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Abstract. Let £ be a complex semisimple Lie algebra with specified Chevalley generators. Let V be a finite
dimensional representation of £ with weight basis B. The supporting graph P of B is defined to be the directed
graph whose vertices are the elements of B and whose colored edges describe the supports of the actions of the
Chevalley generators on V. Four properties of weight bases are introduced in this setting, and several families of
representations are shown to have weight bases which have or are conjectured to have each of the four proper-
ties. The basis B can be determined to be edge-minimizing (respectively, edge-minimal) by comparing P to the
supporting graphs of other weight bases of V. The basis B is solitary if it is the only basis (up to scalar changes)
which has P as its supporting graph. The basis B is a modular lattice basis if P is the Hasse diagram of a modular
lattice. The Gelfand-Tsetlin bases for the irreducible representations of s/(n, C) serve as the prototypes for the
weight bases sought in this paper. These bases, as well as weight bases for the fundamental representations of
sp(2n, C) and the irreducible “one-dimensional weight space” representations of any semisimple Lie algebra,
are shown to be solitary and edge-minimal and to have modular lattice supports. Tools developed here are used
to construct uniformly the irreducible one-dimensional weight space representations. Similar results for certain
irreducible representations of the odd orthogonal Lie algebra o(2n + 1, C), the exceptional Lie algebra G, and
for the adjoint and short adjoint representations of the simple Lie algebras are announced.
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1. Introduction

In this paper we visualize a representation V with a directed graph which is defined in terms
of the “supports” of the actions of the Chevalley generators relative to a chosen weight basis
for V. For us, the resulting “supporting graph” (along with its associated “representation
diagram”) is the principal structure associated to any given weight basis for V. Supporting
graphs are studied here with three purposes in mind. First, supporting graphs have been
helpful in formulating certain problems from combinatorics with Lie theory (e.g. [2]). In
this paper we show that any supporting graph P is the Hasse diagram for the poset defined
to be the transitive closure of the directed graph P. We apply Proctor’s s/(2, C) version [17]
of a technique of Stanley and Griggs to see that any connected poset arising in this way is
rank symmetric, rank unimodal, and strongly Sperner. This method is used in [6] to confirm
the conjecture of Reiner and Stanton that certain lattices shown to be rank symmetric and
unimodal in [20] are also strongly Sperner. Second, this paper provides tools which give
some direction for producing a weight basis for a given representation and for identifying
the coefficients for the actions of generators on the elements of the basis. These or related
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techniques are used in [3—6], and Section 6 below to explicitly construct new families of
weight bases. Prior to our earliest results (from 1995), there was only one construction
(from 1950) of a family of representations for which the actions of the Chevalley generators
on the elements of a weight basis were explicitly given [7]. Third, this paper begins to
explore the combinatorial and representation theoretic consequences of producing a weight
basis whose supporting graph “looks as nice as possible.” We introduce four combinatorial
properties which may be possessed by weight bases for representations of semisimple Lie
algebras. These “extremal” properties are defined in terms of supporting graphs and appear
to be possessed only by rare weight bases. In this paper and the sequels [4-6], we study
particular families of weight bases in terms of these properties.

Let £ be a semisimple Lie algebra of rank n with Chevalley generators {x;, y;, h;}1_,
satisfying the Serre relations. Let V be an £-module with weight basis B = {vg}xep, Where
P is an indexing set with | P| = dim V. The supporting graph for the weight basis 5 of V
is the directed graph on the vertex set P which indicates the supports of the actions of the
generators as follows: a directed edge of color i is placed from index s to index t if ¢ vt
(with ¢ty # 0) appears as a term in the expansion of x;.vs as a linear combination in the
basis {vy}, or if ds tvs (with ds¢ # 0) appears when we expand y;.v¢ in the basis {vx}. The
resulting edge-colored directed graph, which is also denoted by P, is the supporting graph
for the basis B of V. (One could consider the pair of graphs which describe (respectively)
the supports for the actions of the x;’s and the supports for the actions of the y;’s relative
to the given weight basis. However, the bases which give rise to the most combinatorially
elegant supporting graphs seem to have the property that the pattern of non-zero matrix
entries in the transpose of a representing matrix for y; is the same as the pattern of non-
zero matrix entries in a representing matrix for x;. In this case the “X-supporting graph”
and the “Y-supporting graph” coincide. This motivates our decision to associate to each
weight basis the simpler combinatorial structure of the supporting graph.) If we attach the
coefficients c¢s and ds ¢ to each edge s—t of the supporting graph P, then we call P the
representation diagram for the basis 3 of V. If the edge coefficients of the representation
diagram P are positive and rational, we say the basis B is positive rational. A supporting
graph Q for V is positive rational if there exists a positive rational weight basis for V
with support Q. Two weight bases which differ by only one overall scalar multiple will
have the same representation diagram and the same supporting graph. Two weight bases
are diagonally equivalent if there are orderings of these bases such that the corresponding
change of basis matrix is diagonal; their supporting graphs will be the same.

A weight basis B for a representation V is edge-minimizing if the supporting graph for
B minimizes the number of edges appearing in the supporting graph when compared to the
supporting graphs for all other weight bases for V. It is edge-minimal if no other weight
basis for V has its supporting graph appearing as an “‘edge-colored subgraph” (see Section 2)
in the supporting graph for B. We say that B is a modular (distributive) lattice basis if its
supporting graph is the Hasse diagram for a modular (distributive) lattice. The basis B is
solitary if no weight basis has the same supporting graph as B, other than those bases that
are diagonally equivalent to 3. The adjectives edge-minimizing, edge-minimal, modular
lattice, and solitary will apply to supporting graphs and representation diagrams as well as
to weight bases. Since it can be seen that the number of distinct possible supporting graphs
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for a given representation V is finite, the number of solitary weight bases for V is also finite
(but conceivably zero).

Consider the adjoint representation of s/(3, C). This simple, rank two, eight-dimensional
Lie algebra has generators xy, y;, x2, and y,. Figure 1 shows representation diagrams for
three different bases of s/(3, C) under the adjoint action. In these pictures, edges are assumed
to be directed “up.” The number superimposed upon an edge is the color of the edge. On
each edge of color i we have attached two coefficients: a coefficient going “up” for the
action of x; and a coefficient going “down” for the action of y;. If an edge coefficient is not
depicted, it is unity. One can show that any weight basis for the adjoint representation of
s1(3, C) must have one of these three graphs as its supporting graph. It is shown in Section
4 that the last two of these, the “Gelfand-Tsetlin” supporting graphs, are edge-minimizing,
edge-minimal, solitary, distributive lattice supporting graphs. None of these four properties
are possessed by the “maximal” support of figure 1.

