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Gel'fand and Cetlin [I. Gel'fand and M. Tsetlin, Finite-dimensional
representations of the group of orthogonal matrices, Dokl. Akad.
Nauk SSSR 17 (1950), 1017-1020; I. Gel'fand and M. Tsetlin, Finite-
dimensional representations of the group of unimodular matrices. Dokl.
Akad. Nauk SSSR 71 (1950), 825-828.] constructed in the 1950s a
canonical basis for a finite-dimensional representation V() of U(n, C)
by successive decompositions of the representation by a chain of
subgroups. Guillemin and Sternberg constructed in the 1980s the
Gel fand—Cetlin integrable system on the coadjoint orbits of U(n,C),
which is the symplectic-geometric version, via geometric quantization,
of the Gel'fand-Cetlin construction. (Much the same construction
works for representations of SO(n,R).) Molev [A. Molev, A basis
for representations of symplectic Lie algebras, Comm. Math. Phys.
201(3) (1999), 591-618.] in 1999 found a Gel'fand—Cetlin-type basis
for representations of the symplectic group, using essentially new ideas.
An important new role is played by the Yangian Y (2), an infinite-
dimensional Hopf algebra, and a subalgebra of Y (2) called the twisted
Yangian Y~ (2). In this paper, we use deformation theory to give
the analogous symplectic-geometric results for the case of U(n,H),
i.e., we construct a completely integrable system on the coadjoint
orbits of U(n,H). We call this the Gel fand-Cetlin-Molev integrable
system.
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1. Introduction

Symplectic geometry and representation theory can be related by the theory
of geometric quantization. In this theory, a symplectic manifold M equipped
with a Hamiltonian G-action has an associated linear representation V' of
G, and symplectic reductions by G of M translate to taking G-isotypic
components VA of V. This correspondence has served as an underlying
theme in much work in modern symplectic geometry, and the present paper
is no exception.

There are two parallel theories which, as a pair, serve as motivation for
the work in this paper. These are the Gel’fand—Cetlin basis for represen-
tations of U(n,C), and the Gel’fand—Cetlin integrable system on coadjoint
orbits of U(n,C). The names are no coincidence: via geometric quantiza-
tion, the Gel’fand—Cetlin system on a coadjoint orbit can be seen to be the
symplectic-geometric analog of the Gel’fand—Cetlin basis for an appropriate
representation. This parallel works out beautifully in the case of U(n,C) or
SO(n,R), but not for other groups. (For simplicity in the discussion below,
we refer only to the group U(n,C).)

In both of these parallel theories, the underlying goal is to produce a
“large” torus action on the relevant space (in the case of representation
theory, a vector space, and in the case of symplectic geometry, a symplec-
tic manifold). On the representation-theoretic side, the torus is “maxi-
mal” in the sense that it completely decomposes the representation into
1-dimensional eigenspaces. On the symplectic side, the torus is “maximal”
in the well-known sense that the torus is half the dimension of the symplectic
manifold, thus making an integrable system.

A finite-dimensional irreducible representation V) of U(n,C), when con-
sidered as a representation of the subgroup U(n — 1,C), decomposes with
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multiplicity 1. The representation V) can be decomposed successively by a
chain of subgroups

Uul,C)cu2,C)c---cU(n—-1,C).

Since the final subgroup U(1,C) is abelian and because of the
multiplicity-free decomposition at each step, one obtains a canonical (up
to a choice of this chain of subgroups) basis for any finite-dimensional
U(n, C)-representation V). This basis is called the Gel’fand-Cetlin basis
for Vy [5]. Its construction is briefly summarized in Section 2.1.

Guillemin and Sternberg [9] showed in the 1980s that a special set of func-
tions on a coadjoint orbit O, of the unitary group U(n,C) give the maximal
possible number of Poisson-commuting functions on Oy. In other words,
they show that the coadjoint orbit O, is a completely integrable system.
(The coadjoint orbits are not toric varieties; this is because the aforemen-
tioned functions are smooth only on an open dense subset of Oy.) The
coadjoint orbit, equipped with these Poisson-commuting functions, is called
the Gel’fand—Cetlin system on Oy. By geometric quantization, the existence
of this maximal set of Poisson-commuting functions is the geometric ana-
log of the multiplicity-free decomposition of V). This integrable system is
explained in Section 2.2.

For other groups, finding a Gel'fand—Cetlin basis proves to be much
more difficult. In particular, for the case of U(n,H) (the compact form
of Sp(2n,C)), a difficulty arises in that the finite-dimensional irreducible
representations V) of U(n,H) decompose with multiplicity as representa-
tions of U(n — 1,H). Similarly, from the symplectic-geometric stand-
point, the symplectic reductions of Oy by U(n — 1,H) are not just points
(as they are for the U(n,C) case), but are non-trivial symplectic mani-
folds.

Nevertheless, Molev [13] found a Gel'fand—Cetlin-type basis for finite-
dimensional irreducible representations of U(n,H), which are constructed
in the spirit of the original work of Gel'fand-Cetlin. His methods required
the use of new tools, including an infinite-dimensional algebra called the
Yangian. Molev’s theorems are recounted in Section 2.3.

This history is summarized in the following table. The essence of this
paper is to answer the following

Question: What is the “Gel’fand—Cetlin-type” integrable system on coad-
joint orbits of U (n, H) corresponding (via geometric quantization) to Molev’s
canonical bases of the representations? In other words, what goes in the
bottom right-hand corner of the table below?
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Representation theory Symplectic geometry

U(n,C) Gel'fand—Cetlin canonical basis Gel'fand—Cetlin integrable
for finite-dimensional irreducible system on coadjoint orbits
representations V/(\) [5] Oy [9]

U(n,H) Gel'fand—Cetlin-type canonical 777
basis  for finite-dimensional
irreducible representations V()
[13]

It turns out that the answer to this question, which is the analogous
theorem to Guillemin and Sternberg’s for the case of the group G = U (n, H),
is remarkably easy to state. For simplicity, we always assume that O) is
a generic coadjoint orbit of U(n,H). For convenience, we first state the
result in terms of an intermediate geometric object, namely the symplectic
reductions of Oy by the subgroup U(n — 1,H).

Theorem 1.1. Let O\ = U(n,H)/T™ be a coadjoint orbit of U(n,H). Let
U be the n-th component of the T moment map on Ox. Let gnm, for
1<m <n-—1 be defined by

Inm([A4]) = |anm’2>

where A = (a;;) € U(n,H) and a;; € H. Then the functions {gnm "2
and ¥ descend to a completely integrable system on the reduced space
Ox/[uU(n — 1,H) for pn a regular value.

Using these functions, plus an inductive construction, one can show that
the original coadjoint orbit Q) is also an integrable system.

Theorem 1.2. Let Oy be a (generic) coadjoint orbit of U(n,H). Then there
exists a mazximal set of Poisson-commuting functions on Oy, making it an
integrable system.

We call this the Gel'fand—Cetlin—-Molev integrable system. The proofs
of these main results are in Section 3. Although the formulee for the g, .,
given above are remarkably simple, it is nevertheless instructive to reveal
how these formula were derived, via the theory of deformation quantization,
from Molev’s work. In particular, the technical heart of the derivation of the
formulee used in Theorem 1.1 lies in the remarkable fact that certain algebra
automorphisms of the Yangian Y (2n) degenerate, in the classical limit, to
be trivial. This story is presented in Section 4.

Finally, we note that this manuscript is in no way unique in its use of Yan-
gians and related quantum group constructions to shed light on integrable
systems; see, for instance, [6, 7] (and references therein), for applications of
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Yangians and Gel fand—Cetlin—type constructions to questions in quantum
integrable systems.

2. History

2.1. The Gel'fand—Cetlin basis for U(n,C)-representations. We now
briefly recall the construction of the Gel'fand—Cetlin basis [5]. Let U(n,C)
be the standard unitary group, acting on C™ equipped with the standard

hermitian form and standard orthonormal basis denoted by {e1,...,e,}.
We consider the chain of subgroups
Uul,c)ycu@,C)c---cU(n—-1,C)cU(n,C), (2.1)

where U (k,C) is the subgroup of U(n,C) fixing {ext1,...,€en}-

Let V(X) be the irreducible representation of U(n,C) of highest weight
A= (M > X > - > )\) € (t")7. Considered as a U(n — 1,C)-
representation, V() may not be irreducible. Indeed, it will decompose
as

V() = EBV()\)“ as U(n — 1, C)-representations,
m

where W# denotes the p-isotypic component. We denote by p =
(1, -y fn—1) € (" 1% a dominant weight for U(n — 1,C).

The p-isotypic component of V() may, a priori, contain many copies of
the irreducible representation V (p) of U(n —1,C). In other words, we may
also write

VO = M@ V(p), as U(n — 1, C)-representations,
where U(n — 1,C) acts trivially on M}, and the multiplicity space M} is
the subspace of high-weight vectors in the u-isotypic component, i.e.,
MY = (V)M
Thus we have
V(N = @(Mf ®V(w)) as U(n —1,C)-representations.
"
The following two facts are crucial. First, it turns out that dim(M{') # 0 if
and only if
M > > > Ayt > 1 > A (2.2)

Second, for p that do appear in the decomposition, dim(M}") = 1. In other
words, the decomposition is multiplicity-free.

Recall that the maximal torus 7"~ ! of U(n — 1, C), the subgroup of diag-
onal matrices in U(n — 1,C), naturally acts on V(\) by restriction. We
now define a new T" l-action on V()), different from, though related to,
the above action. Namely, we define the new torus 7"~ ! to act on each
p-isotypic component as scalar matrices, so that each non-zero vector
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behaves as a T"~!-weight vector of weight . In other words, for v € V/(A)*,
we define

t-v:=pu(t).

We call this the Gel'fand-Cetlin 7" !-action on V(\)*. We now repeat this
process, using the subgroup U(n — 2,C) of U(n — 1,C) in (2.1). The key
observation now is that the new 7" 2-action, defined in the same fashion,
commutes with the 7" !-action defined previously. This is because the
T"~! acts by scalar matrices on each component V(u). Since V() is a
sum of the V(u), the two tori commute on V(A). Thus we have now a
Tt x T"2-action on V()\). By continuing this process for the whole
chain of subgroups, we obtain at each step a T*-action commuting with the
previous T**1, Hence, when we reach the last subgroup U(1,C), we have
obtained a 771 x T2 x ... x T? x T' = T™"=D/2_a¢tion on V(\). This
decomposition is schematically illustrated in Figure 1.

