algebra A of symmetric functions in infinitely many variables. A basis of A is the set
{sa]A\ F n,n € N} where s, is the Schur polynomial labelled by A and A - m denotes the fact that
A is a partition of m.

The usual inner product on the space of class functions on the compact group U(n, C) translates
to an inner product on A defined by

(8xs8u) = Oxp (4)

Direct sums and tensor products of the representations correspond to sums and products of the cor-
responding symmetric functions, respectively. Given two representations g1 : U(ny, C) — U(na, C)
and g3 : U(nz,C) — U(ns, C), we can form their composition g3 0 91 : U(n1,C) — U(nsz,C) and its
character can be calculated as the plethysm of that of p; with go. This operation may be defined
on A by pplpn] = prns and fp,] = pnlf] for f € A and extending to be an algebra endomorphism
in the outer variable.

The ring of symmetric functions is also connected to the representation theory of the symmetric
groups via the characteristic map. Denoting the space of class functions on S,, by R, and the nth
homogeneous part of A by A™, we define ch : R,, — A™ by

chf ="z f(u)pa (5)

pEn

where f € R,, and f(u) denotes its value on the conjugacy class labelled by p, that is, on elements
of cycle type u, and

2, = Hi‘“i! (6)

if 1 has a; ones, as twos etc. We may also regard ch as a map from @, .y Rn to A. Note also that
R., is equipped with the usual inner product, and hence also their direct sum.



Characters of irreducible representations of .S, are indexed by partitions of n, and will be denoted
by x, where p = n. These form an orthonormal basis of R,,, and an important property of ch is
that ch x, = s,, in particular, ch is an isometry.

The sum, product and plethysm operations also have a description in terms of representations of
the symmetric group. Clearly, the direct sum of representations corresponts to the sum in A. The
product translates to the induction product defined as follows. Let x; : S,, — C be the character
of the representation V; of S, for ¢ = 1,2. Then S,, x S,, can be regarded as the subgroup of
Sni+n, containing bijections which permute the first n; numbers among themselves and similarly
the last ny numbers. The induction product of the two representations is

. S’Vl n
indg" g VieV (7)

It can be shown that the image of its character under ch is ch x1 - ch x2

Finally, plethysm can be described in terms of the wreath product of representations. Similarly
as before, Si* can be regarded as a subgroup of Si,,. Its normalizer is isomorphic to the wreath
product Si 1 S;,.

We can think of the wreath product Si 1 .S,, as the set S}* x Sy, with multiplication defined by

(plap2a cee ,pm7’l)) : (pllvpéa e 7p;navl) = (plp;rl(1)7p2p;71(2)» e ,pmp;71(m),v'l}/) (8)

Now let V be a representation of S, with character y and W a representation of S, with
character . We can define a representation of Sy 1S, on V¥ @ W by

(p17p27 ) 7pm>v) : ($1 R QTy, @ y) = (pl : xvfl(l)) @ (pm ! xv’l(m)) ® (’U : y)) (9)

We denote the character of this representation by x 1 0. Regarding Sy 1 S, as the subgroup of Sk,
above, we have the following equality:

chindg*ry (x10) = (ch6)[chx] (10)

Finally, applying to irreducible representations and expanding in the basis of Schur functions
(equivalently: irreducible characters of the symmetric groups) we write:

indg:;gm (X U xXmu) = Z Mypwxv (11)
vEkm
and
S#[S)\] = Z M/\,uzzsu (12)
vkkm

or as the composition of the corresponding Schur functors

SMSA = Z MA;J,VSV (13)

vEkm

4 Hilbert series of the algebra of LU-invariants

Let k,m € N, \,..., A\, be nonempty partitions and n € N¥ such that n > (m,m,...,m). Our
aim is to calculate the dimension d,, of the mth graded subspace of Iy (, .. x,)n- This subspace
can be written as

Szm(Hka()\l7~"y)\k)7n @HI:,()\l,...,)\k),n)LUn = (Sm(Hk,(Alww)\k),n) S2] Sm(Hk,()\l,u-,/\k),n)*)LUn (14)



hence if we write S™(Hy,(x,,....an),n) as the direct sum of irreducible representations of LU,,, then
d. is the sum of the squares of multiplicities.
For A F m we have the isomorphism

S\(Vi@... eV~ P CrninyuSu Vi@ S Vi (15)

e i Em

where Chuy i = (X0 Xpa *** Xpe)Sh 1S the multiplicity of the irreducible representation of S,
indexed by the A in the tensor product of irreducible representations corresponding to 1, ..., fik-
Now we can write

Sm(Hk,(/\l,‘..,)\k),n) = @ C(m)p,lu.p,kM)\lullll e M/\1M1V1SV1 c™ [ Suk(cnk

D

Z C(m),ul...,unM)\l,ulul T M)\lulul Syl(cnl K- ® Suk(cnk

Vi, Vi U1y pibEm

vitm|A;|
(16)
and therefore
2
dm = E E C(m)u1~~unM>\1M1V1 o My
V1yeesVik s M
viFmiag) MR
= E E : Clmyprccin Clmppy ity Mxs s My iy =+ Mg pyin Mixy
V1,y...,VE #lp.'ukkm
Vikml)\il H’lv-“.u;ckm
= § <17XM1 "'Xuk>sm<17Xu’1 ...XML.>S77L.
W1, pibEm
pfl,...p%)—nl (17)

k
< 1Smng o 1Smn
D TTndgl g o U Xon) s, (s 58 X0 W) 501,
Vi VE 4=1
vikFm|A;|

i Gm
ST (o X G 0 V) X+ X Gng 1)
M1, pkEm
,u’l,...,u;c)—m

1, P , indep 0 ;)X - X ) />
(L X+ Xy D H (0o 1) (o i) Sumiag| X X Smag]
where we have used that the appearing characters are all real, irreducible characters x,, form an
orthonormal basis and introduced the notation G, = S x| X -+ X Sy a,) and H, = (S)x,|1Sm) ¥
0 X (S USm)

To simplify the last expression we need the following.

