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The Schur-Weyl duality is a useful relation between representations of two
seemingly very different groups: the finite group .S,, and the infinite group
GL(V), with V' a finite-dimensional complex vector space. It provides an
appropriate end for the course as it connects two of our main topics: tensor
products of vector spaces and representations of finite groups. It also gives
a glimpse into the representation theory of Lie groups, a subject with many
applications in mathematics and physics. A Lie group is a group which is
also a smooth manifold, such that the group operations are smooth functions.
(We will not define smooth manifold but mention that any open subset in
RY is an example.) In particular, GL(V) is a Lie group since if dimV = m
its elements can be identified with invertible m x m matrices, which form an
open subset of C™* ~ R2™’.

Let us first consider a tensor product V' ® V. Clearly, S, acts on this
space by id(u ® v) = v ® v, (12)(u ® v) = v ® u. Since Sy has only one-
dimensional representations, it’s easy to decompose V ® V under this group
action. Namely, V ® V ~ V, @& V_, where V. is the subspace consisting of
elements x with (12)x = +z. Then, V, is a multiple of the trivial represen-
tation and V_ a multiple of the alternating representation. Moreover, the
decomposition of u ® v with respect to this splitting is
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Note that Vi ~ (V®@V)/Vz. In particular, V_ can be identified with the
quotient of V' ® V' by the subspace generated by u®v+v®u. That’s exactly
our definition of VA V. Similarly, V, ~ (V® V)/[u® v — v ® u]. This is
the symmetric tensor product; common notations are S?V and V © V. In
summary, the decomposition of V' ® V under S, is

VeV=VAWa[VoV).

When n > 3, the situation is more complicated. Consider the action of
S, on ®"V given by

O'(’Ul ® o e ® ’Un) g ’Uo__l(l) ® e ® ’Uo__l(n)



(we need inverses to get a left group action). The elements x € @ V"
satisfying gz = z for all g € S, form an invariant subspace denoted ()" V
and the elements satisfying gr = sgn(g)z an invariant subspace isomorphic
to \" V. However, there are further components corresponding to the other
representations of S,,. To give an idea how to find these, consider again (1).
In this case, the irreducible representations are labelled by the partitions (2)
and (1,1) and the corresponding Young symmetrizers are

C2) = id +(12), 1) = id—(l?).

We see that, up to a multiplicative constant, the action of the Young sym-
metrizer ¢y gives the projection from V' ® V to the corresponding invariant
subspace. Thus, it’s natural to look for invariant subspaces of the form
VA = C) ®n V.

We also need to incorporate the group GL(V). The map A — Q" A
defines an action of GL(V) on @" V, that is, GL(V) acts by

Al @ - ®@v,) = Avy @ - ® Avy,.

Clearly, this commutes with the action of S,,. It follows that V* is a repre-
sentation of GL(V'). We can then formulate Schur—Weyl duality as follows.

Theorem 1. As representations of S, x GL(V),
®n Vi~ @)\ V)\ ® V)\7 (2>

where the sum runs over partitions of n. Moreover, the spaces V* are either
zero or irreducible.

In particular,

X"V ~ P, dim(V)V, (3)
as a representation of S,, and
K"V ~ P, dim(Vy,)V? (4)

as a representation of GL(V). The notion of Schur-Weyl duality refers to
the symmetric role played by the groups S,, and GL(V).

To prove Theorem 1, we will need the following result. We remark that
Lemma 2 is conversely an immediate consequence of Theorem 1, as the span
of the elements v ® - - - ®@ v is clearly invariant under GL(V).
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Lemma 2. For any vector space V, the space V(" = O"V is spanned by
VR Qu,veV.

Proof. Let U € Q" V be the span of all elements v ® --- ®@v. If (¢;)/, is a
basis for V' and «; € C, then

u=(mer + -+ apem) @ (age; + -+ + apen)

= Z akl"'aknek1®"’®€kn€U‘

If we consider u as a function of ay, then h™(u(ay + h) — u(ay)) € U. By
continuity du/0da; € U. Repeating this argument,

all e 8l'mu

aalt ... Halm €u.
1 m

Ifly +--- 41, = n, this gives

ZU<€1®"'®61®"'®6n®"'®6n)EU:
O’GSn

where each e; appears [; times. These vectors clearly span ()" V. O]

We will also need the following Lemma. It probably seems familiar, as
we essentially derived it twice last time as part of the proof of Theorem 2
and Lemma 10.

Lemma 3. If R is a ring, e and idempotent in R and M an R-module, then
Hompg(Re, M) ~ eM,
where x € eM corresponds to the homomorphism y — yx, y € Re.

Proof. Let ¢ € Homg(Re, M) and let x = ¢(e). Then x = ¢(e?) = ep(e) =
ex, so x € eM. Moreover, for any y € Re we have ¢(y) = ¢(ye) = yo(e) =
yx. Conversely, if x € eM, ¢(y) = yx is clearly an R-module homomorphism.

O

We apply Lemma 3 when R = C[S,], e is proportional to ¢, and M =
X" V. It follows that Homg, (Vy, ®" V) ~ V*. This is equivalent to (3).
The equation (2) means that, in addition, the map Vy ® V* — @" V given
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by © ® y — xy, commutes with the action of GL(V). But that’s just a
restatement of the fact that the actions of S,, and GL(V') commute.