Now consider the decomposition of V() into T n(n=1)/2_weight spaces.
Since the decomposition is multiplicity-free at each step, and since the last
group U(1,C) = S' is abelian, each 77"~ 1/2_weight space is 1-dimensional.
Hence, this torus completely decomposes the representation V(A) into 1-
dimensional subspaces, thus providing (up to a choice of scalar in each weight
space) a canonical basis for V()). This basis is called the Gel fand—Cetlin
basis for V/(X).

V(Y
™t V) V(A)E2 V(A)Hs

o2 (O (V) (V)= (7))

/\\/\_ / N\

AT R

™ C ¢ccc C C C

Figure 1. At each step in the successive decomposition, we
get a T *-action for appropriate k. Since at each step the
Tk act as scalars on each isotypic component, all the 7%
actions commute with each other. Hence we get a 77— 1)/2.
action.
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Atz A 2 A3 2 N 2 = A2 T An1T Ap
\A /’/ N 4/ \\\ ﬁ/ \4 7/ \A 7/
pH1 = M2 > M3 s 2 Pn—2 = fhn—1
\A T, S \\\ 7, N 7,
vi = vy 2 S
Q 7,
P1

Figure 2. The integer arrays parametrizing the Gel’fand—
Cetlin basis for U (n, C)-representations. The top row is fixed,
given by the highest weight of the irreducible representation
V().

It is pleasant to note that this construction also gives a combinatorial
algorithm for counting the dimension of any finite-dimensional irreducible
representation of V(X). As a result of the facts that dim(M) # 0 if and
only if the inequalities (2.2) are satisfied and that the decomposition is
multiplicity-free, the dimension of V(\) is given by the number of integer
fillings of the triangle in Figure 2 with specified top row, satisfying the given
inequalities.

2.2. The Gelfand—Cetlin integrable system for U(n,C). We now
explain the symplectic-geometric side of the Gelfand—Cetlin story for
U(n,C) [9]. By geometric quantization, the symplectic-geometric object
corresponding to an irreducible representation V'(\) is the coadjoint orbit
Oy of U(n,C) through the point A € t; C t* C g* [10]. Here we use the
Killing form to identify g =2 g* and will think of t* as a subspace of g*. Such
a coadjoint orbit O, is a symplectic manifold, generically of (real) dimension
n(n —1). Hence, the result analogous to the existence of a Gel’fand—Cetlin
basis for V() will be the existence of a @—dimensional torus acting in
a Hamiltonian fashion on O,.

We construct this large torus action on Oy as follows. As in the
representation-theoretic construction above, we will consider the actions of
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the subgroups U(n — k,C) in the chain (2.1) and use the tori 7"~* in each
U(n—k,C). The coadjoint orbit O) is a Hamiltonian U(n, C)-manifold with
moment map ® : Oy—g* the inclusion. We may restrict to the subgroups
U(n — k,C), which also act in a Hamiltonian fashion on O, with moment
maps given by composing ¢ with the projections

Tn—k - u(n,C)* — u(n — k,C)*.

Thus, we have a collection of moment maps ®,_; := m,_; o P, as shown
below:
q’n—Q
DPpn_1
0,2 u(n,C)* —=u(n—1,C) —>u(n —2,C)* —=---  (2.3)

given by successively projecting onto smaller u(n — k, C)*.

The large torus action is obtained by using the Thimm trick on each
U(n — k,C) moment map. By taking the projections to the positive Weyl
chamber for each moment map @5, we get a sequence of maps to smaller
and smaller Weyl chambers.

O \“——u(n,C)* —u(n—-1,C)* —u(n -2,C)* ——---  (2.4)
l/U(n—l,(C) l/U(n—?,C)
Gl (=)

In linear-algebraic terms, each of these projections is given by diagonalizing
a matrix in u(k, C)* = u(k, C) and reading off the diagonal entries (arranged
to be in non-increasing order). The first projection from u(n,C)* — (t")%
is omitted since it is trivial when restricted to the fixed coadjoint orbit O,.

By the Thimm trick, these functions to the positive Weyl chambers give
rise to a torus action on an open dense set in Oy. The action of the Thimm
torus on M is, heuristically, given by “moving to the symplectic slice, acting
by the (usual) torus, then moving back.” This is analogous to having the
tori 7" * act as scalars on the whole V(i) instead of just on the high-
weight vectors. We will call these the Gelfand-Cetlin tori T" % acting
on O, for each k, in analogy with the representation-theoretic situation.
These tori also commute with one another since their moment maps are
Casimirs (i.e., constant on symplectic leaves). Thus, there is an action of
T 5 T2 % ... x TP = T(=1/2 a5 advertised, on Oy. Since this is
the maximal possible dimension of a torus acting Hamiltonianly on Oy, this
is called the Gel fand—Cetlin integrable system. Note that the T-action on
O, coming from the maximal torus 7' C U(n,C) is a subtorus action of the
Gel’fand—Cetlin torus action. The analogous statement will not be true in
the U(n,H) case.
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We summarize, in the “Rosetta Stone” below, the correspondences
between specific objects arising in the two related constructions. (Here
“G-C” stands for “Gel’fand—Cetlin.”)

Symplectic geometry Representation theory
Coadjoint orbit Oy Irreducible representation V()
U(n,C) action on Oy U(n,C) action on V(A)
U(n—1,C) C U(n,C) action on Oy U(n—1,C) Cc U(n,C) action on
V(N
®~1(0,)/Stab(p) p-isotypic component V(A)H
Symplectic slice S = ®~1((t%)o) High-weight vectors V(A)*
Thimm torus action 7"~ on O G-C torus action 7"~ ! on V(A
Symplectic reduction Oy //, U(n —1,C) Multiplicity space ((V(A))*)* =
MY

The last correspondence between the symplectic reduction and the multi-
plicity space is the content of the “quantization-commutes-with-reduction”
theorem in [8]. In particular, in the case of the Gel'fand-Cetlin system
for U(n,C), the fact that the multiplicity spaces M{ are dimension 1 cor-
responds to the symplectic-geometric fact that the symplectic reductions
Oy //u U(n — 1,H) are just points.

2.3. The Gel'fand—Cetlin basis for U(n, H)-representations. Molev’s
construction in [13] of the analogous Gel'fand—Cetlin basis for finite-
dimensional irreducible representations V' (\) is phrased in terms of the com-
plex group Sp(2n,C), and in this section we do the same.! We will now
briefly recount his results, following his convention of using the complex
group Sp(2n,C).

As in the construction of the Gel'fand-Cetlin basis for GL(n,C)-
representations, we first fix a choice of chain of subgroups

Sp(2,C) C Sp(4,C) C --- C Sp(2(n —1),C) C Sp(2n,C). (2.5)

Let V() be a finite-dimensional irreducible representation of Sp(2n,C), of
highest weight A € t;. Since the Weyl group of Sp(2n,C) is the group of
signed permutations, we follow Molev’s conventions in [13] and choose the
positive Weyl chamber so that A = (A1, Ag,..., \,) € Z", and

0>A > > > A1 > A (2.6)
"We will abuse notation throughout and use the same notation for objects associated

to U(n,C) and the corresponding objects associated to U(n,H). We hope the context will
make clear the group under discussion.
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We now restrict to the action of the subgroup Sp(2(n —1),C) on V(X). As
in the GL(n,C) case, we obtain a decomposition

V() = @(Mf ®@V(u)) as Sp(2(n —1),C)-representations, (2.7)
n

where V(u) is a Sp(2(n — 1),C)-irreducible representation of highest
weight p.

The main difficulty in the Sp(2n, C) case is that the decomposition in (2.7)
is not multiplicity-free, i.e., dim(M}) is not necessarily equal to 1. Thus,
the Thimm torus 77"~ Y/2 constructed exactly as in the case of U(n, C),
acting on the decomposition by the chain (2.5) will decompose V(A) into
smaller subspaces, but not into 1-dimensional pieces. Hence, in order to
obtain a complete decomposition, we must find an additional action on the
multiplicity spaces MJ'.

We need not look very far to find an algebra acting on MY’ Since the
multiplicity spaces MJ' are the subspaces of high-weight vectors (V/(A\)*)™,
the centralizer U(sp(2n,C))*PCM=1.C) of sp(2(n — 1),C) in U(sp(2n,C)),
acts on each of the highest weight spaces V()\)I. In fact, it is known that
it acts irreducibly [3, Section 9.1]. However, it is difficult to find explicitly
the weights of vectors in M} for an appropriate commuting subalgebra of
U(sp(2n, C))®2m=1.0)  thus extending the Thimm torus action.

Molev finds another approach in [13]. There is an algebra map

U : Y™ (2) — U(sp(2n, C))PRr-1.0) (2.8)

where Y7 (2) is an infinite-dimensional algebra called the twisted Yangian.
Molev then shows that the induced action of Y~ (2) on (V(A)¥)* is still
irreducible. This map W, originally used by Ol'shanskii in [16] and simpli-
fied by Molev and Ol'shanskii in [15], is the key new ingredient to Molev’s
construction of a Gel'fand—Cetlin basis for Sp(2n,C). This is because the
representations of Yangians and twisted Yangians are well-understood, and
a Gel'fand—Cetlin-type basis for representations of Yangians is constructed
in [12]. Molev explicitly identifies (V' (A)*)*, and therefore MY, with known
representations of the Yangian. He then combines the Thimm action on V()
with the Yangian action on the multiplicity spaces to construct a Gel'fand—
Cetlin basis for representations of Sp(2n, C). He finds that, as in the U(n, C)
case, the basis vectors are parametrized by patterns of integer arrays as in
Figure 3. The fact that the decompositions into irreducible V(u) under
the action of Sp(2(n —1),C) are not necessarily multiplicity-free is reflected
by the presence of the additional integer parameters X' = (\},...,A}) “in
between” the A = (A1,...,\) and p = (1, ..., fin—1), ete.
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> M > Ay > A3 > > An
7 7 7 7
e Y -,
QTR Q Q 2
=z H1 = M2 = u3 = o e o Z flip—1
N N N 7
> ' ' '
0= pw = py = p3 Z fop—1
.
.
0= P1
7,
!
0= p

Figure 3. The integer arrays parametrizing the Gel’fand—
Cetlin basis for representations of U(n,H) (or Sp(2n,C)).
The top row A = (A1,...,\,) is fixed and is given by the
highest weight of the irreducible V().