Lemma 2. Let Ay,... Ay be finite groups, m € N, u = m and let o; be a class function on A; for
every i. Then

. A1Sm) X X (ARlSm
ind (41 I (o) = Y e X+ Xia) 8,0 (0100 ) XX () (18)

1oy b Em



The proof can be found in sec.
Using this result the dimension of the degree m homogeneous subspace of Iy (x, .. x,) can be
rewritten as

Theorem 3.
dm = <1ndg:i(X)\1 XX X)\k) l 171ndg:: (X)\l X X X/\k) l 1> (19)

where Gy = Spxy| X -+ X Siiag| @nd Hyy = (S)x,) X - X S)a, ) USm.

Note that in the m = 0 case G,,, = H,, is the trivial group, and therefore dy = 1 corresponding
to the one dimensional space of constant polynomials.
In the special case Ay = Ay = ... = A\ = (1) the groups reduce to G, = S,’ﬁl and H,, = S,

and we have that d,, equals the number of orbits of S,’jl under S, X S, acting via left and right
multiplication, or equivalently, the number of orbits of S¥~! under S, acting by simultaneous
conjugation [10].

In the remaining sections we will restrict ourselves to the study of the cases where the Ferrers
diagrams of the appearing partitions have either a single row or a single column, which corresponds
to a multipartite quantum system with various types of bosonic and fermionic particles. The next
two sections deal with the simplest case of a system of identical bosons.

5 Integer stochastic matrices and regular bipartite graphs

Following the strategy of refs. [I1 2], in this section we introduce certain combinatorial objects
which can be used to conveniently label a basis of I (())-

An integer stochastic matrix is a square matrix with nonnegative integer entries and such that
the sum of entries in each row and in each column is the same. Clearly, if M and N are two such
matrices with line sums [, then the block-diagonal matrix

0 N (20)

Ma' N .= [ M0 :|
built from them is also an integer stochastic matrix with line sums [. We will call integer stochastic
matrices differing only in a permutation of rows and columns equivalent. Clearly, this is an equiva-
lence relation and &' gives rise to a well defined operation on the equivalence classes, to be denoted
by &.

A matrix with nonnegative integer entries may also be thought of as biadjacency matrix of
a bipartite graph G = (V1, V5, E) on a labelled vertex set, say Vi = {ry,re,...,rn} and Vo =
{c1,¢2,...,¢m/} (and possibly with multiple edges) together with a fixed order of colour classes,
and this correspondance is a bijection. Our convention will be that rows correspond to vertices in
V1 while columns correspond to vertices in V5. Clearly, the biadjacency matrix is an m x m integer
stochastic matrix iff the corresponding graph is [-regular and |V;| = |Vo| = m. Under this map
the binary operation @ corresponds to the disjoint union of bipartite graphs, which we define so
that we keep track of the ordering of colour classes, i.e. for G = (V1,V5, E) and G’ = (V{, V4, E')
we have GUG = (V; UV, Vo UVJ, E U E’). Note that this is important as the bipartition of a
disconnected bipartite graph is not unique. Passing to equivalence classes of the integer stochastic
matrices corresponds to forgetting the labels of vertices.

We will make use of another description in terms of permutations. Let p € Sy, be a permutation

of the numbers {1,2,...,Im}. To p we can associate an Il-regular m by m bipartite graph as

follows. Let Vi = {ry,72,...,mm} and Vo = {c1,¢2,...,cm} be the two vertex sets, and for each

1 €{1,2,...,Ilm} add an edge joining rriq with Crat where [2] denotes the smallest integer not
]



less than x. In other words, there are e edges joining r; with ¢; iff e of numbers in the range
{(i—=1)I+1,...,il} are mapped by p into the range {(j — 1)I +1,...,ji}.

It is not hard to see that p,p’ € Sj,, are mapped to the same graph with labelled vertices iff
p’ = apb with a,b € S]" < Sj,, regarded as the subgroup whose elements permute the numbers
{li+1,li+2,...,li + 1} among themselves for each 0 < i < m — 1. Reordering the labels of the
vertices amounts to left and right multiplication with an element of S, < S, regarded as the
subgroup permuting the m blocks of numbers {li+1,li+2,...,li+1} with i =0,...,m—1 without
reordering the numbers inside the blocks. The two subgroups generate the normalizer of the former
in Sy, which is isomorphic to S;1.S;,. In the following we will always assume S; ¢ .S,, to be this
subgroup in Sj,.

To sum up, equivalence classes of m X m integer stochastic matrices with line sum [ are in
bijection with [-regular bipartite graphs with a fixed bipartition into two m-element vertex sets,
which in turn are in bijection with elements of the double coset space (S;2.55)\Sim/(S11Sm). Fig.
shows the five possible graphs in the [ = m = 3 case.

-2 3K

Figure 1: All five 3-regular bipartite graphs on six vertices. Representatives of the corre-
sponding equivalence classes of permutations (from left to right) are: (1)(2)(3)(4)(5)(6)(7)(8)(9),
(D2)B)4)(B)(67)(8)(9), (1)(2)(34)(5)(6)(7)(8)(9), (1)(2)(34)(57)(68)(9), (1)(24)(37)(5)(68)(9).

6 Algebraically independent generators of the algebra of
LU-invariants for pure states of bosons

Our next aim is to prove that I () is free by presenting an algebraically independent generating
set. Let H be a Hilbert space, and [ € N, and consider the [-boson state space S'(#). Invariant
polynomial functions on this space are in bijection with elements of the space

S(S'(H) @ 8'(H))TD = P (S™(S'(H)) © S™(S'(H*) VO
meN
~ S.;VEnd(s’rrt(sl(/]_{)))U(n,C) (21)

~ @ Endy,c) (Sm(sl (1))

meN

Note that S™(S'(H)) can be regarded as a subspace of H®™, and as this space comes equipped
with an inner product induced from that of H, we also have the orthogonal projection H®"™ —
S™(SY(H)). This implies that End(S™(S'(H))) can be viewed both as a subspace and as a quotient
of End(S™(SY(H))).