In this paper and its sequels, we construct or consider several families of representations
having bases which possess some or all of these extremal properties, as is summarized in
Table 1. Our investigation of extremal properties has usually required explicit descriptions
of the actions of generators on a specific weight basis. The only bases we know of with
such explicit descriptions appear in [3—7, 1416, 25]. Most of the bases of Table 1 are
distinctive in another sense. With the exception of the bases for the G, representations, each
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Figure 1. Three bases for the adjoint representation of s/(3, C).



258

DONNELLY

Table 1. Results for various simple Lie algebras.
Family of
representations Bases considered Solitary?  Edge-minimal? Modular lattice? Edge-minimizing?
An(A) Both GT “left”  Yes: Section 4 Yes: Section4  Yes: Section 4 Open
The irreducible and “right”
representations of bases
slin+1,0C)
Cr(wp) Both the “KN”  Yes: Section 5 Yes: Section 5 Yes: [2] Open
The fundamental and “DeC”
representations of constructions
sp(2n, C) of [3]
Irreducible The (essentially) Yes: Section 6 Yes: Section 6  Yes: Section 6 Yes: Section 6

one-dimensional
weight space
representations

Adjoint
representations of
the simple Lie
algebras

“Short adjoint”
representations of
the simple Lie
algebras

By (wr)
The fundamental
representations of
o(2n+1,C)

By (kwr)
The “one-rowed”
representations of
o2n+1,C)
(Largest
irreducible
component of the
kth symmetric
powers of the
defining
representation)

Go(kwy)
The “one-rowed”
representations of
Ga

Cu (), Du(A), Ba(A)
The irreducible
representations of
sp(2n, ©),
o(2n, C), and
o(2n+1,C)

unique weight
basis

The n extremal
bases of [4]

The m extremal
bases
corresponding
to the m short
simple roots

Both the “KN”
and “DeC”
constructions
of [5]

The RS and
Molev bases
of [6]

The RS and
Molev bases
of [6]

Molev’s bases in
[14-16]

Yes: [4]

Yes: [4]

Yes: [5]

Yes: [6]

Yes

Open

Yes: [4]

Yes: [4]

Yes: [5]

Yes: [6]

Open

Yes: [4]

Yes: [4]

Yes: [5]

Yes: [6]

Yes: [6]

Open

Yes: [4]

Yes: [4]

Open

Open

Open

Open
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basis “restricts irreducibly” (see Section 3) under the action of a Lie subalgebra obtained
by removing the generators corresponding to a certain node of the Dynkin diagram. The
distributive lattice bases obtained from [6] for the irreducible representations G,(kw;) do
not restrict irreducibly under the action of any Lie subalgebra obtained in this way; in recent
collaboration with the co-authors of that paper we have been able to show that these bases
are solitary and edge-minimal.

In Section 3 of this paper we develop tools which allow us to confirm in Sections 4, 5,
and 6 the entries in the first three rows of Table 1. In [4-6], we use these same techniques
to confirm the results of rows four through seven. The familiar Gelfand-Tsetlin bases of
[7] for the irreducible representations of s/(n + 1, C) are known to possess the distributive
lattice property (e.g. [19]); in Section 4 we show they are solitary and edge-minimal.
We apply this result to determine when the “left” and “right” Gelfand-Tsetlin bases for an
irreducible representation of s/(n+ 1, C) coincide. In Section 5 we show that the distributive
lattice bases constructed in [3] for the fundamental symplectic representations are solitary
and edge-minimal. In Section 5 and in [6] we use the solitary property to conclude that
certain of our bases coincide with Molev’s bases for certain symplectic and odd orthogonal
representations. In Section 6 we uniformly construct the irreducible one-dimensional weight
space representations by specifying explicit actions of the Chevalley generators in terms
of weight diagram data. In Section 6 we also use the combinatorial perspective developed
here to give another proof of the classification of irreducible one-dimensional weight space
representations. This result obtained by Howe (Theorem 4.6.3 of Howe [8]) was recently
re-derived by Stembridge [24] as a consequence of a broader classification result.

2. Definitions and preliminaries

We will only be using finite posets and directed graphs, and we will allow directed graphs
to have at most one edge between any two vertices. We identify a poset with its Hasse
diagram, the directed graph whose nodes are the elements of the poset and whose directed
edges are given by the covering relations. When we depict the Hasse diagram for a poset,
arrows on the edges will not be drawn; the direction of these edges is taken to be “up.” A
path P from s to t in a directed graph P is a sequence P = (s = So, S, ..., S, = t) such
that either s;_; — s;j ors; — s;_jforl < j < p. Aloop in P is an edge s — s. Let
a(P):=1{j:1<j < p, withs;_; — s;}| be the number of ascents of the path P, and
letd(P) :=|{j : 1 < j < p, withs; — s;_1}| be the number of descents of P. See [22]
for definitions of other combinatorial terms.

Let I be any set. An edge-colored directed graph with edges colored by the set I is a
directed graph P together with a function assigning to each edge of P an element from
the set 1. The dual P* is the set {t*}cp together with colored edges t*>s* (i € I)if and
only if s—tin P.If J is a subset of / , remove all edges from P whose colors are not in J;
connected components of the resulting edge-colored directed graph are called J-components
of P.Let Q be another edge-colored directed graph with edge colors from /. If the vertices
of Q are a subset of the vertices of P and the edges of Q of color i are a subset of the
edges of P of colori foreachi € I, then Q is an edge-colored subgraph of P.Let P & Q
denote their disjoint union. Let P x Q be the Cartesian product {(s, t) | s € P,t € Q} with
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colored edges (si, tl)—l>(sz, ty) if and only if s; = s, in P with t1—l>t2 in Q or sl—l>sz in P
with t; = t, in Q. Two edge-colored directed graphs are isomorphic if there is a bijection
between their vertices that preserves edges and edge colors.