3. The Gel'fand—Cetlin—Molev integrable system

In this section, we construct the Gel'fand-Cetlin-Molev integrable system
on coadjoint orbits Oy of U(n,H), which will be the U(n,H)-analog of the
Gel’'fand—Cetlin system described in Section 2.2 and is the answer to the
Question posed in the Introduction. In the Guillemin—Sternberg construc-
tion of the Gel'fand-Cetlin system on U(n,C) coadjoint orbits, the Thimm
functions, obtained by projections to smaller and smaller Weyl chambers,
provide enough functionally independent Poisson-commuting functions to
produce a half-dimensional torus action on the coadjoint orbits. A simple
dimension count reveals that, in the case of U(n,H)-coadjoint orbits, this
is simply not possible: the rank of the maximal torus in U(n,H) is too
small in comparison to the dimension of the group. This problem is the
symplectic-geometric manifestation of the fact that the decomposition of
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V(A) by Sp(2(n — 1), C) is not multiplicity-free. See the bottom line in the
“Rosetta Stone” in Section 2.2.

We construct the Gel’ fand—Cetlin-Molev system on O in Section 3.1. We
will explain the interpretations in terms of the non-trivial reduced spaces
Oy //u U(n — 1,H) in Section 3.2.

3.1. The construction. We refer the reader to Appendix A for reminders
on linear algebra over H and Lie-group-theoretic facts about U(n, H).

The first part of the construction of an integrable system on a coadjoint
orbit Oy of U(n,H) follows exactly the procedure used to construct the
Gel’'fand—Cetlin system on orbits of U(n,C). Again, we choose a chain of
subgroups

UL, H) c U(2,H) C - c U(n —1,H) C U(n, H), (3.1)

where U(k,H) is the subgroup of upper left k x k matrices in U(n,H).
Recall that the Thimm functions for the Gel’ fand—Cetlin system are obtained
by taking projections at each step to the positive Weyl chamber. The
same method works for the U(n,H) case to produce n(n — 1)/2 Poisson-
commuting, independent functions on Oy. We have the diagram

O\—u(n,H)* —u(n — 1,H)* —u(n —2,H)* —---  (3.2)
l/U(nl,H) \L/U(nQ,H)
() (o)

analogous to (2.4). In linear-algebraic terms, these Thimm functions are
obtained by diagonalizing a matrix in u(k, H)* = u(k,H) by an element of
U(n,H) to a diagonal matrix of the form (A.8) and reading off the diagonal
entries (ignoring factors of 7). Again, the first projection from u(n,H)* —
(t")% is omitted since it is trivial when restricted to Oj.

The main obstacle in the U(n, H) case is that these n(n — 1)/2 functions
do not suffice to completely integrate a generic coadjoint orbit of U(n,H),
since for such an O, we have

dim(0)) = dim(U (n, H)) — dim(T) = 2n>.

Thus, to completely integrate a generic O, it is necessary to find an
additional n? — n(n — 1)/2 = n(n + 1)/2 independent, Poisson-commuting
functions on @,. This will be our main task in this section.
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It will turn out that these new functions are obtained by augmenting the
diagram (3.2) with new functions G, as follows.

R Rnfl Rn72 ce (33)
A A A
Gn Gn—l Gn—2

O)\C—> u(n,H)*  —— u(n —:]_’ H)* _— u(n — Z,H)* ...
l/U(n—l,H) J{/U(n—Q,H)
=)s (=)

Since each G,,_; has n — k components, this is exactly the number that
we need to completely integrate Oy. The motivation behind the definitions
of these functions G,,_ is the subject of Section 4. In this section, we
will simply take the G,,_j as defined and concentrate on showing that they
(along with the Thimm functions) integrate O.

We will now define these new functions G,,_. Since they are all defined
analogously, for concreteness we define G,,. We denote the components
of Gy, by G = (gn,1,9n,2--->9n,n). We begin with the first n — 1 com-
ponents (gn.1,---,9nn—1)- Let X € u(n,H)* = u(n,H) be an element in
the U(n,H)-orbit of (ti)o. Then, there exists a unique diagonal matrix
Dy = (iA1,...,i\,), where

O0>A1>X>--> Ay,
such that X is conjugate by U(n,H) to D). Let
X = AD)A*

for an element A € U(n,H). Note this equation defines A up to right mul-
tiplication by the maximal torus T of U(n,H). We take

Inm(X) == |an7m|2, 1<m<n-—1. (3.4)

So the gnm just takes a norm-square of an entry in the bottom row of
the matrix A. Since the norm-squares are T™-invariant, the g, ,, are well
defined.

Remark 3.1. From this description, it is clear that we cannot define the
n-th component g, of Gy in the same way as the first n — 1 components,
because (since A is unitary) the matriz entries always satisfy

n
> anml® =1.
m=1

Thus the components in Gy, would not be functionally independent if g, n(X)
were also defined to be |ay, ,|?.
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We now define the n-th component of GG,,, which has a qualitatively differ-
ent description. Recall that the maximal torus T™ also acts on the coadjoint
orbit Oy, with moment map induced by the inclusion ¢ : t"<—u(n, H) :

Oy u(n, H)* —5= (t7)* 2 R™. (3.5)

Here we take the standard identification of t" with its dual to identify (t")*
with R"™. We define the n-th component gy, ,, of Gy, to be the n-th component
of the moment map (3.5), i.e., for ¢, the standard n-th basis vector in
R” 2t we have

Gnn(X) = ("(X), €n). (3.6)

Note that in the U(n,H) case, the components of the moment map for the
action of the maximal torus are functionally independent of the Thimm trick
functions, in contrast to the U(n, C) case. Hence, it makes sense to use them
as components of the G,,_p.

The functions G,,_j, as mentioned above, are defined analogously. Before
stating the main results, we make a remark on notation. From the sequence
of subgroups (3.1), we get a sequence of moment maps

D2

(I>n—1
0,2 u(n, H) —=u(n— 1,H)* —>u(n— 2,H)* —> -~ (3.7)

By abuse of notation, we will sometimes denote the pullbacks ®;_, G\
by Gp_k. Similarly, we will sometimes refer to the Thimm functions u(n —
k,H)* — (’c”_k)*Jr as functions on O,, by pulling back via ®,,_;. With this
notation in place, the main theorem of this paper may now be stated.

Theorem 3.2. Let Oy be a generic coadjoint orbit of U(n,H). The func-
tions {Gn_1}3—y as defined in (3.4) and (3.6), plus the Thimm func-
tions defined in (3.2), pull back via the diagram (3.3) to give a completely
integrable system on an open dense set of Oy.

We call this the Gel fand—Cetlin—Molev system on the coadjoint orbit O
of U(n,H). To prove Theorem 3.2, there are two things to check: that
the functions above Poisson-commute and that they are functionally inde-
pendent. Thus, Theorem 3.2 follows immediately from the following two
propositions.

Proposition 3.3. Let Oy be a generic coadjoint orbit of U(n,H). Let
{Gr—i}1=) be defined as in (3.4) and (3.6) and the Thimm functions defined
in (3.2). Then these functions Poisson-commute on an open dense subset

OfO)\.
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Proposition 3.4. Let Oy be a generic coadjoint orbit of U(n,H). Let
{Gr—i}1=) be defined as in (3.4) and (3.6) and the Thimm functions defined
as in (3.2). Then these functions are independent on an open dense subset

OfO/\.

In the course of the proofs of both Propositions, it will turn out
to be convenient to replace the functions G,_; with functions F,_p =

(fimn—ks--+» fn—kn—t) defined as follows. Again, for concreteness, we define
F,,, but the others are defined similarly.
frm(X) = Z(_l)m)\%m‘an!’Z- (3.8)
(=1

The motivation behind the definitions of Fj,_; will be explained fully in
Section 4. Indeed, it is the F,_j, and not the G,_;, which are obtained
directly, in Theorem 4.16, as classical limits of generators of an abelian
subalgebra in a (non-commutative) algebra Y ~(2).

Going back to (3.8), we first note that the functions f, ,, are obtained
from the g, and from the components of the Thimm function to (t")%.
Since the matrix

(DAL (12 (=DM ()
(=DA3 (=12 (=D)"(A2)*"
(—1:)A% (=D2x, (—1)”:(>\n)2”

is invertible when the A, are distinct, the g, ,, may also be obtained from
the fy, plus the Thimm functions. Thus, for the purposes of showing
independence and Poisson-commutativity, it is equivalent to use the Fj, .

Remark 3.5. Remark 3.1 also applies to the F,,_r, in that the n functions
{fins---, fan} are not independent, but only give n — 1 independent func-
tions. In either case, it is necessary to also include the “extra” S* moment
map as given in equation (3.6).

It will also be useful to have in hand another description of the functions
F,,_;. Again, for simplicity, we take the case k = 0. Given an element
X = ADyA* € u(n,H)* = u(n,H), it is a straightforward computation to
verify that

Frm(X) = 1tr(X*"E,,,) = 1tr(ADY" A*E,y,) (3.9)

is equivalent to the formula given in (3.8). Here, rtr denotes the reduced
trace pairing on u(n, H) defined in (A.9). We will use this form in the proofs
below.

Proof of Proposition 3.3. The symplectic leaves on the dual of a Lie algebra
g* are the orbits under the coadjoint action of G, so any G-invariant function



16 M. HARADA

on g* is a Casimir. Since the Thimm function on u(n—k, H)* is by construc-
tion U(n — k, H)-invariant, this implies that the components of the Thimm
function from u(n — k,H)* to (t*)% Poisson-commutes with any component
of G,,_. Similarly, they Poisson-commute with anything “to the right” in
the diagram (3.3), i.e., any component of G,_, or of the Thimm functions
from u(n — p,H)* for any k£ < p < n — 1. By a similar argument, since the
components of G,,_j are U(n — k — 1, H)-invariant, they Poisson-commute
with any component of the projection to u(n — k — 1, H)*.

It remains to show that, at each step, the components of G,,_; Poisson-
commute with each other. For concreteness, we consider the case k = 0.
The other steps may be argued similarly. In fact, as remarked above, it will
be more convenient here to use the function F,, as defined in (3.9) rather
than the G,,_g.

We will first show that gy, the S1 moment map, commutes with all
frnm,1 < m < n. Note that it suffices to check that they commute on a fixed
symplectic leaf O. For the case k = 0 which we consider, the only relevant
symplectic leaf is the original coadjoint orbit O,. Here and below, we will
use for convenience the projection map 7 : U(n,H) — U(n,H)/T" = O to
pull back calculations to U(n,H). Let fm,n denote the pullback 7* f, ,, for
1 < m < n. Let Y* denote the vector field on O generated by the S'-action,
and let Y* denote the corresponding vector field on U(n,H) generated by
the S1 (by left multiplication). By construction, dr(Y*) = Y*. By definition
of the Poisson bracket, it suffices to show that

dfn,m(yﬁ) = {fn,magn,n} = 07
for any 1 < m < n. Lifting to U(n,H), it suffices to show that

Af (Y1) = 0.