Recall that GL(H) acts on H®!™ by the defining representation on each factor and on this space
there is an action of Sj,,, permuting the factors and these two actions commute. Schur-Weyl duality



states that the algebra homomorphism CS;,,, — Endg L(H)(’H@’lm) is surjective, and it is injective
iff dim H > Im. In these formulae we can also write U(H) instead of GL(H).

Therefore we also have a surjection from the group algebra CSj,, to the space of degree m
polynomial invariants. Let {ej,...,e,} be an orthonormal basis of H, and {e},... e’} its dual
basis. Vectors of the form

1
€, Vg, Voo Vey = E Z €1 ® €in2) @ ® Ciray (22)
" res;

with 1 < j; < --- < j; < n form a basis of S' (H). Then our surjection is defined on the group
elements as

n

J'_>f[a] = Z (ejl \/"'\/ejk)(ejurl \/"'\/ej2l)"'(€j(mfl)z+1 \/"'\/ejmz)'
J1seedim=1
(€ VoV ) G iy VY €an) (23)

and extended linearly. As the symmetrized product V as well as the product in S(S'(H)) is com-
mutative, and we sum over every possible Im-tuple of integers (in particular, over permutations
of any fixed Im-tuple), we have that the image of ¢ under this map is the same as the image of
any element in the double coset [o] := (S;1Sm)0(S; 1 Sm). In other words, we have a well-defined
surjection from a vector space freely generated by the double coset space (S; .51 )\Sim/(Si 1 Sm)
to the space of degree m invariant polynomials.

But the dimension of the two spaces can be seen to be equal, so that this surjection is in fact
an isomorphism if n > Im. Indeed, in this special case eq. reduces to

dpy = (indg7y (121),indgms (121)) = [(S12Sm)\Stm/(Si 1 Sim)| (24)

using the well-known formula |H\G/H| = (ind$ 1,ind% 1) for the number of double cosets.

What we have seen so far is that a basis of I} ((;)) can be labelled by [-regular bipartite graphs or
equivalently by integer stochastic matrices with line sums [ up to permutation of rows and columns.
It is not hard to see (and will be proved later in a more general setting) that under these bijections
multiplication of the basis elements corresponds to the disjoint union and to the operation & defined
above, respectively, implying that any element of the basis can be uniquely written as the product
of basis elements corresponding to connected graphs. Our results are summarized in the following

Theorem 4. [, () is a free algebra, and an algebraically independent generating set is { fs|s € S}
where S is the set of elements of | |, cn(S1 0 Sm)\Sim/(S1 1 Sm) corresponding to connected graphs
by the above bijection.

7 Systems of different kinds of indistinguishable particles

We turn to the local unitary invariants of the most general quantum systems containing various
types of bosonic, fermionic and distinguishable particles.

The starting point is the stable dimension formula of eq. In the present case k is arbitrary
while the partitions A, ..., A, are either of the form (I;) or (1%) corresponding to bosons or fermions
(SO that lz = ‘/\ZD

Let Gy, = Sy X -+ X Sy, and Hy, = (Si, X -+ x S;,) 1 S < Gy, as before. The degree m



subspace of Iy, (x,,... x,) 18

dyp = (ind ™ (xa, % -+ % xa,) LLAnd G (xa, X -+ X xa) W),

= (resg indf™ (xa, % - % xa) UL (xa, X o+ X X)W D), (25)
= Z <((X)\1 Xoeee XXAk)Zl)SJ‘eSg::S(X)\l X XXAk)zl>Hms
SEH \Gm/Hpm

by Mackey’s theorem[12] where H,,, = H,, NsH,,s~ ' and f*(h) = f(s~'hs) and in the sum s runs
over a system of representatives of the set of double cosets. Note that the inner product indeed
depends on s only through the double coset H,,sH,,.

Observe that each term in the sum is either 0 or 1, being the inner product of one dimensional
and hence irreducible characters, therefore

dm < [Hi\Gr [ Hp (26)

holds. In the following we will give a set of |H,;,\G/H,y| invariants spanning the degree m homo-
geneous subspace, and we shall see that when strict inequality holds in eq. (26)), some invariants
become zero while the remaining ones form a basis.

Let n = (n1,...,ng) be a fixed k-tuple of integers such that n; > mil;. First observe that
S™(Sx, (C") ® - - - ® Sy, (C™)) can be thought of both as a subrepresentation and as a quotient of
(Cm)®mh @ ... @ (C™*)®™k via symmetrization/antisymmetrization. Hence we have a surjection

End((C™)®™mh @ ... @ (C™)®™k) - End(S™(Sy, (C™) @ --- ® Sy, (C™))) (27)
which is LU,,-equivariant, therefore we also have a surjection
(End((C™)®™0 @ @ (C™)®™1))EUn — (Bnd(S™ (3, (C™) @ -+ ® 55, (C™)))F7 (28)

Here the right hand side can be identified with the degree m homogeneous subspace of Iy, (x,,... )

Let ey, e, ... denote the standard basis of C™ and let us introduce the following notation:
1
ENjivin..i; — 17' Z XA(W)eiﬂ(l) ® Cir(2) K- Ciray (29)
T wes;

so that A = (I) (A = (1!)) corresponds to symmetrized (antisymmetrized) tensor products, respec-
tively. Elements of the dual bases will be denoted by e, €3, €3 ; ;. etc.
By Schur-Weyl duality we have the surjection

C(Smiy X +++ X Sui,.) = (End((C™)F™1 @ - - @ (C) Bl ) )L (30)

defined by

(01,-.-,0k) — Z (1 Re2® - Remy O Qe ez ® - @ e.miy, )®
1 1 Ty k k lk

1 mly
1Y 5eeesly
-1 .mlp
LI

* * * * * *
® (Bialu) ® €,01(2) K- ® €1 (miy) (SR 62,%(1) ® 61,%(2) - eiak(mlk)) (31)
1 1 1 k k k



on k-tuples of permutations and extended linearly. Composing this with the surjection above we
have the following map:

(017 ce. 7Uk) = .f[ol,...,ak] = E (6)\17-1 2 illl X ekz,iéigu.i? Q- & e)\k7<1 -2 ‘lk) T

1111... lk’bk_...lk
€>\1)i§m71)z1+1i§m71)z1+2.“Z.;n,zl R R e/\k’ign—l)lk+1ign—l)lk+2”.Z.;n,lk )
(ezl,irln(l)i;q(?)_“i;q(h) ® ezz,igz(l)i?w..4152(12) D e;k7izk(1)i:k(2)...i{;k(lk)) te
(611’z.<171((m—1)11+1)i'1:1((m—1)zl+2)miirl(mzl) R ® e;k,i:k<(m_1)lk+1)izk((m_1>lk+2)---i;k(mlk)) (32)
where the sum is over all possible values of the indices: 1 < ijl», .. ,i;nl" <n; (Vje{l,...,k}) and
[01,...,0%] denotes the double coset H,,(o1,...,0%)Hp.

Note that ey i,i,...;, does not change (up to sign) upon changing the order of the appearing
indices, and also the factors in each term can be reordered in an arbirary way. Taking into account
that we sum over every possible value of the indices, the first transformation is realized when any of
the o; is multiplied from either side by a permutation in the Young subgroup S, x --- x S;; < Sy,
while the latter amounts to simultaneous multiplication of the permutations oq,...,0, from the
left or from the right by the subgroup of Sy, X -+ X Sy, isomorphic to S, which permutes
simultaneously the blocks fixed by these Young subgroups. But the subgroup generated by these
is precisely H,, so that indeed we have an up-to-sign well defined invariant for each element of
H,,\Gp,/H,,. The sign can be fixed by requiring the invariant to be positive for separable states.

This already implies that when in eq. equality holds, a basis of the degree m homogeneous
subpace is obtained this way. Similarly to the special case considered in sec. [f] we can describe
H\Gy/H,, in a purely combinatorial way in terms of certain graphs as follows.

Let (01,...,0k) € G = Smiy X -+ X Spi,.. Now we can draw a bipartite graph with vertices
71,72+« Tm, Cl,C2, - - -, Cy, and with edges of k different colours, adding an edge of the jth colour
connecting rp 1 with ¢ o400, for every 1 < i < ml;. In other words, there are e edges of colour j

joining r; with ¢/ iff e of numbers in the range {(i—1)I;+1,...,4l,;} are mapped by o; into the range
{(#' = 1)l; +1,...,7l;}. Finally we forget the labels of the vertices but keep the order of the colour
classes, and this way obtain a bijection between H,,\G,,/H,, and the set of isomorphism classes
of bipartite graphs with a fixed bipartition into two m-element vertex sets and edges of k different
colours with the subgraph given by edges of colour j being l;-regular. The set of these isomorphism
classes will be denoted by gr(k, (I1,...,I), m), and connected ones by gre(k, (I1,...,0k),m)

As an illustration fig. [2] shows the graph obtained in the k¥ = 2, I = 2, I = 3, m = 3
case from the pair of permutations ((123564), (17896)(2)(3)(4)(5)) € Se x Sg. Note also that the

1,2 1,2 1,2,3 1,2,3
3,4 3,4 4,5,6 4,5,6
5,6 5,6 7,8,9 7,8,9

Figure 2: The regular bipartite graph obtained from (123564) € Sg (left), (17896)(2)(3)(4)(5) € So
(right) and the combined graph encoding the equivalence class of the pair in the k = 2, I; = 2,
lo =3, m = 3 case. (Colour online)

ly =1l =...=1; = 1 special case corresponds to distinguishable particles, and the resulting graphs
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can be identified (after merging pairs of vertices along one of the colours) with the graph coverings
of ref. [11].

Alternatively, we can identify the double cosets with orbits of k-tuples of m xm integer stochastic
matrices such that the jth matrix has line sums /;, under simultaneous multiplication from the left
or from the right by permutation matrices.

The next step is to understand multiplication in Iy x, ..., in terms of graphs, i.e. to find the
structure constants with respect to the basis given above.

Definition 1. Let gr(k, (I1,...,lx)) denote the disjoint union | |, gr(k,(l1,...,lx),m). This
set comes equipped with an operation LI induced by the disjoint union of graphs. Similarly, let
gre(k, (1, .. .,1x)) denote the disjoint union | |, gre(k, (i1, ..., lk), m).

Let * denote the operation defined on | | H,,\Gy./H,, as follows. For (o1,...,0k) € G, and

meN
(01,...,0%) € G the usual inclusions Sp,;, X Sy, < Smi,+m1, of Young subgroups determine
an element (71,...,7) in Gpgpy. We define [o1,...,0k] x [07,...,0}] to be the double coset

[7T1,...,7Tk].

It is easy to see that this operation is well defined, and turns | |,y Hm\Gm/Hy, into a com-
mutative monoid (the identity being the only element of Ho\Go/Hp). In addition, the map
o ¢ ey Hu\Gm/Hy — gr(k, (I1,. .., 1)) described above becomes this way an isomorphism
of monoids. As gr(k, (l1,...,1;)) is freely generated by the subset grc(k, (I1,...,x)), the former is
also freely generated by preimages of connected graphs.

Lemma 5. Let (01,...,0%) € Gy, and (04,...,0},) € Gy be arbitrary elements. Then

fioronl  Jioyot) = flor,monlslolsn ol (33)

The proof can be found in sec. [I0} It follows that we have a surjective homomorphism from the
semigroup algebra Cgr(k, (I1,...,1r)) = Ir(x,,...,x,) defined by G — f,—1(g) and extended linearly.
When equality holds in eq. , this is an isomorphism.