For a directed graph P, a rank function is a surjective function p : P — {0, ...,[}
(where [ > 0) with the property that if s — t in P, then p(s) + 1 = p(t). We call [ the
length of P with respect to p, and the set p~!(i) is the ith rank of P. Possessing a rank
function is sufficient (but not necessary) for a directed graph to be the Hasse diagram for
some poset; then we call P a ranked poset. A ranked poset that is connected has a unique
rank function. A ranked poset P is rank symmetric if |p~'(i)| = |p~'(l —i)| for0 <i <.
It is rank unimodal if there is an m such that [p~'(0)] < [p~'(D)] < --- < |p~'(m)| =
o~ 'm+1)| > --- > |p~'(D)|. Itis strongly Sperner if for every k > 1, the largest union of
k antichains is no larger than the largest union of k ranks. In an edge-colored ranked poset P
we let /;(t) denote the length of the i-component of P that contains t, and p; (t) is the rank of
t within this component. We define the depth of t in its i-component by §; (t) := [;(t) — p;(t).

For semisimple Lie algebras and their representations our notation mostly follows [9].
For a root system ® of rank n with simple roots {ay, ..., o}, we let (-, -) denote the inner
product on the Euclidean space spanned by the roots in ®. For any root «, &" denotes the
coroot (3,%) . We let {wy, ..., w,} denote the associated fundamental weights. Let A denote
the collection of weights, that is, the Z-linear combinations of the fundamental weights. Let
wp := 0 be the zero weight. Let £ be the complex semisimple Lie algebra with Chevalley
generators {x;, y;, h;}i_, associated to the simple roots and satisfying the Serre relations as
in Proposition 18.1 of [9]. In this paper, representations ¢ : £ — gl(V) will be complex
and finite-dimensional. Lower case x;, y;, and &; denote elements of £, and upper case X;,
Y;, and H; denote the corresponding images in g/(V). A representation V of L is non-zero
if thereisa v in V and a z in £ for which z.v # 0.

Let¢ : L — gl(V)bearepresentation of £,andlet i € A. A vector v in the weight space
V, has weight wt(v) := . The weight diagramfor V isthe set II(V) := {u € A | V,, # 0},
together with the partial order 4 < v in IT1(V) if and only if v — u = Y k;;, where each k;
is a non-negative integer. It can be seen that u— v in I1(V) if and only if there is a simple
root «; for which u 4+ «; = v. In this case we write u—l> v. Following [10], let M be the
finite-dimensional integrable module for U, (L) corresponding to the representation V of
L, where U, (L) denotes the quantized enveloping algebra associated to £. Let A be the
local ring of rational functions in Q(g) well-defined at ¢ = 0. Let (M, B) be a crystal
base for M, where M is a certain finitely generated A-module which generates M as a
Q(gq)-vector space, and 3 is a certain basis for the Q-vector space M/qM. Let E; and F;
denote Kashiwara’s “raising” and “lowering” operators respectively. The crystal graph G is
the edge-colored directed graph whose vertices correspond to the elements of B and whose
edges are defined by s—>t if and only if £;s = t if and only if F;t = s. (We direct crystal
graph edges so they go “up.”) The weight wt(t) of an element of G is the same as the weight
of t when thought of as an element of B.

When L is simple of rank n, it will be convenient to identify £ by its root system
X,, where X € {A,B,C, D, E, F, G}. We will let L(1) denote the equivalence class of
irreducible representations of £ with highest weight A. So, for example, we say an irreducible
representation of the Lie algebra C, with highest weight wy is of type C, (wy). We will also
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use the notation £()) to refer to an arbitrary irreducible representation of £ with highest
weight A. Our numbering of the nodes of the Dynkin diagrams for the simple Lie algebras
follows [9], p. 58. However, for a root system of type C, we allow n = 2, and for B, we
require n > 3. The following simple linear algebra lemma will be useful later on.

Lemma 2.1 Let V be a representation of L, and suppose u + o; = v for weights (u and
v in II(V). Let q (respectively, r) be the largest integer for which 1 + qo; (respectively,
n—ro;)isin II(V). If r — q < O, then X; injects V,, into V. If r —q > 0, then Y; injects
Vy into V.

Proof: Let S; be the subalgebra of £ with generators {x;, y;, h;}. Consider the S;-
submodule W := €D,z Vitpe, in V. Set j := r — q. The weight space W; coincides
with V,,, and W4, = V,. Decompose W to get W = WD @ WP @ ... & WY, with
each W® irreducible. Now W; = @, _, W;k), and W, = @y, W](-]jr)2. Suppose j < 0.
If W](.k) is non-empty, then so is Wj(.]fgz, and then X i(W;k)) = W;]_?z by standard facts about
irreducible representations of s/(2, C). Then X; injects W; into W;,,. Similarly, if j > 0,
then Y; injects W;,, into W;. u

Lattices for Sections 4 and 5. Let N be a positive integer and let A be a shape with no more
than N rows. (A “shape” is a collection of boxes arranged into left-justified rows, with each
row having at least as many boxes as the row below it.) A semistandard Young tableau T
of shape X and with entries from {1, ..., N + 1} is a filling of the boxes of the shape A with
numbers from the set {1, ..., N + 1} so that the rows of T weakly increase (left to right)
and the columns of T strictly increase (top to bottom). Let L(N, A) be the collection of
semistandard Young tableaux of shape A and with entries from {1, 2, ..., N + 1}, ordered
by reverse componentwise comparison. That is, S < 7 if and only if no entry in T is larger
than the corresponding entry in S. One can show that this partial order makes L(N, 1) a
distributive lattice. A tableau S is covered by a tableau T in L(N, 1) if T is obtained from
S by changing an entry in S to an E, for some i (1 < i < N). In this case, attach
the “color” i to the edge ST in the Hasse diagram for L(N, 1).

Let1 <k < N, and let A be a column with k boxes. Set L(k, N +1—k) := L(N,A). A
tableau 7 in L(k, N + 1 — k) can be thought of as a k-tuple {71, ..., T3}, where | < T <

2
- < Ty < N+ 1.So the column T = [4]in L(3, 5) corresponds to the 3-tuple {2, 4, 5}.

Now let 1 < k < n,and let N = 2n — 1. Following [2], a column T in L(k,2n — k)
is KN-admissible if whenever T, = pand T, = 2n + 1 — p (where 1 < p < n), then
a+k+1—>b < p.ltis DeC-admissible if whenever T, = p and T, = 2n + 1 — p (where
1 < p <n),wehaveb+1—a < n+1— p. Asanexample, the column T = {2, 4, 5} is KN-
admissible in L(3, 5), but is DeC-inadmissible. More elegant (but lengthier) descriptions
of KN- and DeC-admissible columns appear in [2]. The KN-admissible columns were
developed by Kashiwara and Nakashima in [12] to describe crystal graphs associated to the
fundamental representations of sp(2n, C). The DeC-admissible columns were used as labels
to index weight bases for the fundamental representations of sp(2n, C) ([1]; see also [21]).
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We define the symplectic lattice LE(n, wy) (respectively, L2“(n, wy)) to be the set of all
KN-admissible (respectively, DeC-admissible) columns in L(k, 2n — k), with the induced
partial order. These posets are actually distributive sublattices of L(k, 2n — k) [2]; thus they
“inherit” its edge colors. We recolor the edges of the symplectic lattices by changing an
edge of color i to an edge of color 2n — i whenevern + 1 <i <2n — 1.