Let A € U(n,H). We trivialize the tangent bundle to U(n,H) by right
multiplication. Let Wg denote the tangent vector at A corresponding
to W € u(n,H) = Ty(U(n,H)). Using the definition of f,, ,,, it is straight-
forward to compute that ’

df (W) = —1tx([(ADYA™)?, Epn]W). (3.10)

Since the Hamiltonian vector field Y* associated to the S'-action is gener-
ated by the element Y =iE,, € u(n,H), we immediately find that

Af pn(YE) = 0.

Therefore, by definition, g, , Poisson-commutes with any fy ,,1 <m <n.

Finally, it remains to show that the f,, ,,, for 1 < m < n, Poisson-commute
among themselves. This fact follows from the construction of the f, ., as
classical limits of generators of an abelian subalgebra contained in Y~ (2).
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Since the corresponding generators commute in the quantization, the clas-
sical limits automatically Poisson-commute. O

Remark 3.6. It is possible to prove directly, using the standard Kostant—
Kirillov Poisson structure on u(n,H)*, that the f, ., Poisson-commute.
However, the calculation is long, and we thus prefer to invoke the defor-
mation theory.

We must now show that the functions in (3.3) are independent. In fact, we
will show more: they induce independent functions on the reduced spaces.
This interpretation will be further discussed in Section 3.2.

Proof of Proposition 3.4. As in the proof of Proposition 3.3, we will occa-
sionally use the F,_j instead of the G,_r. We first claim that the
{ fn,m}%;ll are independent. This is clear, since they are norm-squares
of different matrix entries of elements in U(n,H). Similarly, the compo-
nents { fr—k.m fn_:kl_l are also independent for any 1 < k < n — 1. Second,
we claim the components of G,,_j for a fixed k, 1 < k < n — 1 are also
independent of the components of the Thimm function u(n — k,H)* —
(t"%)%- This is because on the open dense set U(n — k,H) - ((t"~*)* )y
U(n —k,H)/T" % x (%)% )9 C u(n — k,H)*, the Thimm function simply
reads off the second factor, whereas the components of G,,_; are functions
on the first factor. Third, for a fixed k, 1 < k < n — 1, the last compo-
nent g,k n—k is also independent of the Thimm functions. This is because
In—kn—k generates, by definition, a non-trivial action on each generic sym-
plectic leaf in u(n —k, H)*, and in particular is non-constant on those leaves,
whereas the Thimm functions are constant on leaves. Fourth, the compo-
nents of the Thimm function u(n — &, H)* — (t"~%)% are independent of any
component of the projection ¢* : u(n—k,H)* — u(n—k—1,H)*. To see this,
note that the restriction of t* to a coadjoint orbit O in u(n —k, H)* gives the
moment map po for the U(n—k—1,H)-action on O. We assume O is an orbit
through a point v in the interior of (t"~%)%. For any X € u(n —k — 1,H),
there exists an element Z € u(n — k, H) such that

d:UJg’)((Zﬁ) = wu(Xﬁ7Zﬁ) = (1, [X, Z]) #0.

This implies that ,ué( is non-constant on O for all X € u(n — k,H). In par-
ticular, any component is functionally independent of the Thimm functions
(which are constant on O).

It remains now to show (and this is the bulk of the proof) two things:
that the last component g,,_j 1 of G,—j is independent of the first n —
k — 1 components and that all components of G,,_j are independent of any
component of the projection u(n — k,H)* — u(n — k — 1, H)*. Without loss
of generality, we consider the case k = 0.

In order to show that the last component g, , is independent of the first
n — 1 components of G, it suffices to show that there exists an element
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Z € u(n,H)* such that on O, we have
dfnm(Z%) =0
forall1 <m <n—1, but

dgnn(Z*) # 0.

Consider the subgroup U(1,H) sitting in U(n,H) as the “bottom right”
(n,n)-th entry. For any v € Im(H), where a,b,c € R and ||v|| = 1, there is a
corresponding S* subgroup {e??|§ € R}  U(1,H). Let Z% denote the vector
field generated on Oy by this copy of S'. Then at a point & € O,

d(gn,n)f(zzﬁ;) = We (Yﬁa Zg)
= (& [Y, Z]).

Here Y = iE,, is the element in u(n,H) generating the S'-action corre-
sponding to gy, and Y* is the corresponding vector field on O,. By using
the action of U(n — 1,H), we may take the point £ € u(n,H)* to be of the
form

| Dy o*
e=| 0. (3.11)
for z € Im(H), and a diagonal matrix D,, of the form (A.8). Since £ € O,
the (n,n)-th entry z cannot be equal to zero. In particular, there exists

v € Im(H), ||v|| = 1, for which Z = vE,,,, € u(n,H) has the property that

d(gn,n)f(zg) = <§7 [Y’ Z]>
= rtr(¢[Y, Z])
=Re(z(i-v—wv-i) e H
# 0.

On the other hand, from equation (3.10), we conclude that for v € Im(H),
we have that

A fom(Z5) =0
for 1 < m < n—1. Thus g, , is independent from the { f,, ,,, fn_zll. In fact, this
argument additionally shows that g, , is independent of any component of
the moment map ®,,_1 : Oy — u(n—1,H)*, since by construction, [W, Z,] =
0 for any W € u(n — 1, H).

Our last task is to show that the components of F), are independent
from the components of the moment map ®,_1 : Oy — u(n — 1,H)*. As
in the proof of Proposition 3.3, we will do calculations on U(n,H) instead
of U(n,H)/T. Define ®,_; := 7*(®,_1) and F,, := 7*(F,). It will suffice
to show that there exists some A € U(n,H) such that the linear equations
defining the kernels of both d®,_; and dF,, are linearly independent at A.

Let A € U(n,H). We trivialize TU (n,H) by right translation. Let Xg
denote the right translate of X to T4U(n,H). Let j denote the map
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u(n,H) — u(n — 1,H) given by taking the upper left (n — 1) x (n — 1)
submatrix. Then the pullback of the moment map ®,_1 can be expressed
as

D,_1: A 9(AD)AY)

and the derivative by
(d®n—1)a(X%) = J([X, ADyAY)). (3.12)

Since j is the map which takes the upper left submatrix, it is convenient to
write an element X € u(n,H) as

(3.13)

X:[ X11 X12}’

— Xy X
where X11 € u(n — 1,H), X12 € H" 1, Xo9 € Im(H). Moreover, as in (3.11),
we may assume that A is such that

«_| Dup W

AD)\A - |: —W* > ’
for W € H*" ! and z non-zero. Then from (3.12) we see that the linear
equations (over R) defining ker(d®,,_1) € Ta(U(n,H)) = u(n,H) are given
by the single matrix equation
XD, — XpW* = D, X1+ WXo.

In other words, the matrix X110, — X12W* must be H-hermitian.
Now we compute the linear equations for ker(fmvn). The pullbacks fm’n
are given by
fm’n i A —rtr(ADimA*Enn). (3.14)
Let X be written as in (3.13), and write X12 = ((X12)1,...,(X12)n-1)! €
Hn_l, where (Xlz)i € H. Then

Af n(X%) = —rtr ([ADY" A", B, ] X))

n—1 n
— —2-Re <Z(—1)m (Z A%”dw%e) (—(Xlz)i)>
=

1=1

n—1 n
+2-Re <Z(1)m (Z /\Ekangaw> (X12)i> ;
1=1 (=1

so ker dfmyn is given by the condition that the expression above is 0. Denote
the (real) variables in X11 by {2,}, and the (real) variables in X9 by {wp}.
Note that the linear equations defining the ker(f,, ), as seen above, involve
only the wy. The linear equations defining ker(a@n_l) involve both z, and
wp, but they are also linearly independent modulo (wyp). This implies that
the df,, , are also linearly independent on ker(d®,_1). Thus the {f,m} are
independent of any component of ®,_1, as desired. O
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3.2. Intepretation on the reduced spaces. We now take a moment to
interpret the results of the previous section in terms of the reduced spaces
Oy //u U(n — 1,H) and comment on the differences between the cases of
U(n,C) and U(n,H).

We already mentioned in the beginning of Section 3.1 that the essen-
tial new problem in the U(n,H) case is that the Thimm functions do not
give “enough” functions to completely integrate a generic coadjoint orbit
of U(n,H). We now briefly review the Thimm trick construction of torus
actions and explicitly see that this deficiency is due to the presence of non-
trivial symplectic reductions.

Suppose a compact Lie group G acts on a symplectic manifold M with
moment map p. Let T C G be a maximal torus and identify g = g* so that
t* C g*. We assume p(M)N(t5)o # 0. It is shown in [11] that the preimage
S := u((t})o) is a symplectic submanifold of M and the restriction of
i to S is a moment map for the T-action on S. This submanifold S is
called a symplectic slice. Note that for a regular value a € (t7)o, we have
M// oG = 8//,T. The Thimm torus is then defined to act on G- S as follows:
forany g-p€ G- S and t € T, define

t-(g-p):=g-(t-p),

where by t-p we mean the original T-action on M, restricted to the slice S.

Suppose that the symplectic manifold is a coadjoint orbit of U(n,C) or
U(n,H) and G is the first subgroup in the chain (2.1) or (3.1), respectively.
Let p € S. (We consider points in the slice without loss of generality; for
any other point in G - S, we could repeat the argument with a conjugate
torus.) The presence of a completely integrable system translates to the
presence of a half-dimensional Lagrangian subspace L, C T,,M spanned by
the Hamiltonian vector fields of the Poisson-commuting functions. By the
above description of the Thimm torus action, we see that the Hamiltonian
vector fields arising from the Thimm functions are exactly the Xg for X €
t C g, so the span is exactly T,(T - p) C T},S, giving an isotropic subspace
of T,S. There are two reasons why T,(T" - p) may not be a Lagrangian
subspace of T, M. First, perhaps most obviously, 7},S is not all of T, M.
There is a complementary symplectic subspace of T,,S in T,,M, mapping
isomorphically under du to the tangent space to the coadjoint orbit O,
which is not accounted for by T,(T - p). Second, T),(T - p) may not be
Lagrangian even in 7,S. There is a symplectic subspace in 7},S mapping
isomorphically to the tangent space of the reduced space Ty, (M //T) which
is also not accounted for by the T,,(T - p).