We turn now to the case when we have a strict inequality in eq. . We will see that this
means only a minor modification in the structure of the inverse limit, namely, to each nonzero term
in eq. corresponds an invariant via eq. forming a basis of the degree m homogeneous
subspace, and for each vanishing term the corresponding invariant is identically zero.

Lemma 6. Let G, and H,, as above and s = (01, ...,0k) € Gy, such that

<((X>\1 X X X)\k) { 1)s’resg:S(X>\1 XX XAk) { 1>H1ns =0 (34)
holds. Then fis,. .. o0 = 0.

For the proof see sec.
Now we have everything at hand to state the following:

Theorem 7. Let B := {G € gr(k,(l1,...,lx))|fo-1(q) # 0} and let S denote the subset {G €
gre(k, (..., k)| fo-1(q) # 0} of B. Then

{fo-1()|G € B} (35)

is a basis of I (x,,..xe) and Iy ;... x,) 18 freely generated as an algebra by the set

k

{fo10)G € S} (36)

k

11



Proof. We have seen that {f,-1()|G € gr(k, (l1,...,Ix))} generates Ij (x, .. x,) as a vector space.
Removing the zero vector does not change this property, hence { f,-1(¢)|G € B} is also a generating
set. The number of degree m elements in {f,-1(¢)|G € B} is at most the number of double cosets
[s] € Hn\Gm/Hp, such that

(O X o) V) resg™ (xa X === X X ) 1) i, # 0 (37)

and this number is equal to d,, by eq. , therefore must form a basis.

An element G of B can be uniquely written as the disjoint union of connected graphsi.e. elements
of S, because an invariant corresponding to a connected graph outside S is zero. By lemma [f] this
means that f,-1(¢) is in a unique way the product of elements of {f,-1()|G € S}. O

It remains to settle the question whether we have equality or not in eq. for a given k-tuple
(A1, ..., Ak). Equivalently, we wish to determine if there exist an element s in G,,, for some m such
that

((ea, X = X xa) 1) resyy™ (xa, X =+ X X)W 1) m,,, =0 (38)

Clearly this cannot happen if (xx, X -+ X xa,) ! 1 is the restriction of some character of G,,. We
may assume that m > 2 since for m = 0 and m = 1 we have G,,, = H,,, = Hy,,5.

In the m > 2 case G, = Sy, X -+ X Sy, has exactly 2k distinct one dimensional charac-
ters: we can chose the trivial or the alternating character for each factor. Let X = (Xy,..., X}) €
{triv, alt}* be such a choice. We wish to find out its value on an element (o1, ..., 03,...,058", ..., 0%, ..., 00, )
of Hy, = (Si, X+ % 51,)1Sm < Gy In the image of this element in G, the jth factor is a permuta-
tion of m blocks of size [; determined by m € S, and inside the blocks the permutations o'jl-, N
act. We denote this permutation by o7. With this notation we have

1 ‘ if X; =triv
Xj(of) =9 IliZisen(o;) i Xj=alt, |l;] =0 (mod2) (39)
sgn(m) [T, sen(of) if X =alt, I/ =1 (mod 2)

where sgn is the sign of the permutation and therefore the value of the character of G,, we are
looking for is

kK m
H XJ(O';—) — (Sgn(ﬂ)){Je{l"”’k}‘xj:alt’ljzl (mod 2)} H HXJ(U;) (40)

j=1 j=1li=1

Let Y; = triv if \; = (I;) and Y; = alt if \; = (1%). In the special case I; = 1 the two
representations are the same, and we can safely choose any of {¢riv,alt} for Y;. This freedom will
be used shortly. The value of (xx, X -+ X xa, )01l on (of,...,07, ... ,0k,...,0f, 7) is

g

The two values coincide for every element iff {j € {1,...,k}X; = alt,l; =1 (mod 2)} is even and
for all j € {1,...,k} either [; =1 or X; =Y. Note that when for at least one j we have [; = 1
then we can always choose X so that {|j € {1,...,k}|X; = alt,l; =1 (mod 2)} is even. If [; > 1

(41)

||::]3

for all j € {1,...,k} then the condition means that the total number of fermions is even.
On the other hand, when Vj : I; > 1 and the total number of fermions is odd and m > 3 we can
always find an element s = (01, ...,01) € G, such that
((Oon X o) V) resgr™ (xa X === X xa) 1), = 0 (42)
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1 2 3 4 ) 1 2 3 4 )
1)1 1 1 1 1 1)1 1 1 1 1
211 2 2 3 3 21 2 2 3 3
311 3 ) 9 13 3|1 3 4 9 12
411 5 12 43 106 4|1 5 10 43 94
511 7 31 264 1856 5|1 7 23 264 1613
61 11 103 2804 65481 6|1 11 71 2804 58793
711 15 383 44524 3925518 7 |1 15 251 44524 3624974

Table 1: Stable dimensions of homogeneous subspaces of the algebra of local unitary invariants of
bosons (left) and fermions (right). The number of particles grows from left to right, while degree
grows downwards.

1 2 3 4 5 1 2 3 4 )
111 1 1 1 1 1]1 1 1 1 1
210 1 1 2 2 210 1 1 2 2
310 1 3 6 10 3]0 1 2 6 9
410 1 6 31 9 4|0 1 5 31 79
510 1 16 209 1730 5|10 1 11 209 1501
610 1 59 2453 63386 6|0 1 39 2453 56973
710 1 243 41098 3855647 7 |0 1 157 41098 3562441

Table 2: Numbers of free generators of the algebra of local unitary invariants of bosons (left) and
fermions (right). The number of particles grows from left to right, while degree grows downwards.

As an important special case we list some values of d, for I )y and I ((11)), that is, for a
system of [ bosons and fermions, respectively in table [I} The numbers of homogeneous invariants
in an algebraically independent generating set are listed in

Note that in the case of two particles (either bosons or fermions) d,, is the number of partitions
of m. Accordingly, Iy, ((2)) and Iy ((12)) is freely generated by traces of nonnegative integer powers
of the one-particle reduced density matrix.