3. Supporting graphs and representation diagrams

This section presents results which expand on the definitions of “supporting graph” and
“representation diagram” and which will be used to study the weight bases of this and future
papers. Let P be the representation diagram for a weight basis {v¢}¢c p of a representation V
of £. We sometimes omit any reference to the associated weight basis and simply say that
P is a representation diagram for V and that the underlying edge-colored directed graph is
a supporting graph, or support, for V. We say that the representation diagram (or support)
P realizes the representation V. Two supporting graphs for V are isomorphic if they are
isomorphic as edge-colored directed graphs. The coefficients ¢ ¢ (the “x-coefficient”) and
ds ¢ (the “y-coefficient”) are the edge-coefficients associated to the edge s—t in P. For
t € P, we set wt(t) := wt(vy), and we let P, := {t € P | wt(t) = pu} denote the p-weight
space of P.

3.1. Basic facts

Lemma 3.1 Let V be a representation of L.

A. Let P be a support for V. Ifs—l>t in P, then wt(s) + o; = wt(t). It follows that two
vertices in P can have at most one edge between them, and in addition P has no loops.

B. Iftwo weight bases for V are diagonally equivalent, and have representation diagrams
P and Q respectively, then their supports are isomorphic. Moreover, the product of the
“x” and “y” coefficients for an edge in P equals the product of the coefficients associated
to the corresponding edge in Q.

C. Two weight bases for an irreducible representation V which have the same representa-
tion diagram must be scalar equivalent.

D. Let P be the support for a basis {vi} of V, and let Q be a connected component of P.
Then the linear span of {vs | s € Q} is a submodule of V with supporting graph Q.

E. Let J be any subset of {1,...,n}. Let P be a support for V, and let Q be any J-
component of P. Then Q is the Hasse diagram for a ranked poset.

F. If V is irreducible, then each supporting graph for V is connected and has unique
maximal and minimal elements.

Proof: Parts A, B, and D follow from the definitions. For part C, let {vi}(cp and {wi}icp
be two weight bases with representation diagram P. Let 7:V — V be the linear map
induced by T : v¢ > wy forallt € P.Noticethatforl <i <n, X;(Tvs) = Zt;s_’;tct,swt =
T (X;vs). Similarly T commutes with each Y;. Since T therefore commutes with the action
of each element of £, by Schur’s Lemma 7" must be a scalar multiple of the identity trans-
formation. For part E, use part A to see that P (and therefore the J-component Q in P)
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is acyclic. For a path P in P let a;(P) (respectively, d;(P)) denote the number of ascents
(respectively, descents) on edges of color i. For distinct elements s and t in Q, we write
s < tin Q if there is a path P in Q from s to t consisting only of ascents. This is a partial
ordering on the elements of Q since Q is acyclic. It is not hard to see that s is covered by
t in this partial order if and only if there is an edge s—>t in Q for some i. One can see that
there is a minimal element m such that for any t in Q and any path P in Q from m to t,
the number of descents d(P) of P does not exceed the number of ascents a(P). For a path
P from m to t in Q, we get wt(t) — wt(m) = Z;’zl(ai(P) — d;(P))x; by part A. Define
p(t) :=Y""_,(a;(P) — d;(P)). One can now see that the definition of p(t) does not depend
on the path chosen from m to t and that p is the unique rank function for Q. For part F, if
V is irreducible, part D implies that any supporting graph for V must be connected. For the
remaining claim of part F, observe that a maximal (respectively, minimal) element of any
supporting graph corresponds to a maximal (respectively, minimal) weight basis vector. O

The quantity 2p;(t) — [;(t) introduced in the following lemma appears throughout this
paper and can also be written p;(t) — §;(t). In [12], p;(t) — §;(t) is notated ¢;(t) — €;(t).

Lemma 3.2 Let V be a representation of L.

A. Let P be the supporting graph for a weight basis {vi}cp for V. Let 1 < i < n and let
te P. Then Hyvy = (2p;(t) — [;(t))ve. Thus, wi(t) = wt(vy) = Z?:l(2pi(t) —L;(t)w;.

B. Elements in a connected support with the same weight have the same rank. Connected
supports for the same representation have the same rank generating function.

C. Let P and Q be supports for an irreducible representation V. Suppose Q is an edge-
colored subgraph of P. Let t and t' be corresponding elements of P and Q respectively.
Then wt(t) = wir(t). )

D. Let P be any supporting graph for V. Let wu—>v in TI(V). Then there are at least
r edges between the vertex subsets P, and P,, where r = min(|P,|, |P,|), whose
ends are mutually disjoint. In particular, there exists at least one edge s—t in P with
wt(s) = u and wt(t) = v.

E. IfV is non-zero, then there exists a connected supporting graph for V if and only if the
weight diagram for V is connected.

F. IfV is non-zero, has a weight space of dimension greater than one, and has a connected
weight diagram, then it has at least two distinct supporting graphs.

Proof: For part A, it suffices to show the following: if Q is a connected supporting graph
for a representation of s/(2, C), then Hvy = (2p(t) — l)vg, where p is the rank function of
Lemma 3.1.E for Q, and [ is the length of Q. For each tin Q, define m¢ by Hvy = mqve. By
Lemma3.1.A,ifs — t, thenmg+2 = m¢. Letx € Q with p(x) = 0. Then the connectedness
of Q implies that {my, mx+2, ..., mx+ 21} is the complete list of eigenvalues for H. Since
these all have the same parity, it follows from Theorem 7.2 of [9] that my = —(my + 2I),
and hence my = —I. For any tin Q we have my —myx = 2p(t) by the proof of Lemma 3.1.E,
whence my = 2p(t) — [. The second assertion of part B follows from the first. The proof of
the first assertion of B is similar to the proof of Lemma 3.1.E. Similar reasoning also works
in part C to show that corresponding elements t and t' in P and Q have the same weight.
For part D, we apply Lemma 2.1. First, suppose X; injects V,, into V,.. Set r = |P,|. Then
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it is possible to find r edges s;—>t; (1 < j < r) for which's; # s; in P, and t; # t; in P,
for j # k. Use a similar argument if Y; injects V), into V,,. We suppress the details of the
lengthy proofs of parts E and F. In each proof, the key idea is to begin with a representation
diagram and then use a local change of basis to produce a new representation diagram with
the desired properties. We only use part F for the “2 = 1” part of Proposition 6.3, and part
E is only needed for the proof of part F. O

Given some representation V of £, a Zariski topology argument can be used to show that
almost all weight bases for V have the unique maximal support possible: If ;) and p, are
two weights for V of multiplicities m, and m such that u, = u; + «; for some simple
root «;, then there will be a total of mm; edges in this maximal support between vertices
of weight | and vertices of weight u,. The edges in the supporting graphs of Table 1 are
much more sparse than the edges in the corresponding maximal supporting graph.