The first reason mentioned above, the presence of a subspace isomorphic
to T Opp), is partially resolved by the inductive step. Namely, O,
is itself a symplectic manifold with respect to H, where H is now either
U(n—2,Cor U(n—2,H). By considering the Thimm functions arising from



GEL’FAND-CETLIN-MOLEV BASIS FOR REPRESENTATIONS OF Sp(2n,C) 21

the action of H, the subspace for 7O, will in turn break up into pieces,
part of which will be spanned by the Hamiltonian vector fields arising from
the Thimm functions from H. Hence, it is the second reason mentioned
above which is the essential obstacle to having the Thimm functions com-
pletely integrate the original manifold M = O,. At each inductive step,
if the subspace corresponding to the reduced space is non-trivial and thus
has positive-dimension, then it is impossible for the Thimm functions to
integrate O,.

We may now compare the cases of U(n,C) and U(n,H) in this light. The
Gel’fand—Cetlin construction given in Section 2.2 works exactly because the
symplectic reductions O//U(n—1,C) are trivial. The analogous construction
for the U(n,H) case does not work, and we need more functions, precisely
because the symplectic reductions O//U(n — 1,H) are not trivial. Indeed,
generically they are dimension 2n. This is in exact correspondence with the
positive-dimensionality of the multiplicity spaces M} in Section 2.3. We
invite the reader to take another look at the Rosetta Stone in Section 2.1
with these interpretations in mind.

As advertised in the previous section, the functions G,, may be viewed as
an integrable system on the reduced spaces. We record the following, which
we already stated in the Introduction as Theorem 1.1.

Theorem 3.7. Let O\ = U(n,H)/T™ be a coadjoint orbit of U(n,H). Let
G, be defined as in equations (3.4) and (3.6). Then the components of G,
descend to functionally independent, Poisson-commuting functions on the
reduced space Oy//,U(n — 1,H) for u a regular value.

Proof. Since the G, defined by (3.4) and (3.6) are U(n—1, H)-invariant, and
because they are shown in the proof of Proposition 3.4 to be functionally
independent of any component of ®,,_1, they automatically induce function-
ally independent functions on the reduced spaces O//U(n— 1, H). Moreover,
by the definition of the symplectic structure on the reduced space, they also
automatically Poisson-commute on the reduced space. Thus we have n inde-
pendent Poisson-commuting functions, and therefore a completely integrable
system, on the reduced space. O

4. The classical limits

In this section, we explain our deformation-theoretic derivation of the for-
mulee for the functions f,, ,, used in the construction of the Gel'fand—Cetlin—
Molev integrable system. Some comments are in order: first of all, as
seen in the previous section, once the formulae are given, it is possible to
prove directly that the functions f, ,,, give a completely integrable system on
Oy //, U(n—1,H). However, the way in which these formulse were derived,
via the use of the theory of deformation quantization and classical limits, is
a beautiful story in its own right. Hence we present it in this section using
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this perspective. Since the construction is the same at each step in (3.3), we
concentrate here solely on the first step, i.e., the derivation of the { fy, m } 1 — ;.

We now recall briefly the basic general philosophy underlying the com-
putations below. We refer the reader to [1] for details. The central theme
is that the classical limit of a non-commutative algebra A is a commuta-
tive algebra Ag equipped with a Poisson bracket. The Poisson bracket is
the “first-order term” in the parameter h, and the commutative algebra Ag
can then be viewed as a space of functions Fun(M) on a Poisson space M.
Following this general recipe, our task in this section is as follows. We will
first determine in Section 4.1 the classical limits of the non-commutative
algebras involved in the Molev construction as recounted in Section 2.3. In
Section 4.2, we take the classical limit of the algebra map ¥ used in Sec-
tion 2.3 and get a map between Poisson spaces. The technical heart of the
calculation lies in Theorem 4.7, which allows us to obtain in Theorem 4.16
the explicit formulee for the f, .

Some basic necessary definitions and constructions regarding Yangians,
twisted Yangians, and their deformations are recounted briefly in Appendix
B.

4.1. The classical limits of the algebras. In order to describe the clas-
sical limit of the Yangian, following the standard methods in deformation
quantization, we must first exhibit the Yangian as a deformation. There
is a family of topological Hopf algebras Yj(2n) for h € C\{0}, where
Y1(2n) = Y (2n), and in fact Y;,(2n) = Y (2n) for h # 0. We then set h = 0
in the formule for the algebra and coalgebra structures for Y, (2n) to obtain
a classical limit.

We define Y, (2n) as follows. We denote the generators of a fixed h €
C\{0} by fZ(M), for ¢,j in Z as in (A.2) and M > 0. We define the algebra
structure by

min(M,L)—1

(M) N A(r)7(M+L—1-7)  o(M+L—1-7)5(r

[tz(j L =h ( > (tl(cj)tgl " - tl(cj " )tgz))> - (41)
r=0

Note that this is the same formula as for Y (2n) except that we multiply by a
factor of h. The coproduct, antipode, and coidentity structures are defined
by the same formulee as for Y (2n) with no additional factor of h. One can
check that these definitions give Y,(2n) the structure of a Hopf algebra. We
have, by definition, Y1(2n) = Y (2n). In fact, for A # 0, Y3,(2n) is isomorphic
to Y(2n) as a Hopf algebra.

Lemma 4.1. Let Y, (2n) be defined as above. Then for h # 0,
Yn(2n) 2 Y (2n),
as Hopf algebras.
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Proof. The map 7, : Y,(2n) — Y (2n) is given by fg\/[) — tgw)hM , extended
linearly. O

In order to describe the classical limit of Y (2n), we need first some ter-
minology. Let U denote a formal neighborhood of oo in P! = C U {oo}.
If u is the usual coordinate on C, then u~' is a coordinate on a neigh-
borhood of co. By a “formal” neighborhood, we mean that the space of
functions on U is the space of formal power series in the local coordinate
u~!'. Let U x C?" be a trivial vector bundle over the formal neighborhood
of co. A gauge transformation of this vector bundle is given by an element
F(u) € Maps(U,GL(2n,C)). Here, F(u) is a formal power series with coef-
ficients in gl(2n, C), with the additional restriction that it is invertible as a
formal power series. Multiplication in the gauge group is given pointwise.
The pointed gauge group Maps; (U, GL(2n, C)) is the subgroup such that the
point oo € U maps to the identity element in GL(2n,C). Thus an element
F(u) € Maps; (U, GL(2n,C)) is of the form

Fu)=1+ A + Agu™2 + ...,

where A; € gl(2n,C). Note that since the 0-th coefficient is the iden-
tity matrix, such formal power series are invertible for any choice of
A; € gl(2n,C).

Theorem 4.2. The classical limit of the Yangian Y (2n) is the (infinite-
dimensional) pointed gauge group Ga, := Maps;(U,GL(2n,C)) of a trivial
C?"-bundle over a formal neighborhood U of oo € P'. Moreover, Ga, has a
Poisson structure compatible with the product structure in the gauge group,
making it a Poisson—Lie group.

Proof. We denote by zl(JM ) the coordinate function on Maps, (U, GL(2n,C))
which reads off the (i, j)-th entry of the coefficient of u= of an element
Au) = X%5_gAyu=™ € Maps, (U, GL(2n,C)). Note that 49 = 1, so
l.(;.)) = 0;;. It is straightforward to check that the Hopf algebra structure
on the space of functions on Maps, (U, GL(2n,C)) (coming from the group

zZ

structure on the gauge group), generated by the ZZ(JA/[ ), is the same as that
on Yp(2n). (The identification sends the element ZEJM ) EJM)
of Yp(2n).)

The Poisson structure on G, is given by the first-order term in h in the
deformation of the algebra structure in Y3 (2n), so a glance at (4.1) yields

the Poisson structure

to the generator ¢

min(M,L)—1
(M) _(N) 7 (M+L-1—r) _(M+L—1—r) (r)
{Zz‘j )’Zl(cﬁ }: > (zl(cj Zz‘(z — 2 )Zie ) (4.2)
r=0

It remains to check that the product and Poisson structures on G, are
compatible, i.e., the multiplication map Gs,, X Go,, — Gaj,, is Poisson, where
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Gon X Goy, has the product Poisson structure. This translates to the condition
that for f1, fo functions on Go, and g, ¢’ € Gay,

{f1, 23(99") = {Ly 1. Ly f23(9) + { Ry fr, Ry f23(9)- (4.3)
This follows from the compatibility of the coalgebra and algebra structures

on Y;(2n) (B.7). In the case of Y;,(2n), we have defined A; = 0, so we get
the simplified compatibility equation

Alpr(ar ®az) = (n® p + p © p)(A (@) A% (). (44)

Here, p indicates the commutative (pointwise) multiplication and g, being
the first-order term of the deformation of u, is the Poisson bracket. Finally,
ABA?4 corresponds to the pullback induced by the multiplication map

(mlg,m24)ZGXGXGXG—>GXG

(91,92, 93, 94) — (9193, 9294)-

From this, it follows that the compatibility (4.3) is a consequence of (4.4).
O

We now describe the classical-limit of the twisted Yangian, which turns
out to be a Poisson homogeneous space associated to the Poisson-Lie group
Gon. We first define an involution o on Gy, as follows. Let A(u) € Ga,. Then
we define

o Au) = QN A(-u)) '@,
where @ is the matrix defining the standard symplectic form (A.3). Note
that this is just a pointwise version of the standard involution on GL(2n, C)
whose fixed point set is Sp(2n,C). We then define Ha,, to be the fixed point
set G, under this involution.

Theorem 4.3. The classical limit of the twisted Yangian is Fun(Gay,/Hay).

Proof. We will show directly that the degeneration of the twisted Yangian,
which we denote by A, consists exactly of functions f on Gy, with the
property that for g, ¢’ € Gop,

g =g h, heHwm= flg)=F(d) (4.5)

The generators of the twisted Yangian are given by the sEJM) in (B.5). This
is written collectively in matrix form as S(u) = T'(u)T'(—u)" as in (B.4).
Here 7 is the symplectic transpose defined in (A.4). Since the classical limit
of Y~ (2n) is generated by these SEJZ-W), it suffices to check the relation (4.5)
for these generators.

Let A(u) € Ga,. We have
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It is straightforward to see that

S(A(u)) = A(u) A(—u)".
We first show that the functions S(u) are invariant under the action of
) =

Haon. Let B(u), C(u) € Gop, where B(u (u)A( ) for an element A(u) €
Ho,. We want to show that

S(B(u)) = S(C(u)).
By the above, this is equivalent to showing that
B(u)B(—u)" = C(u)C(—u)".