Note that bipartite entanglement measures introduced previously for bosons[13] and fermions|14]
can be expressed with invariants of the reduced density matrix.

8 Invariants of mixed states

The case of mixed state invariants can be reduced to the results of the previous section using the
same method as in ref. [I5 2]. For k € N, partitions Ag,..., A\ and dimensions n = (nq,...,nk)
we have the isomorphism

I,Q’jé’j\‘j‘in)kk)m = S(End(Hi,(r,np)0) 0"

y (43)
= S(Hk"rL()\l7---7>\k>(1))7(n17---7nk7nE) D Hk:Jrl,()\l,...,/\k,(1)),(n1,.,.,nk,n3)

..... ngng)

for large enough ng. We can think of the last subsystem (“environment”) as the purifying system
of mixed states over Hy (x,,...x,),n- We will continue to consider only bosons and fermions, i.e.
we assume that A; has a single row or column for all j. The extra subsystem is described by the
representation of U(ng, C) corresponding to the partition (1). In particular, in this case we always
have equality in eq. . The first few stable dimensions for the k = 1 case are indicated in table
while the numbers of homogeneous invariants in an algebraically independent generating set are
listed in [

13



1 2 3 4
1 1 1 1 1
21 2 3 4 5
31 3 8 16 31
41 5 25 118 501
51 7 85 1411 19158
6|11 397 30335 1468699
7|15 2183 939789 186406186

Table 3: Stable dimensions of homogeneous subspaces of the algebra of local unitary invariants of
mixed states of bosons or fermions. The number of particles grows from left to right, while degree
grows downwards.

1 2 3 4
1]1 1 1 1
211 2 3 4
311 ) 12 26
411 14 96 460
o1 a0 1257 18553
6|1 265 28568 1447330
711 1601 904439 184851055

Table 4: Numbers of free generators of the algebra of local unitary invariants of mixed states of
bosons or fermions. The number of particles grows from left to right, while degree grows downwards.

The fact that we have a distinguished subsystem of a single particle makes it possible to give
an alternative description of the graphs labelling invariants in the basis or in the algebraically
independent generating set given above.

Let I; = |)\;| as before. Applying the results of the previous section we have that gr(k +
1,(l1,...,lk, 1)) encodes elements of a basis of I,f"é’)‘\‘i‘?w)\k)’n while the subset gr(k+1, (I1,...,, 1))
corresponds to a set of free generators. Recall that by definition the edges having the k& + 1th
colour give a subgraph which is bipartite and 1-regular, therefore we have a distinguished bijection
between the two colour classes of vertices. We can use this bijection to identify the endpoints of
such edges, and at the same time, in order to be able to recover the original graph we direct first the
remaining edges from the first colour class to the second one. In this way gr(k + 1, (I1,...,1lx, 1))
can be identified with the set of equivalence classes of finite directed graphs edges of k different
colours such that the subgraph determined by the jth colour is [;-regular (i.e. at each vertex the
indegree and the outdegree are both [;).

This alternative description is illustrated in fig. for a degree 3 invariant of a mixed state of
two bosons or two fermions.

9 Conclusion

In this paper we have studied the algebras of real polynomial invariants under the local unitary
groups U(ny,C™) x -+ x U(ng, C™) over the representation (Sy,C™)® ---® (Sy, C™). This can
be interpreted as the state space of a composite quantum mechanical system containing various
types of identical particles, possibly obeying non-abelian statistics.

The algebras have the property that as n; — oo for all j, the dimension of the homogeneous
subspaces stabilize, making it convenient to work with the inverse limit Iy, (5, ... »,) of the algebras (in
the category of graded algebras). The stable dimension is then the dimension of the corresponding

14



Figure 3: Example of a graph corresponding to a mixed state invariant (left) obtained by identifying
vertices of a graph of a pure state invariant (right) along the green edges coming from the purifying
system (Colour online)

homogeneous subspace of the inverse limit, for which a formula in terms of induced characters was
derived.

In the most important case when only bosonic and fermionic particles are present, the bound
on the stable dimension was estabilished, which has a combinatorial interpretation in terms
of the number of graphs with a certain property. Curiously the bound is saturated iff the total
number of fermions is even.

We would like to remark that in general eq. does not hold. For example in the simplest case
not covered in sec. we have k = 1 and A\; = (2,1). In this case the sequence d,, for I ((2,1)) starts
as 1,4,18,151,1628,24164,431401, ... which is to be compared with the [ = 3 column of table
The simplest such example in the mixed case is Ii‘iéei)) =~ I3 ((2,1),(1)), here the stable dimensions
are 1,8,97,3267,190139, 17122837, 2159496487, . . . while the bounds would be the values in column
I =3 in table[3l

By the definition of the inverse limit, Ij (... »,) comes equipped with surjections onto the
algebra of invariant polynomials over (S),C™) ® --- ® (S5,C™) for every choice of the dimen-
sions nq,...,ng. Elements of the inverse limit can therefore be directly interpreted as polynomial
invariants, although some of these will coincide when projected onto the smaller algebras.

In the case of systems of bosons and fermions we have also given a combinatorial description of
an algebraically independent generating set of the inverse limit in terms of regular graphs, showing
in particular that the inverse limit is free in these cases. This generating set can be interpreted as
a set of polynomials distinguishing between physically different types of nonlocal behaviour which
is minimal in the sense that any polynomial in its elements is nonzero provided the single-particle
Hilbert spaces are large enough.

We belive that these invariants will become a useful tool in the exploration of genuine multipar-
ticle quantum correlations in quantum mechanical systems containing identical particles.