Lemma 3.3 Let V be a representation of L.

A. Let P be a support for V, and let Q be a support for another representation W of L.
Then the edge-colored directed graphs P & Q, P x Q, and P* are supports for Ve W,
V ® W, and V* respectively. If P and Q are isomorphic as supports, then V and W
are isomorphic representations.

B. Let P be a support for a representation U of KC, and let Q be a support for V. Let L
act trivially on U, and let IC act trivially on V. Then U and V become K & L-modules,
and P x Q is a supporting graph for the K @ L-module U Q V.

Proof: Part B of this lemma follows from part A. For part A, the fact that P & Q is a
supporting graph for V @ W follows from the definitions. Now let {vs}sep and {wilieo
be (respectively) bases for the representations V and W with supporting graphs P and Q.
Consider the basis {vs ® vy | (s,t) € P x Q} for V ® W. Using the fact that elements of
L act on simple tensors according to the “Leibniz” rule, one can see that the edges of the
edge-colored poset P x Q exactly describe the supports for the actions of the generators
of £ on V ® W in this basis. Next, let { fi} be the basis for V* dual to the basis {v} for
V, s0 fi(vx) = S¢.xVx. Act on these basis vectors with elements of £ in the usual way. By
identifying the basis vector f; with the element t*, one can see that the edges for the edge-
colored poset P* exactly describe the supports for the actions of the generators for £ with
respect to this basis. For the second claim of part A, note that Lemma 3.2.A implies that V
and W will have the same formal character: > e Adim Vy)e(w) =) e A(dim W )e(u) in
the notation of [9], Section 22.5. O

3.2.  Producing representation diagrams and supporting graphs

With the exception of the Gelfand-Tsetlin bases and Molev’s bases, all of the bases of
Table 1 were obtained by first finding directed graphs which seemed likely to be candidates
for supporting graphs and then “working backwards” to produce the bases. That is, in each
case a representation diagram was produced without a priori knowledge of the associated
weight basis. This process begins with an edge-colored ranked poset P with colors from
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{1, ..., n}. Then to each edge s—>t an coefficient ¢y and a coefficient d ¢ are
attached. An edge-colored ranked poset with coefficients so attached is called an edge-
labelled poset. The following proposition says how to check that an edge-labelled poset P
is a representation diagram for a representation of a semisimple Lie algebra. It improves
on the techniques of [3]. By [11], it is not necessary to check the poset analogs of the Serre
relations S+ and S;; in P since the representing space V[P] is finite-dimensional.

Proposition3.4 Let P be an edge-labelled (ranked) poset with edge colors from {1, ..., n}.
Let V[ P] be the complex vector space freely generated by {vi}tcp, and for 1 <i < n define
linear maps X; and Y; on V[ P] by

X,‘ Vg = Z Ct,s Ut and YiUt = Z ds,tvs‘

t:s—[>t s:s—i>t

Then V[P] is a representation of L with Lie algebra map L — gl(V[P]) induced by
x; > X; and y; — Y; and P is a representation diagram for the representation V[ P] if
andonly if (1) [X;, Y;1 =0fori # j; 2) [X;, Yilvg = Qpi(t) — L;(®)vy for 1 <i < nand
foreach tin P;and (3) for 1 <i < n, we have 2p;(s) — 1;(s) + {a;, &) = 2p;(t) — L;i(t)
whenever s->t with i # .

Proof: Set H; := [X;Y;]. In the forward direction, conclusion (1) is immediate, and (2) is
justLemma 3.2.A. Suppose s>tandlet 1 <i <n.Setm;(r) := 2p;(r)—I;(r)forany rin P.
Note that [H; X ;1(vs) = D . S;t, ce s(m;(t) — m;(s))vy. But [H;, X;] = (oj, ;) X ;. Thus
ces(mi(t)—m;(s)) = cys{ej, o). Anargument using [H;Y; ]showsthatdS ¢(m; (s) m;(t)) =

—ds (o, o). Nowoneofctsord tisnon-zero, s0 20; (t) —1;(t) —2p; (s)+1;(s) = (o, '),
which is conclus1on 3).

For the converse we must show that the Serre relations (S1), (S2), (S3), (Sfj), and (Si;)
from [9] Proposition 18.1 hold for X;, Y;, and H;. (S1) is obvious. (S2) follows from
assumptions (1) and (2) of the proposition statement. (S3) follows from computations
similar to the previous paragraph, together with the observation that 2p;(s) — [;(s) + 2 =
20;(t) — [;(t) whenever s—t. In Proposition B.1 of [11], it is observed that the integrable
finite-dimensional ¢/, (£)-modules are the same as the integrable finite-dimensional Z/I (L)-
modules, where Ll (£) has the same generators as U4, (L) but without the quantum analogs
of the Serre relat10ns (S+) and (S;; ) At g = 1 this means that finite-dimensional £-modules
are the same as the ﬁmte dlmensmnal L-modules, where £ is the Lie algebra with the
same generators as £ but without the Serre relations (S+) and (S;; ) To see this, let ¢ :
L — gl(V[P]) be the representation induced by x; — X; and y, +— Y;. Then im¢ is
a finite-dimensional £-module via w.p(z) := [dp(w), p(z)]. Let S; := span{x;, y;, h;} in
L. Observe that ¢(y i) (i # j)is a maximal vector under the action of §; on im¢. The
Si-submodule W of im¢ generated by ¢(y;) is finite-dimensional and standard cyclic, and
therefore irreducible. But 4;.¢(y;) = ¢([hiy;]) = —(oj, @ )$(y;), so W has dimension
1 — (aj, ;). Thus we k111 ¢(y;) if we act on it by y; in succession 1 — («;, &) times.
Therefore ¢>(ad(y,)1 (yj )) = 0. Similarly ¢(ad(x; s o) (x;))=0. O
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Tableaux or other combinatorial objects are often used to “explain” the weight multi-
plicities of a representation. Sometimes obvious partial orders on these objects will pro-
duce supporting graphs for the representation. We say a set of objects P with weight rule
wt : P — TI(V) splits the multiplicities of a representation V if lwt = ()| = dim(V,,) for
each weight p for V. If P is also an edge-colored directed graph with colors from {1, .. ., n}
and such that wt(s) + «; = wit(t) whenever s—t, then we say that the edges in P preserve
weights. Any supporting graph for a representation V splits the multiplicities of V, and its
edges preserve weights. The following result can make Proposition 3.4 easier to apply in
practice. Part (1) of this proposition formulates rank symmetry and unimodality results due
to Dynkin in the language of edge-colored posets; it can be used to obtain rank symmetry
and unimodality results for posets that are not known to satisfy the representation diagram
condition of Proposition 3.11.