It remains to prove that V* is either zero or irreducible under the action of
GL(V). Let us first consider the action of the algebra B = Endcys,(@Q" V).
It follows from (2) and the fact that V) is irreducible that

B = @D Homgys, (Vi @ VA, V, @ V) ~ @) Endc(V?).
A

A

Thus, when restricted to V*, B acts as the full matrix algebra. Clearly, V*
has no non-trivial invariant subspaces under that action, since any non-zero
vector is mapped to any other non-zero vector by some linear transformation.
Thus, as a representation of B, V* is either zero or irreducible.

Lemma 4. The algebra B = Endcs,j(Q" V) is spanned algebraically by
End(V) (acting diagonally on Q" V') and topologically by GL(V).

Proof. We have Endcs,j(Q"V) = (O"End(V). By Lemma 2, this space
is indeed spanned by the elements A ® A ® --- ® A, where A € End(V).
The second fact follows since GL(V) is dense in End(V') (the determinant is
a continuous function of the matrix elements, so if det(A) = 0 there is an
arbitrarily small perturbation of A with non-zero determinant). ]

If a subspace U of V* is closed under GL(V), it follows from Lemma 4
that U is closed under B and from the preceeding discussion that U = {0}
or U = V*. Thus. V* is either zero or irreducible. This completes the proof
of Theorem 1.

There is a converse of Lemma 4, saying that Endgua)(@Q" V) is given
by the action of C[S,]. Thus, when acting on Q" V, each of the algebras
End(V') and CIS,] is the commutant of the other. The “double commutant
theorem” is a far-raching generalization of Theorem 1 within the general
theory of semisimple algebras, which we do not go into here.

We will also compute the character of V*. To this end, we first note the
following fact.

Lemma 5. Let A € GL(V) and let 0 € S,, have cycle structure (ci,...,cy,)
(that is, it contains exactly k cycles of length k). Then,

Trgeyv(Ao) = [ Trv (A%)*.
k=1



Proof. Choosing a basis (e;)7, in V, we write Ae; = >, A¥e;. Then,

m

k kn
(Ao)(ej, ®---®ej,) = Z AJ}LI(D . Ajail(n)ek1 ® - Q e,
E1yeookn=1
It follows that
Tr®" Z A o'(l) . o'(n)
kl’ 7kn—1

Since

E Ay Ao+ A1k Ak

kiyeeks

this can be written as indicated. For instance, when n = 5 and o = (12)(345),
the sum is

D ARARARAR AR = Tr(A%) Te(A%).

Suppose now that A has eigenvalues x1,...,x,,. Then,

n

Trgrv(Ao) = H(ﬂﬁ]f + - ) = ZX/\ ) Trya(A), (5)

k=1

where the first equality follows from Lemma 5 and the second from Theo-
rem 1.

On the other hand, Frobenius character formula (Theorem 3 last time)
says that xx(g) is the coefficient of 22t in the generating function

n

[[ @—ap][at+ - +ap) (6)

1<i<j<m k=1
where p = (m—1,...,1,0). The following simple Lemma will now be useful.

Lemma 6. Let P be an anti-symmetric polynomial in m variables, that is,
P(zs1y, .., To@m)) = P(x1,...,Ty). Write

k k
P($1, - ,xm) = E Ckl,...,kmxll R

K1y fom >0
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Then,

Pxy,...,2m
( 1 ) — Z CA+pS/\(x17...,£Bm),

where Sy 1s the Schur polynomial

detycijen ()

B H1§i<j§m(xi — ) .

(7)

SA(I‘l, RN ,%m)

Proof. That P is anti-symmetric means that the coefficients Cy, . are
anti-symmetric in (kq, ..., k). In particular, Cy, _j,, = 0 when k; = k; for
some i # j. If that is not the case, we can write k = o(\ + p) for a unique
sequence Ay > --- > \,, > 0 and a unique o € S,,. This gives

A1+ Am+pm
P(xy,...,2p) = Z Cxrtp Z sgn(a)xaél)f’l .. .xa(m)ﬁ .
A12A2> 2 Am >0 o€Sh
Writing the inner sum as a determinant completes the proof. [l

Note that S) is really a polynomial, since when z; = x; for some 7 # j, two
rows in the determinant are equal and hence the numerator in (7) vanishes.

Frobenius character formula says that when P is given by (6) and A,,, > 0,
then Chy, = x(g). If we want to compute Cyy, when Ay > 0 and A1 =0
then it follows from the case m + k of Frobenius character formula that
Cx+p = Xpj(g), where [)] is obtained from A by deleting Os at the end.
Comparing this with (5), we can draw the following conclusion.

Proposition 7. Let dim(V) = m, let A be a partition with k rows and
A € GL(V) have eigenvalues 1, ..., %y. Then, if k < m,

Trya(A) = Sa(z1, ..oy Tm),

where on the right-hand side we complete \ to an m-dimensional vector by
defining
(A, Am) = (A1, .0, A, 0,...,0). (8)

Moreover, if k > m, then V* = {0}.



We can easily use Proposition 7 to compute the dimension of V*. Using
the Vandermonde determinant, it follows that

a t}\i-‘rm—i _ t)\]'-l—m—j
N R |

1<i<j<m

As t — 1, this gives

No— A —i
j—i

dim(VY) = S\(1,1,....1) = ]

1<i<j<m

)

where we are still using (8).