10 The proofs

Proof of lemmal[d} For every n € N¥ there is a surjection C(Sy, X -+ X Sy, ) — (End((C™)®mh
® ((an)®mlk) LUn ~ (S2m(((cn1)®ml1 R-® (an>®mlk @ ((Cn1)®mll R-® (an)@)mlk))*)LUn
defined by eq. Composing with the surjective map (%™ ((C™)®™h @ ... @ (C™)@mk g
(Cm)®mh @ - @ (C™*)2m)) ) — S (M (aya)m @ Hi o a) " = T i) WE

obtain a map C(Syi, X -+ X Smi,) =+ Ik (..., a),n that is onto the degree m homogeneous subspace,
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1 ,inz/)\l )i For n < n’ we have the following commutative diagram:

C(Spi, X -+ X Sy, ) —= 1™ (44)

(m)
ky(A1,e. k) ,m/

This implies that the restriction of g, to the degree m homogeneous subspace must also be

surjective. But if (mly,...,ml;) < n, then dim],i"&1 = dimI]gW(L))\1 ) and therefore
On,n Testricted to the degree m homogeneous subspace is an isomorphism. O

Before proving lemma [2| we introduce some notation and summarize some properties of wreath
products following ref. [9]. For a set X let us denote the set of partition valued functions on X by
P(X), and let

Pou(X) = {o€ P(X)| ) € Xlo(x)| = m} (45)

For a finite group G the set of conjugacy classes of G will be denoted by G,.. Recall that the set
of conjugacy classes of G S,, for any finite group G is in bijection with P,,(G.) as follows: if
x = ((91,92,---,9m),7) is an element of G S, then 7 can be written as a product of disjoint
cycles, and for any cycle (i1, 42, .. .,i;) we can form the product g;gs - - - gx which is determined up
to conjugation. The class of x is then labelled by the function ¢ € P,,(G,) for which the number
of k-s in p(c) is the number of k-cycles of 7 such that the corresponding cycle-product is in c.

The order of the centralizer of an element x with type o is

Zy= T 2et0e (46)
ceG,

where [ denotes the length of the partition as usual and (. is the order of the centralizer in G, of
an element in the conjugacy class c.

If ,x are characters of G and S, respectively, then the value of the character «y{y on an element
with type o is

< H ,Y(C)l(@(c))> Y(A) (47)

ceGy,

where A = Uceg, 0(¢).
Now we prove the following observation:

Lemma 8. Let A, B be two finite groups, m € N, u = m and let o, 8 be class functions on A and
B, respectively. Then
. 1(AS) X (BlSm
md{3 e T @ x B) 1 = D (X X a5 (00X X (BUX2) (48)
p1,p2bm

Proof. We will prove that the inner product of the left side with the characteristic function of any
conjugacy class is the same as that of the right side.

A vpair (pa,08) € Pn(As) X Pp(B,) can therefore be identified with a conjugacy class in
H = (A1 Sn) x (B1Sm). The partitions Ay = Ugea,04(a) and Ap = Upep, 05(b) depend
only on the conjugacy class of the two permutations in an element of type (04, 05). Denoting the
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corresponding characteristic function by 1(,, ,,) and similarly for conjugacy classes of A1S,,,B1Sn
and S,, we can write

<1(QA’QB)’ Z <XM’XN1XM2>Sm (a { XNI) X (6 { XNQ)H’

H1,sp2Em

= Z <XH’XM1XFL2>SWL<1QA’Q 2XH1>AZSM<1QB7/BZX;‘/‘2>stvn

p1sp2bm
_ Z)\A HG,GA* a(a)l(QA(a)) Z/\B HbGB* /B(b)l(QB(b))
Zon Z

<X}u X1 XM2><XM1 y PAa > <X[L2 ’ SOAB> (49)

es H1,p2tm

oan [Loca, @(@)@A@) 2y TT,cp. B(D)1@50)

- Zo, Zop Z <XMXM27<P>\A><X;A27%0/\B>

pakm

_ A HaGA* O‘(a)l(“(a)) Zrp HbeB* 6(b>l(gB(b))
B Z

<SOA y PA >
QA ZQB . :

where we have used that irreducible characters of S,,, as well as characteristic functions are real.
The last inner product is 0 if A4 # Ag and z;j Xp(Aa) otherwise.

Now let us look at the left hand side. The value of the induced character at an element x € H’
is 0 whenever x is not conjugate to any element of H := (A x B)1S,, which happens precisely when
the two permutations of z are not conjugate to each other, that is when A4 # Ap.

If A4 = Ap = )\ then we have

<1(QA793)7indg (a@x B)iXu)u = <resg/ Lon,0m) (a@x B)IXu)u

= Z<1gv (@ x B)UXu)u

S5 BN | RGO ETIEE) PAEY

(a,b)EAL X By

=) I el@ @ T a(b)l@B(bnzi

Z
a€A, bEB, o ¢

where the sums are over those g € P, (A, x B,) for which Upep, 0(a,b) = pa(a) and Ugea, 0(a,b) =
o5(b) holds.

Comparing eq. with eq. one can see that we need to prove that

B SR -
2 Zy Loy Zop

Multiplying both sides by |A|™m!|B|™m! we have on the left hand side the size of the conjugacy
class A in S, times the number of x € H whose image in H' has type (04, 05) and on the right
hand side size of the conjugacy class (04, 0p) in H = (A1 Sy,) X (B1Sy).

An element (a,7m,b,7m2) of H can be uniquely written as the product of an element in H
and one in S, ~ {eam} x {e} x {ef} x S < H as follows: (a,m,b, m1)(eam, e, egm, Ty ta),
uniqueness follows from the fact that the intersection of the two subgroups consists of only the
identity. Therefore every element of H can be reached as the conjugate of some element in H’ with
an element of the form 6 = (eam,e,epm,0) where o € Sy,

It follows that we have a surjection H x S,, — H’ whose appropriate restrictions

{z € H|the type of z in H' is (04, 08)} X Sm — {y € H'|y has type (0a,085)} (52)
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are also surjections.