Proposition 3.5 Let V be a representation of L. Let P be an edge-colored directed graph
with weight rule wt : P — TI(V). Forany tin P, write wt(t) = Y ;_, m;(t)w;. (1) Suppose
that P is connected, splits the multiplicities of V, and that the edges of P preserve weights.
Then P is the Hasse diagram for a rank symmetric and rank unimodal poset. (2) In addition
to (1), suppose that for each t in P and for each i, we have m;(t) = 2p;(t) — [;(t). Then
2pi(s) — 1i(s) + {aj, &) = 2p;i(t) — I;(t) whenever s—j>tf0r 1 <i # j < n. Moreover,
whenever ji—>v is an edge in the weight diagram I1(V), there exists an edge s—tin P with
wt(s) = w and wt(t) = v.

Proof: Apply the argument in the proof of Lemma 3.1.E to the directed graph P to see
that P is the Hasse diagram for a ranked poset. The action of a “principal three-dimensional
subalgebra” can be applied to obtain the remaining conclusions of part (1) (see for example
[18] and the references therein). For part (2), assume that 2p;(r) — [;(r) = (wt(r), ;)
for any r in P and any i. If s5tin P, then a simple calculation shows 2p;(t) — [;(t) =
2pi(s) — I;(s) + (o, ;). Now suppose that ,u,—l>v in T1(V). We wish to show that there
exist s and t in P for which s—>t with wt(s) = w and we(t) = v. If not, then any s in P of
weight p is maximal in its i-component. Thus 2p;(s) — /;(s) is non-negative. Similarly, any
tin P of weight v is minimal in its i-component, and hence 2p;(t) — /;(t) is non-positive.
But this contradicts the fact that 2;(t) — [;(t) = (wr(t), &) = (wr(s), o)) +2 = 2p:(s) —
Li(s)+ 2. O

The next result follows easily from standard facts about crystal graphs. Thus the crystal
graph G associated to an irreducible representation V has enough vertices of correct weight
and its edges are oriented in the manner needed for G to serve as a supporting graph for V.
However, Proposition 6.3 shows that G can serve as a support for V only when all weight
spaces of V are one-dimensional.

Lemma 3.6 Let V be an irreducible representation of L. With the weight rule of Section
2, the crystal graph G associated to V is a connected edge-colored directed graph which
satisfies the hypotheses of parts (1) and (2) of Proposition 3.5.
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3.3.  Restricting to the action of a subalgebra

For any J C {1,2,...,n} the (semisimple) subalgebra IC with Chevalley generators
{xi, yi, hi}ics is a Levi subalgebra of L. Let P be a supporting graph for a representa-
tion V of L. Let Q be the edge-colored subgraph obtained from P by removing all edges
whose colors are not in the set J. Observe that Q is a supporting graph for the KC-module
V. A connected component of Q is called a K-component of P. An element t of P is
K-maximal if it is maximal in some K-component of P. Write wt(t) = Y _, m'w;. The
KC-weight of t is wix(t) = > ;_, miw;. We say that P (or any weight basis with sup-
port P) restricts irreducibly under the action of K if the connected components of Q
realize irreducible representations of C. More generally, consider a “chain” of Levi sub-
algebras £; C -+ C Lyu—1 C L, = L. For the supporting graph P, form diagrams
Om—1, ..., 02, Q1 by successively removing edges from P as described above. We say
that P (or any associated weight basis) restricts irreducibly for the chain of subalgebras
Ly C -+ C Ly C L, = L if the connected components of Q; realize irreducible
representations of £;, where 1 < i < m — 1. The following lemmas are used to show
that bases considered in Sections 4 and 5 and in forthcoming papers have the solitary and
edge-minimal properties.

Lemma 3.7 (Branching Lemmas) Let V be a representation of L.

A. Let Ly C --- C L, be a chain of Levi subalgebras of L := L,,. Let P be a supporting
graph for V that restricts irreducibly for this chain of subalgebras. Suppose that distinct
L;_1-maximal elements in any L;-component of P have distinct L;-weights. Suppose
that each irreducible component in the decomposition of V as an L|-module has only
one possible supporting graph. Then P is solitary and edge-minimal, and a weight basis
for V restricts irreducibly for the chain of subalgebras L, C --- C L,, if and only if it
has supporting graph P.

B. Let P be the supporting graph for a weight basis {vs}sep of V. Let KC be a Levi subalgebra
of L, and suppose that P restricts irreducibly under the action of K. Suppose P has
the property that if {ws}scp is any weight basis for V with support P and if t is any IC-
maximal element of P, then wy is a scalar multiple of vy. Suppose that the IKC-components
of P are solitary as supports for representations of KC. Then P is solitary as a support
for the L-module V.

C. Suppose V is irreducible, and let P and Q be supports for V. Suppose that Q is an
edge-colored subgraph of P. Let KC be a Levi subalgebra of L, and suppose P restricts
irreducibly under the action of K. If the KC-components of P are edge-minimal, then
the IKC-components of P and the KC-components of Q are the same.