Since B(u) = C'(u)A(u) and the symplectic transpose 7 is an antihomomor-
phism, this is equivalent to showing that, for A(u) € Hap,

A(u)A(—u)" = 1.
By definition of Ha,,, we have
A(—u)! = QA()1Q .

Therefore
A(w)A(~u)" = A(w)Q™ A(—u)'Q

= Aw)Q ™ (QAMw)'QTHQ

= A(u)A(u)™!

=1,
and we are done. This argument is reversible, i.e., if B(u) = C(u)A(u)
and S(B(u)) = S(C(u)), then A(u) € Hap. Therefore the functions S(u) =
(sij(u)) are precisely the functions on Gop/Hop. O

Remark 4.4. Heuristically, the fact that Y~ (2n) has classical limit, a homo-
geneous space of Go,, may be motivated as follows. The important obser-
vation is that Y~ (2n), being a Hopf coideal of Y (2n), has a classical limit
which is a Hopf coideal of Yy(2n). Suppose now that G is any Poisson—Lie
group and H is a subgroup. The multiplication map m : G X G — G induces
a map

G G
m: GXﬁ—)E

since G/H is a quotient by H on the right. This map then dualizes to

G G
Fun <H> — Fun(G) ® Fun (H) ,
which is simply the coproduct A : Fun(G) — Fun(G) ® Fun(G) restricted to
the subalgebra Fun(G/H). Hence, A(Fun(G/H)) € Fun(G) ® Fun(G/H),
and Fun(G/H) is a Hopf coideal in Fun(G).
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Just as there is a geometric interpretation of the classical limit of the
Yangian, there is also a geometric interpretation of the classical limit of the
Yangian, namely as a space of sections on which Gs, acts transitively with
stabilizer Ha,. Let E = U x C?* denote the total space of the trivial C>"-
bundle over the formal neighborhood U. Let o : U — U be the involution
on U given by

QU —u.
Let a* E' denote the pullback by a of the bundle E, and let (E®a*E)* be the
bundle over U whose fiber over a point u is the space of C-bilinear pairings
of £, with («*FE), = E_,. We will show below that the homogeneous space
Gaon/Han can be identified with the subset of the space of sections ®(u) of
(E ® o*E)* satisfying the “skew” condition
P(u)' = —®(—u) (4.6)
and the condition ®(c0) = Q. Here, we have used the triviality of E to

identify all fibers with a single C?" and express ®(u) € (E ® a*E)* as a
complex 2n X 2n matrix.

Theorem 4.5. The classical limit of the twisted Yangian can be identified
with sections of a vector bundle over the formal neighborhood U satisfy-
ing (4.6) and ®(c0) = Q. Thus

g2n

S T((E @ a"B)) = {2 B(w) = —(—u),B(x) = Q)
2n

CT((E ® o*E)*).

Proof. We need to show that Go, acts transitively on I'((E ® o*E)*)%ke",
where some point has stabilizer Hay,. Let ® € I'((E ® a*E)*) be a bilinear
pairing as above. The action of B € Gy, is given by

(B-@)(u) = (B(u) ™)' ®(u)B(—u)~".

We first show that there is an element of Gs, fixed by Ha,. Consider the
canonical section Q of (E ® o*E)* given by the standard symplectic pairing
Q in (A.3), so Q(u) = Q. Now suppose A(u) € Ga, and A - Q(u) = Qu).
This holds if and only if

(Au) ™)' Q) A(~u) ™ = Q(u)
as a formal power series in «~!. This means
(A(w)™)'QA(-u) ™' = @.
By properties of @) and the definition of the symplectic transpose 7, the
above is equivalent to the equation
A(u)A(—u)" =1,

i.e., A(u) € Hay. Thus, the stabilizer of the “constant” pairing Q(u) := @ is
precisely the subgroup Hay,.
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We now show that the action of Gs,, is transitive. Let ® be a bilinear
pairing satisfying the conditions

D) = —B(—u), B(o0) = Q.
We wish to show that there exists B(u) € G, such that
B(u) = (B Q)(u) == (Blu) ") QB(—u) "
Equivalently, we wish to find C(u) = B(u)~! such that

B (u) = C(u)'QC ),

as formal power series in u ™.

Let ®(u) = Y52, ®pu* and set C(u) = 52 Cru" € Gop. By the
conditions on ®, we must have that &y = Q, &, = P, for k odd, and
®! = —®y, for k even. Expanding in powers of u™!, we have

o0

C(u)'QC(—u) = Z Z (-1)ictQe | u™.
m=0 \ k+i=m
k,1>0

Thus, for each m > 0, we wish to solve for C,, in the equation

o, = Y (-1)CLQC:.
k+l=m,
k,0>0
For m = 0, this is automatic since &5 = @}, Cy = 1. The equations for m > 1
are solved for C,, in a straight-forward manner by induction and by using
the fact that @ is symmetric for £ odd and antisymmetric for k£ even. [J

4.2. The classical limit of the map V. We now turn our attention to
the crucial algebra map V¥ in equation (2.8). In order to take the classical
limit of W, it is convenient to first decompose ¥ into pieces. We have the
following:

v
Y= (2) —= Y (2n) —= Y (2n) — U(sp(2n,C)), (4.7)
where ¥ := ¢ o 9 o 1. It turns out that the image of ¥ is in

U(sp(2n, C))®2Mm=1.0) [13]. The two maps ¢ and ¢ are relatively simple
to describe. The technical heart of this section lies in the analysis of the
middle algebra map 1.

We begin with the map 2. The twisted Yangian Y~ (2n) contains the sub-
algebra Y~ (2), generated by s; ;(u),%,j € {—n,n}. We denote the inclusion
map by

1: Y (2)=Y  (2n). (4.8)
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We have chosen indices so that the subalgebra Y ~(2) sit in the “corner
entries” of the matrix S(u).
In order to write down the maps ¢ and v, it is convenient to first set some
(M)

notation. Let A be an algebra with generators a;; - Let

A(u) = Z AMU_M
M=0

be a formal power series with matrix coefficients, where Ay; := (a(»M)

i; )- Then
we may specify a map f between A and an algebra B by setting

where f is understood to be linear over ™! and in the matrix entries, so
that

M M
f(az(j )> = bz(j )7
for some bg\/j) € B. We use this notation below.
Let F' = (Fjj) be the 2n x 2n matrix whose (4, j)-th entry is given by the
generator Fj; in sp(2n,C) (A.7). Then ¢ is defined by the formula

F

¢:S(u)r—>1+m.

(4.9)
This is a well-defined algebra map [14].

We now come to the middle automorphism 3 of Y~ (2n). It turns out
that this is the restriction to Y~ (2n) of an algebra automorphism 1 of
Y (2n) [13, 15], so we have the commutative diagram

v
Y(2n) ——Y(2n)

.

Y~ (2n) —=Y " (2n)

and in order to take the classical limit of ¢}, it is convenient to first analyze
that of @Z

We will describe 12 as a composition of well-known “basic” algebra auto-
morphisms of Y'(2n) [14]. These are

L mgq : T(u) = g(u)T(u), where g(u) is a formal power series of the

form
glu) =14+ giu "t +gpu2+..., gecC.
2.7 :T(u)—T(u+a), acC,
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3. inv: T(u) — T(—u)~t,
4. 7:T(u) — T(—u)7,
where 7 is the symplectic transpose defined in (A.4).
Using these “basic” automorphisms, the map 1 is given by

o~

Y =T,0oToinvom

g(u)s (4.10)

where g(u) = 1+ giu! 4+ gou™2 + - - - is an element of Z(Y (2n))[[u"}]] and
Z(Y (2n)) is the center of Y'(2n) [13].

Remark 4.6. The proof in [14] showing that Mgy(y) 1s an algebra auto-
morphism for g(u) with coefficients in C also shows that m, is also an
automorphism for any g(u) with coefficients in the center of the Yangian.
This is because g(u)T'(u) still satisfies the ternary relation (B.2).

We will now take the classical limits of these algebra maps ¢,1,1. We
first concentrate on the middle algebra map ¢. Since we have decomposed
¢ as a composition of the basic automorphisms, it suffices to calculate the
classical limit of each of these four basic types of algebra automorphisms.

The theorem below is the technical heart of this Section. The magic
that occurs here is that two of the basic automorphisms degenerate to the
trivial automorphism in the classical limit, while the other two basic auto-
morphisms remain the same. This “all-or-nothing” phenomenon accounts
for the amazing simplifications that occur in the classical limit and in large
part explains the simplicity of the formulee for the functions integrating O,
in Theorem 3.2.

Theorem 4.7. The automorphisms my(y), Ta degenerate to the identity at
the level of the classical limit. The classical limits of the automorphisms
inv, 7 are expressed by the same formule as for the original automorphisms.

Proof. We will show that the multiplication map goes to the identity and
that the inverse map remains the same. The calculations for the other two
types of automorphisms are similar.

We first consider the multiplication map mg, : T(u) + g(u)T'(u). In
order to take the classical limit, we need to find an algebra automorphism
(Mg(u))n of Yi(2n) such that the following diagram commutes for any h # 0:

(My)
Yi(2n) —20y; (2n) (4.11)
Th Yh

Mg(u)

Y (2n) —=Y(2n)

Here, 7y, is the isomorphism between Y3 (2n) and Y (2n) used in the proof of

Lemma 4.1. We first observe that the original automorphism m,,) acts as
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follows on the generators:

(L)
RCY D DR/
Mg(u) * b K+L=M
K,L>0
Using this explicit form and the definition of 4 in the proof of Lemma 4.1,
one may immediately compute that the map my,) oy takes

(M M (L)
mg(u) O Yh - tz(‘j ) h Z gKtij
K+L=M
K,L>0

Thus, in order to have the diagram (4.11) commute, we are forced to define
(Mg(u))n as follows:

L) K
(Mgu))n : tz(j ) - kien
K,L>0

Thus, when we set h = 0, this degenerates to the map

(mg(u))o : tgj]w) = tng)a
i.e., the identity map.

Now we consider the automorphism inv : T'(u) + T(—u)~!. We wish
to make a diagram similar to (4.11) commute, using now inv instead of
Mg(y)- We first observe that the automorphism inv behaves as follows on
the generators, M > 1:

M
6.7 ) I _1\M+s (m1)y(ma) | 4(ms)
mv: t;; Z( 1) Z Z biay tar,as " tag 1,
s=1 mi—+--+ms=M, AL,--,As—1
m;>1 a; €T

The generators with M = 0 are sent to themselves. Then we immediately
compute that for the map inv o ~y;, we have for M > 1

M
. "M M S
v oy 2 600 =R\ SN Y Sl gme)
s=1 mi+-Fms=M A1, 0s—1

m;>1 a; €T

Thus, we see that the map invy, on Y3 (2n) is independent of h, and thus
the classical limit invg is given by the same formula as for the map inv on
Y (2n). O
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The computation of the classical limits of the basic automorphisms
immediately leads us to a quick computation of the classical limit of both

and .