Finally, 6(a,m1,b,m2)6 ! = (a,m1,0(b),0mo™t) € H iff 11 = om0 iff 0 € 7Z5, (m3) for a
fixed 7 such that wm,m~! = m;, which implies that the inverse image of any element in H’ has
precisely |Zg, (m2)| = 2z elements, finishing the proof. O

Now we extend the above result to k£ factors instead of just two:

Proof of lemma[3 We prove by induction using the k = 2 case in the induction step. The k =1
case is easy to check. Assuming the statement to be true for 1,2,...,k — 1 we can write

. A1lSm) X X (ArlSm

deAix-uLAk)z.émk )(al X oo X o) U X

o (ASm) X X (ARSm) s 1 (ArX XA 1 S X AR1Sm
=ind A, S % AgSe DAL A8 (a

. AlSm) XX (Ag—10Sm
= Z <Xu’Xu§9,1Xuk> (deAix.-.)xXAk:()zgml )(O‘l X e X 1) Xu;,l) X (o WXy,

lx...xak)zxﬂ

Wi 1 >HkEm (53)
= Z <XuXuk7Xu§€71> Z <Xu§€71 y Xpr " XHk—1>(a1 l Xm) XX (ak—l l Xﬂk—l)
M1 skkEm By —1Fm

= Z <X;uXu1 "'ch>Sm(O‘1 ZXm) XX (ak ZXMk)

B1sees i
using that irreducible characters of S, are real and form an orthonormal basis. O

Proof of lemma[3 As the map in eq. defining f,, .. o, factors through S((CM)®) @ .- ®
(Ce)®l )@ ((C™)®h) - - @ (C™* )@k ))* we can also work in the symmetric algebra (S((C™*)®1)®
c @ (CMR)®) @ ((CM)®I) @ - .. @ (C™#)®))*)LUn for some large n. In this algebra the image of
(01,...,0%) is

Z(ei} R Qe Q- Ve @ Qe ) -+

2 k Ty
s (ei(7n—1)l1+1 K- ei;nll R ® €, (m—1)l;+1 X ® e,miy, )
1 k k
: (eith(l) K- eitlfl(ll) (ORI eigk(l) - eizk(lk)) t

e (eiil((m—l)ll+1) Q- eitlvl(mzl) X €05 ((m=1)lj+1) K- eiak(lek)) (54)
k k

where the sum is over the possible values of the indices i},... ,i;”ll,...,i}g, e ,iZLl’“ and similarly
for (o7,...,0},). It is convenient to denote the indices in the sum corresponding to (o7,...,0}) by
. ) i iy, . i . o

imh ng-s-m gttt mEmOle 014 to regard the permutation o’ as a bijection from

{ml;+1,ml;+2,...,(m+m')l;} to itself. This convention clearly does not affect the definition of
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fioy.....0;) and it is consistent with the definition of x. Then we have

Ylen® ®en® - ®ep ® - ®eu,)
1 iy k i

"(e.(mfl)ll+l ® "'®e.7nl1 ®~-~®€_(m71)zk+1 ®"'®e.7nlk)'
1,1 ’Ll Zk lk

(€1 @ B €010 ® B Eo) @ ®€op)

1 1 k 'k

(g tmni ) ® e ® Crrtmin @ @ ot © 1+ ® € (miy) )

1 1 k k
. E (€.1nl1+1 R Q@emig+i; Q- R elmi+1 Q-+ Q e.mlk+z,€) s
7’1 7’1 ’Lk Zk

o (e.'m.ll+('m,l71)l1+l Q€ migamiy @ Q€ miptm —1yip+1 @ Q€ iy rmiiy )
11 7’1 7’k lk

. (e.ol('rnll+1) R Q€Coy(mii+i) @ Q€ op(mip+) &+ & e.ak(vnlkJrlk)) cee

’Ll 741 ’Lk 'L,C

. (e.al((m+m,7l)l1+l) (ORI € o1 ((m+m')ly) R € op ((m+m/ —1)l+1) (ORI e,ok((m+ml)lk)) =

11 7,1 lk 1'16
= E (eil R Qe Q- Qe ®~--®e.zk)-~-
1 iq k iy

.- (ei(('rn+'rn’)71)l1+1 R €l.(m+m/)zl K- €, ((mtm/) =1y +1 (ORI €, (m+m))ly )
1 k k

. (eiflll(l) ® - ®ea//(l1) & - ®ei:;“/(1) ®"'®€iag(zk))"'

k

(3 ={/ ((mbm’) =111 +) - Qe ot mimniy @€ oimimh-yern O QO eiog<(m+m'>lk))
1 k k

(55)

where o7 is the image of (0, 0%) under the inclusion Sy, X S;, <> Spmyms. But by the definition of
* we have [of,...,0] =[01,...,08] %[00, ..., 0%]. O

Proof of lemma[6 The sum in eq. can be rewritten as a nested sum, grouping together

the possible tuples of indices such that the sets of multisets {{i1,..., IAI‘} {3y i ...,if‘)‘l‘},
{'(m_l)l)‘lH_l ce 'm‘/\l‘}},. i, - k‘}, iy, j(m= DXL Zﬂ)‘kl}} and also the sets
o1 (1 o1 (| o (A1 ]+1 .01 2)\1 .01 1) A1 +1 .01 A1 -

{{ ()' 1(| \)}{1(| | ),...,Z (\ |)},'“’{ ((m Al ) i (m] |)}}’...,{{le€’.“

i ey e m= DD Gen(mIMD e kept fixed. The inner sum is therefore over

permutatlons stabilizing the above structure which is precisely H,,s, since H,, and sH,,s~! is the
stabilizer of the first and last k sets, respectively.

Taking into account the sign changes introduced when flipping a pair in a wedge product we
have that the inner sums are proportional to (the projection of)

Y (o x0T (o X -+ % xa) 1) (R):

SEH g
. [(ei} Q--- ®ei|ﬁ1|) R---® (e’fal(l) R --- ®e:<71(\%1\>) ® } = (56)
1
=[ H(Oon X - X xa ) VD) resye (xa, X - X X)) )
and therefore vanish by assumption. O
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