Proof: For part A, let {vs}scp be any weight basis for V' with support P. Let Q be the
supporting graph for another weight basis {w¢}icp Which also restricts irreducibly for the
chain of subalgebras. We show that {wy}¢c ¢ is diagonally equivalent to {vs}sep. Regard V as
an L,,_1-module, and suppose L, (i) occurs with multiplicity £ > 0 in the decomposition
of V.Let {wy,, ..., wy} bethe £,,_;-maximal vectors of £,,_;-weight . Also, letsy, ..., sk
be L,,_-maximal elements of P of £,,_;-weight ;. Now the vector subspace of V of L,,,_-
maximal vectors of £,,_;-weight i has dimension k and is spanned by {vy,, . . ., vs, }. But the
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L,-weights of the vy, ’s are distinct, so no non-trivial linear combination of these vectors can
again be an £,,-weight vector. Thus each wy, is a scalar multiple of some vs; . Apply the same
argument to the £;_;-maximal elements inside the £;-components of P, for 2 < i < m.
Thus, for each £;_;-maximal s in P, there is a corresponding £;_;-maximal element t in
Q so that s and t have the same £;_;-weight and vs and wy differ only by some scalar
factor. The only elements of P and Q we have not yet accounted for are the non-maximal
elements of the £;-components. Pick corresponding £;-maximal elements s in P and t in
Q. In particular, s and t have the same £;-weight, so their £,-components (C(s) and C(t)
respectively) realize the same irreducible representation of £;. But by hypothesis, there
is only one possible supporting graph for this irreducible £;-module. Thus if s’ in C(s)
corresponds to t' in C(t), then we see that vy and wy only differ by a scalar factor. So
{wi}iep 1s diagonally equivalent to {vs}scp. In particular, P is solitary.

Now suppose Q is a support for V and is contained in P as an edge-colored subgraph. We
claim that Q restricts irreducibly for the chain of subalgebras £; C --- C £L,,. Indeed, each
L;-component of Q is contained in an £;-component of P, where 1 <i < m —1. Now there
are exactly as many £;-components of P as there are factors in the decomposition of the £;-
module V. Thus, there is exactly one £;-component of Q contained in any £;-component
of P. It follows that each £;-component of Q realizes an irreducible representation of
L;. But now any basis with support Q restricts irreducibly for the chain of subalgebras
Ly C --- C L, and the previous paragraphs imply that Q = P. Therefore P is edge-
minimal.

For part B, let {ws}sc p be any other weight basis with support P. Let t be -maximal, and
let P; be the K-component of P containing t. By hypothesis the basis elements vy and wy
only differ by some scalar factor. Then span{vx | X € P;} = span{wx | X € P} as subspaces
and as irreducible C-submodules of V. But since P is solitary as a support for C, we see
that each vy (x in P;) only differs from wy by some scalar factor. It follows that {vg}scp
and {ws}scp are diagonally equivalent. For part C, argue as in the final paragraph of the
proof of part A that each XC-component of P contains one and only one K-component of Q.
Thus the K-maximal elements of Q are exactly the same as those of P. By Lemma 3.2.C,
corresponding K-maximal elements in P and Q will have the same £-weight, and hence the
same KC-weight. It follows that corresponding X-components of P and Q realize the same
irreducible representation of K. But since each C-component C of P is edge-minimal, then
the corresponding KC-component of Q must be the same as C. O

Proposition 3.8 Let U and V be irreducible representations for semisimple Lie algebras
KC and L respectively, with respective supporting graphs P and Q. If P and Q are both
solitary (respectively, edge-minimal, positive rational, modular lattice) supports for U and
V, then P x Q is a solitary (respectively edge-minimal, positive rational, modular lattice)
support for the K & L-module U Q V.

Proof: Let {us}scp (respectively, {vi}icp) be a weight basis for U (respectively, V) with
support P (respectively, Q). The basis of simple tensors {us ® vi}s,nepxo Will have the
edge-colored directed graph P x Q as its support. If the edge-coefficients for the basis
{us})sep for U and for the basis {v¢}¢c for V are positive rational, then the edge-coefficients
for {us ® vi}s.nepxo Will be as well. If P and Q are modular lattices, then P x Q is
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also a modular lattice since “meets” and “joins” can be formed componentwise in P x Q.
Suppose P and Q are both edge-minimal, and suppose a support S for U ® V is contained
in P x Q as an edge-colored subgraph. Apply Lemma 3.7.Cto S and P x Q to see that their
IC-components are the same. The K-components of P x Q are just the copies of P in this
product of graphs. Likewise, we also see that S and P x Q have the same £-components
(each of which is a copy of Q). Thus, § = P x Q as edge-colored graphs. Since this is true
for any such S, it follows that P x Q is edge-minimal.

Suppose now that P and Q are solitary, and let {w ) }s,tepx o be another weight basis
for U ® V that has support P x Q. Let m be the unique maximal element in P and m’
be maximal in Q. The maximal vector wm,m) must be a scalar multiple of uy, ® vyy. Let
Om = {(m, t)}¢co be the L-component of P x Q that has (m, m’) as its maximal element.
Now each of span{um ® vi}teg and span{wm. ¢}t is isomorphic to V as an £-module, and
they have the same maximal vector (up to some scalar). Then they coincide as subspaces
of U ® V. Since Oy = Q is solitary, then each basis vector wm,¢) (t € Q) is just a scalar
multiple of uy, ® vi. Observe that if (s, t) is -maximal in P x Q, then s = m. Also, the
JC-components of P x Q are just copies of P. Then P x Q and the basis of simple tensors
for U ® V satisfy the hypotheses of Lemma 3.7.B, which implies that P x Q is a solitary
support for U ® V. O

We conjecture that the edge-minimizing analog of this result is also true. This is related
to the question: if P and Q are edge-minimizing supports for representations U and V of
L, is P @ Q an edge-minimizing support for the representation U @ V of L? For evidence
in the affirmative, see Proposition 3.10 below.

3.4.  The rank one case

The weight spaces of A;(kw) each have dimension one, so there is only one weight basis up
to diagonal equivalence. By Lemma 3.1.B, there is only one possible support for A;(kw).
This support is automatically solitary, edge-minimal, and edge-minimizing. The explicit
basis of Section 7 of [9] has positive rational (in fact integral) support. This support is
easily seen to be a chain of length &, which is a distributive lattice. The following lemma
characterizes all possible representation diagrams for the irreducible representations of

s1(2, C).

Lemma 3.9 An edge-labelled poset P with all edges having the same color is a repre-
sentation diagram for Ai(kw;) if and only if P is a chain of length k and the product of the
edge coefficients on an edge s — tisr(k + 1 — r), where r is the rank of t.