Corollary 4.8. The map @ degenerates to T oinv in the classical limit and
sends
T(u) = (T(w))~"

Proof. The map 12 is decomposed as 7, o T 0 inv o mg(,). Both my(,) and 7,
degenerate to the identity, and inv and 7 remain the same. Thus, the limit
is simply 7T o inv, as desired. O

Remark 4.9. On the quantum level, the map T'(u) ~ (T'(u)7)~! is also a
coalgebra automorphism [14]. On the classical level, one therefore expects
it to degenerate to a group automorphism of Gy,. This is indeed the case,
as may be checked directly.

The classical limit QZO of @Z preserves the subgroup Hsa, and therefore
induces a map on the homogeneous space Ga,/Han, giving us the classical
limit of ¢». We now give the explicit formula for this map, written in terms
of the coordinates S(u) = (s;;(u)).

Corollary 4.10. The classical limit 1o of the map 1 is given by S(u) —
(S(=u)~
Proof. Since 1y takes T(u) +— (T(u)7)"!, we see that T(—u)"
((T(—w)™)~1)7. Hence the coordinates S(u) = T'(u)T(—u)” are mapped to
(T(w)")~1((T(—u)")~1)7. Since 7 is an involutory automorphism, we have
that (T(—u)7)~! = (T'(—u)~!)", and thus
S(u) = T(W)T(~u)" = (T(u)") T (~u) ™ = S(~u) ™",

Thus the map on the homogeneous space is given by S(u) +— S(—u)~t. O

Now that we have calculated the limit iy of 1, we now focus on the two

algebra maps ¢ and ¢ in (4.7). As advertised previously, the calculations
here are more straightforward than those for .
Proposition 4.11. The classical limit ¢o of the map ¢ is given by
(0
Sz(j) = 51']‘ — 5@',
do: 43— Fy,

()

55 —0, for M > 2.
Proof. In order to compute ¢y, we need to find algebra maps ¢ such that
a diagram similar to (4.11) commutes. Using the expansion

u —11/2 - i(_l)r (i)“l

r=0
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we see that an explicit formula for ¢ is given by

M 3 1 M-—1
IV (2> = Fij.

It is then a straightforward computation to see that ¢ is given by

(M) 1 M—-1
Sy s E] (2> (_1)M71hM71‘

In particular, for h = 0, the only non-zero images are those of 55;), and we

have the formulee as desired. O

In order to give a geometric description of ¢g, we first recall that the
classical limit of Up(sp(2n,C)) is well known to be Sym(sp(2n,C)*) (see
e.g., [1]), the space of polynomial functions on the dual of the Lie algebra
sp(2n,C). The underlying Poisson space is sp(2n, C)*. With this in hand, it
is immediate from Proposition 4.11 that the geometric map corresponding
to ¢ is given by

X €sp(2n,C)* — 1+ Xu ™!, (4.12)

where the image is interpreted as representing an element in G, /Hap,.
Finally, we calculate the classical limit of the inclusion map 1.

Proposition 4.12. The classical limit 19 of the map 1 is given by

(M - (M _
Sgtn,):tn ey (2) — Sgtn,):tn ey (Qn)
Proof. The classical limit z2g is given by the same formula as for ¢ since the
inclusion map preserves degrees (where deg(sgj\/[)) =M). O
Interpreted as a geometrical map from Ga,/Hay to Go/Ha, it is given in
coordinates by

S—n,—n(u) S—n,n(u)

S(u) = Sp—n(u)  spn(u)

i.e., it is the quotient map given by “taking the corner entries” of S(u). For

an element A(u) € Gop/Hon, let A(u)in 1, denote the element in Go/Ho
gotten by taking the corner entries as above.

We now give the formula for the classical limit of ¥, interpreted as a
geometric map on the underlying Poisson spaces. Recall that the Poisson
space which is the classical limit of U(sp(2n, C)) is sp(2n,C)* [1], and thus
the classical limit of the centralizer U(sp(2n,C))*2("=1.C) is the Poisson
quotient of the Lie algebra dual by a subgroup, sp(2n,C)*/Sp(2(n — 1), C).

9

Theorem 4.13. The classical limit Wy of ¥ is given by the composition
10 0 Yo © Pg. As a map on the underlying geometric objects, Vg is given in
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coordinates as follows. Let X € sp(2n,C)*.

[oe)
Ty: X <Z XMu—M>
M=0 +n,+n

This is invariant under the action of Sp(2(n — 1),C), so it is well defined
on sp(2n,C)*/Sp(2(n — 1),C).

Proof. The first map ¢g sends X to I + Xu~!. The map 1)y sends
I+Xu 't @ -Xe D) =14+ Xt + X224,

and then 1o takes the corner entries, as desired. Since the (4n,+n) entries
are untouched by the action of Sp(2(n — 1), C), the map is invariant under
this action. O

4.3. The derivation of the integrable system. So far, in taking the
geometric classical limit of Molev’s constructions in [13], we have followed
his conventions in using algebras over C. In so doing, we have obtained,
in Theorem 4.13, a map on the quotient of the complex Lie algebra dual
sp(2n,C)*. In this section, we take the compact analog of ¥y in order
to obtain the symplectic-geometric picture, with R-valued functions on (a
quotient of) the compact form u(n, H)*.

Recall that gl(n,H) is naturally a subalgebra of gi(2n,C) by a restriction
of scalars. Given an element A(u) € gl(n, H)[[u™!]], we denote by A(u)ns,
the element of gl(1, H)[[u~!]] = H[[u"!]] obtained by taking the (n,n)-th
matrix entry of A(u).

Definition 4.14. For X € u(n,H) = u(n, H)*, we define the compact form
Uy of Yo as

U X = 1+ Xu ™+ X202+ ). (4.13)
This map is well defined on the quotient u(n,H)*/U(n — 1,H) since it is
invariant under the action of U(n — 1,H).

As we saw in Section 2.1, the key ingredient for the construction of a
Gel’'fand—Cetlin basis for the case of U(n, C) is the presence of a large family
of commuting operators on V (), the classical limit of which gave a large
family of Poisson-commuting functions on O,. Following this example, we
look now for commuting elements of Y~ (2), which via Molev’s map ¥ are
commuting operators on an irreducible representation V() of U(n,H). We
are in luck: Molev observes [13] that the coefficients of tr(S(u)) generate a
commuting subalgebra of Y~ (2). Thus, in the classical limit, the functions
s(_]\,?_n + sg}i) for M > 1 Poisson-commute on Ga/H2, and hence (since ¥y

is a Poisson map) their pullbacks Poisson-commute on u(n, H)*/U(n—1, H).
Note that as functions on Go/Hoa, the s(_]‘fi)_n + sﬁ% are a priori C-valued,

since they simply read off certain matrix entries in gl/(2n,C). However, the
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image of Wy is by definition contained in the intersection gi(1, H)[[u~1]] N
Go/H2 = H[[u™1]] N Ga/Ha. Restricted to this subset, the functions are in
fact R-valued. We record the following calculation.

—n,—n

to H[[u™']] N Ga/Ha. In particular, for A(u) € Go/Ha,
(500 5000} (AGw)) = 2+ Rean),

where Ay € H C gl(2,C), and Re(Anr) denotes the real part in the quater-
nionic sense.

Lemma 4.15. The functions (S(M) +s%)) are R-valued when restricted

Proof. An element in H[[u™!]] N Ga/Hs is a formal series
Alw) =1+ Aju™ + Agu™2 +--- € 1 +u1gl(2,0)[[u™]],

where A(u) = B(u)B(—u)", for B(u) € Gs. Since A(u) € H[[u™!]], each
coefficient Aj; is an element in H, where these are considered as element of
gl(2,C) by the standard inclusion H—gl(2, C):

AM:aM-l-jﬂMH[_aﬁ]\L gﬁ]

Then, it is immediate that
(s(ﬂi)l + 85]’\{[)) (A(u)) = ap + ap =2 - Re(a)

and in particular is R-valued. Here, Re(a) denotes the real part in the H
sense. O

We are now prepared to obtain the formulae for the functions f,, ,, used
in Section 3.1.

Theorem 4.16. Let Oy be a generic coadjoint orbit of U(n,H). Let Uy :
u(n,H)/U(n —1,H) — Ga/Ha denote the compact form of ¥g. Let X € Oy,
so X = ADyA* for some A € U(n,H). Then

(Ug)* (N{ )+ M )> (X) = rtr((AD\A" M E,,,.), (4.14)

where the ay,, denote the entries in the bottom row of A = (a;j). In par-
ticular, for M odd, the pullback functions are identically 0. For all M, the
pullback functions are invariant under U(n — 1,H) and hence well defined
on the quotient u(n,H)*/U(n — 1, H).

Proof. Given the diagonalization X = ADyA*, any XM is of the form XM =
(AD\A*)M = ADM A*. Since D, is diagonal, its power D} is a diagonal
matrix with diagonals given by

(DM, Gia)™M).
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The (n,n)-th entry in XM is therefore given by

(XM)(n,n) = Z an,é(i)\ﬁ)mma
(=1

where A = (a;;). Since the functions 5(_]\1{)_1 + sg‘f) read off the real part of

M-th coefficient, as in Lemma 4.15,

(Tg)* (AJ{)_I v s%)) (X)=2-3 Re <an,g(w)MW>.

(=1

Using the reduced trace (A.10), this can be rewritten as
()" <33A{>_1 + 55?1@) (X) = ttr((ADA\AME,,).  (4.15)

Notice that for M odd, each (i\;)* is pure imaginary, and hence each term
in the sum is pure imaginary in H. Hence its real part is 0. Therefore, for
M odd, this pullback is identically 0 as a function on Q). Hence we only get
non-trivial functions for M = 2m even. Moreover, since the function reads
off only the (n,n)-th entry, it is invariant under U(n — 1, H). O

5. Appendix A: on quaternionic linear algebra and U(n,H)
The quaternions H are defined as the set of quadruples

qg=a+1ib+ jc+ kd,

where a,b,¢,d € R and the i, 4, k satisfy the relations i? = j2

= k? =
—1,ij = k. The quaternions are not commutative, since ij = —ji = k. We
define conjugation in H as

g=a—1ib— jc—kd,

for ¢ as above. We define Re(q) := a and Im(q) := ib + jc + kd for q as
above. We define the norm of an element ¢ to be ||q|| = v/qq € R.

We now describe our conventions for linear algebra over H. Let H" be
the n-dimensional quaternionic vector space of n-tuples in H, equipped with
scalar multiplication by H on the right. Elements of H"™ will be represented
by column vectors, and H-linear transformations will then be represented
by matrix multiplication on the left. We denote by gl(n,H) the algebra
of n X m matrices with entries in H. The standard basis vectors are the
e; = (0,0,...,0,1,0,...,0), where the 1 is in the i-th place. We define the
conjugate T of a vector v € H" componentwise, and the norm ||v| also as
usual, by a sum of norms of the components. For any m xn matrix A = (a;;)
with entries in H, we define the conjugate transpose as the n x m matrix

A= (A,
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where conjugation is quaternionic conjugation, and the transpose t is as
usual.

Given two vectors v = (vq,...,v,)5 w = (wq,...,w,)" € H*, the standard
quaternionic hermitian form is defined by

n
(v,w) := Z@lwl.
=1

More compactly,

(v,w) := v*w,
where the conjugate transpose is defined above. We define the compact
symplectic group to be the subset of H-linear transformations preserving the
quaternionic hermitian form.

U(n,H) :={A € gl(n,H) : (Av, Aw) = (v,w), Vv, w € H"}.
Again, more compactly,
Un,H)={Aegl(nH): A*A=1}.
The Lie algebra is
u(n,H) ={X € gl(n,H) : X* + X = 0}.

Observe that H = C @ jC, where the C is thought of as R @ ¢R. Similarly,
H"™ = C" @ jC". By a restriction of scalars from H to C, H" can be thought
of as a C-vector space of dimension 2n, with ordered basis

{e—nv 67(n71)7 ..,€-2,€6_.1,€61,€2,...,Ep—1, en}u (A]-)
where e_; := ¢; - j € H" = C?*. With this basis of C>" in mind, we take the
indexing set to be

Z:={-n-—n+1,...,-2,-1,1,2,...,n—1,n}. (A.2)

Note that the index 0 is skipped. Since any H-linear map is also C-linear,
there is a natural inclusion gl(n,H) into gl(2n,C), the space of 2n x 2n
matrices with C entries.

Using the decomposition H = C & jC, we may also write the quaternionic
hermitian form as a sum

(v,w) = H(v,w) + jQ(v,w) € CP jC,
where H is the standard hermitian form on C?*, and Q is a complex sym-
plectic form on C?". Written with respect to the ordered basis of C2" above,
the symplectic form is given by

Q(v,w) == v'Qu.

Here, @ is the 2n x 2n matrix
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where j:n is the n x n matrix with ones along the antidiagonal, i.e., fn = (aij;)
where Qi5 = 5i,(n+1)fj'

Using the symplectic form @) above, we define the symplectic transpose T
as the involution on gl(2n,C) which satisfies

Q(Av,w) = Q(v, ATw)

for all v,w € C?* A € gl(2n,C). An explicit formula for the symplectic
transpose is given by

T: A QTLANQ, (A4)
where the matrix @ is given in A.3 and the ¢ is the usual transpose.

The subgroup of gl(2n,C) preserving the complex symplectic form @ is
defined to be the complex symplectic group Sp(2n,C). We have

Sp(2n,C) :={A € gl(2n,C) : Q(Av, Aw) = Q(v,w) Vv,w € C*},
(A.5)

which again can be rewritten as
Sp(2n,C) = {A € gi(2n,C) : A'QA = Q} (A.6)

for the matrix @) defined above. Since the compact symplectic group is
precisely the subgroup preserving both the usual hermitian form on C?" the
symplectic form ), we have

U(n,H) =U(2n,C) N Sp(2n,C).

We may conclude from this fact, plus a dimension count, that U(n, H) is the
compact form of Sp(2n,C). This justifies the terminology.
The Lie algebra of Sp(2n, C) is given by

sp(2n,C) = {X € gl(2n,C) : X'Q + QX = 0}.

A basis of sp(2n,C) is given by the elements

Fij = E;j+sgn(i) - sgn(j)E_j s, (A.7)
where the index set for basis elements of gl(2n,C) is Z := {—n,—(n —
1),...,—1,1,2,...,n} (note that we skip the index 0).

We now collect some standard Lie-group-theoretic facts about the com-
pact symplectic group U(n,H). A further discussion can be found in [2].

As a real manifold, U(n, H) has dimension 2n? + n. The dimension of a
maximal torus of U(n,H) is n. We will always take as choice of maximal
torus the diagonal subgroup 7" = (S')", where S' = {¢?}. This is the S'
sitting in the first factor of H =2 C @ jC. Any element X of the Lie algebra
u(n, H) can be conjugated by an element A of U(n,H) to a diagonal matrix:

AXA* = D,.
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Since the Weyl group of U(n,H) is the group of signed permutations, we
may choose D) to be of the form
iA
iAo
D, = . , where 0> XA > X >--->\,. (A8
iAn

We denote by A = (A1,...,\,) the n-tuple of “eigenvalues.”

The Killing form on u(n,H) is the restriction of the usual Killing form

on u(2n, C) restricted to u(n,H). This is called the reduced trace pairing,
where the reduced trace of a quaternionic matrix A is defined by

rtr(A) = tr(u(A)), (A.9)

and ¢ is the inclusion u(n, H)<—u(2n,C). It will be convenient to express the
reduced trace purely in quaternionic terms. For an element A = (a;j) €
gl(n,H), the reduced trace is given by

rtr(A) =2-Re (Z an‘) , (A.10)
i=1
i.e., it is twice the real part of the sum of the diagonals.

6. Appendix B: the Yangian and twisted Yangian

We now briefly recall essential facts about the Yangian and twisted Yangian.
See [14] for details.

The Yangian Y (2n) = Y (gl(2n)) is defined? as a complex associative uni-
tal algebra with countably many generators tl(-;),tz(?), ..., where the indices
1,7 are in the indexing set 7 as in Appendix A. In particular, the Yan-
gian is infinite-dimensional. The generators satisfy the following defining

commutation relations

min(M,L)—1
M) (L ), (M+L—1—r MA+L—1—r),(r
{tz(j )’tgcl)} = > (tgﬁj)tz(‘l ) - tl(cj )tgz)) : (B.1)
Moreover, the Yangian is a Hopf algebra with coproduct defined as
Altij(u) = Y tia(u) @ taj(u).

It turns out to be useful to write these relations more compactly. We first
set some definitions and notation. Define the formal power series

tij(u) == 655+t 12 4 e Y(2n)[[u ),

2The Yangian Y (N) can be defined for any N, but we are only interested in the case
N = 2n even.
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and assemble them in a single “T-matrix” as

Ztlj ® Ey € Y (2n)[[u"!]] ® End(C*™).

Moreover, for an operator X € End(C?"), we set
X1::X®]l, XQZ:]I(X)X,
in End(C?n ® C?). Then we may define

2n
Zt” 1] 1, Th(v):= Ztij(v) ®(F
i?j

In a similar spirit, we define

2n
Tm(u) = Z tij(u) @1 @ By € Y(27~L)[[u‘1]]®2 ® End((CZ”),
i,j=1
and
Ty = 3" 16t5()® By € Y(2n)u~ 1% @ End (),
3,j=1

With the notation above, the relations in equation (B.1) can be written
more compactly as the following single relation for the T-matrix:

R(u — v)T1(u)Te(v) = To(v)Ti(u) R(u — v), (B.2)

where R(u) := 1 — %, and P is the permutation operator on C*"* ® C?".3
The coproduct structure may similarly be described by the single matrix
equation

A(T(u)) = Ty (u)Tig (u) € Y (2n)[[u™]** ® End(C*"). (B.3)

The antipode map is defined by S : T(u) + T~!(u) and the counit is
€(T'(u)) := 1. This makes the Yangian into a Hopf algebra [14].

The twisted Yangian Y~ (2n) is defined as the subalgebra of Y (2n) with
generators the entries in the matrix

S(u) :=T(uw)T(—u)", (B.4)

where 7 was defined in (A.4). In terms of the matrix entries

S’L] Z ea]tza t—j —a Z 3 )

a=—n

3The object R(u) € End(C*") ® End(C*™) ® C(u) is called the Yang-Baster R-matriz.
The relation above is called the ternary relation.
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(M)

we obtain the formula for the generators s;;" " in terms of the generators of
Y (2n).

n
M K),(L
s = 3 S ()R, (B.5)
a=—n K+L=M,K,L>0
It can be shown [14, Proposition 4.17] that the twisted Yangian is a left
Hopf coideal of the Yangian, i.e.
A(Y"(2n)) CY(2n) @ Y (2n).

In particular,

A(si(u)) =Y Optin(u)t—_j_i(—u) @ sp(u),
kol

where i,7 € {—n,—(n—1),...,—1,1,...,n—1,n}.
Finally, we briefly recall the definitions of a topological Hopf algebra and
a deformation of a Hopf algebra. See [1] for details.

Definition B.1. A topological Hopf algebra over C[[h]] is a complete
C[[h]]-module A}, equipped with C[[h]]-linear maps n, pp, €n, An, Sy satisfying
the Hopf algebra azioms, but with algebraic tensor products replaced by the
completions in the h-adic topology.

Definition B.2. A deformation of a Hopf algebra (A, 1, p,e,A,S) over C
is a topological Hopf algebra Ay over Cl[h]] such that

1. Ay, is isomorphic to A[[h]] as a C[[h]]-module,

2. up=p (mod h), Ap=A (mod h).

In particular, the compatibility condition that A is an algebra homomor-
phism from Aj to Ap ® Ay, is expressed by

Ap(pn(ar ® az)) = (pn @ pp) A (a1) Aj (a2). (B.6)
Here, for A any coalgebra structure, we define A'® and A?* as follows. If
A(a) = > a; ® aj, A(b) = > b; @ Yy, then
AB(@) A (b) =) a; ®b; ® aj @b}

We are interested in the first-order terms in h. In particular, the first-order
term in h of equation (B.6) for A, = 3.0 Aph¥ and pp = 302, uxh”® on
Al[h]] is

Ai(pa(ar @ ag)) + A1 (po(ar ® az)) = (po ® p1 + 1 @ po) A (a1) A% (az)

+ Aq(a1)Ao(az) + Ao(ar)Aq(az).
(B.7)
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