Proof: In the forward direction we have already observed that P must be a chain of length
k. Let t, denote the unique element of P of rank » (0 <r < k). Letc,,_; and d,_; , be the
“x” and “y” coefficients on the edge t,_; — t, (where | < r < k). Now Hvy, = —kuvy,
(Lemma 3.2.A) while [X, Y](vy,) = XY vy, — Y Xv, = —ci,0do,1v,, and so ¢j 0do,1 = k.
To see that ¢, ,_1d,_1, =r(k+1—r)fort,_; — t,, induct on r. For the converse, check

condition (2) of Proposition 3.4 with a simple computation. O



270 DONNELLY

The following proposition implies that the connected components of an edge-minimizing
supporting graph for arepresentation V of s{/(2, C) correspond to the irreducible components
in the decomposition of V.

Proposition 3.10 Let P be a supporting graph for some representation of sl(2, C). Then
P is edge-minimizing if and only if P is a direct sum of chains.

Proof: Let V be arepresentation for s/(2, C) with supporting graph P that is a direct sum
of chains. Set P; := {t € P | wt(t) = i} for any integer i, so | P;| = dim(V;). It is easy to
see that there are precisely r edges between P; and P;,, where r = min(|P;|, | Pi+2]). By
Lemma 3.2.D, this is the least number of edges we can have between the i and i + 2 weight
spaces in any support for V. So P is an edge-minimizing support for V. Now suppose
Q is another edge-minimizing support for V. Since P has the minimum number of edges
between P; and P;,; allowed by Lemma 3.2.D, the graph Q must have the minimum number
of edges between Q; and Q;». Leti > 0. Since Y injects V;, into V; by Lemma 2.1, each
element in Q;,, covers at least one element in Q;, and hence exactly one element. And
since dim Y (V;») = dim V;,,, we see that for each t in Q,,,, there is a unique element in
Q; covered by t. Similarly, one can show that when i < 0, then for each s in Q;, there is
a unique element in Q;, that covers s. Taken together, these say that each element of Q
is covered by at most one other element, and covers at most one other element. So Q is a
direct sum of chains. O

Inside any semisimple Lie algebra £ with Chevalley generators {x;, y;, h;};_, are certain
three-dimensional subalgebras called principal TDS’s. One such principal TDS is spanned
by x := Y ¢ixi,y:=> yi,and h := Y ¢;h;, where

(wi, w;)

n
ci:=4 .
j=1 <aj’ aj>

Each ¢; is positive since (w;, w;) > 0 for 1 < j < n. It can be seen that [xy] = h,
[hx] = 2x, and [hy] = —2y, so that {x, y, h} are Chevalley generators for a copy of
s{(2,C) inside L. Let P be a representation diagram for a representation of £. Then P
becomes a representation diagram for s/(2, C) under the induced action of this principal
TDS if we multiply the “x-coefficients” on each edge of color i by ¢; and then change
all the edge colors to black. If P is connected, then in the language of [17], x acts as an
order-raising operator and y acts as a lowering operator on the vector space V[ P] spanned
by {vt¢}tep. Now apply Proctor’s “Peck Poset Theorem” [17] to get:

Proposition 3.11 Let P be a connected supporting graph for a representation V of L.
Then P is the Hasse diagram for a rank symmetric, rank unimodal, and strongly Sperner
poset.



EXTREMAL PROPERTIES OF BASES 271

4. The Gelfand-Tsetlin bases

For an irreducible gi(n + 1, C)-module, it is known that the Gelfand-Tsetlin basis [7] is “de-
termined by” the restrictions to the “upper left” subalgebras gl(1,C) C --- C gl(n,C) C
gl(n+1, C). A second Gelfand-Tsetlin basis is determined by the restrictions to the “lower
right” subalgebras gi(n + 1,C) D gl(n,C) D --- D gl(1, C). View Ay inside A, as the
Levi subalgebra generated by {x;, y;, hi}f:,; that is, Ay is the subalgebra whose gener-
ators correspond to the k leftmost nodes of the Dynkin diagram for A,. Let A, be the
subalgebra inside A, generated by {x;, y;, h;}_,,,_- Let V be an irreducible A,-module.
Unlike the gl(n + 1, C) case, an irreducible A,_;-module can appear with multiplicity in
the decomposition of the A,_;-module V. We use combinatorial arguments to see that that
the Gelfand-Tsetlin bases for V are nonetheless uniquely determined by the restrictions
A C -+ C Ay C A, (respectively, A, D A/, D --- D A, D A)). In Theorem
4.4 we show these bases are solitary and edge-minimal. We use the combinatorics of their
respective supporting graphs to determine when the two Gelfand-Tsetlin bases coincide
(Corollary 4.5).

Throughout this section, A = ajw; + aw; + - - - + a,w, denotes a dominant weight, and
A = a,w1+ay_ 1w+ - - +ajw,. Let shape(A) be the shape with a,, columns of length n,
ay— columns of length n—1, etc. The Gelfand-Tsetlin lattice LS (n, 1) is the edge-colored
distributive lattice L(n, shape(A)) of Section 2. We define the GT-left basis for A,()) to be
the version of the GT basis obtained in [16]. As Proctor observed in [19], L{™(n, A) is the
supporting graph for the GT-left basis. Attach the positive rational coefficients of [16] to the
edges of L{™(n, 1). Let L denote the edge-colored poset dual to L{™(n, 1). For an edge
t*—>s* in L attach coefficients Ce t+ i= dst and dp ¢« := ct 5. The Gelfand-Tsetlin lattice
LS™"(n, 1) is the edge-labelled distributive lattice L, after the edges have been re-colored
by the rule i > n 4+ 1 — i, where 1 < i < n. It will be convenient to identify the vertex in
L§™"(n, A) associated to the semistandard tableau T as an element 7" in L(n, shape(A**™)),
where the (a; + - - - 4+a, + 1 — i) column of T is just the setwise complement of the ith
columnof T in {1, ..., n+4 1}. One can see that L{""*"(n, 1) is a representation diagram for
some basis of A, (A). This basis is unique up to an overall scalar by Lemma 3.1.C. Call this
the GT-right basis. The adjectives “left” and “right” are motivated by Theorem 4.4 below.
(The GT-right basis is also easily obtained from the GT-left basis by acting on V with the
image of A, under the outer automorphism of A, induced by the Dynkin diagram.) We
record these observations in the following proposition.

Proposition 4.1 The GT-left and GT-right bases are positive rational bases for the rep-
resentation A,(\) with distributive lattice supporting graphs L™ (n, L) and L{™*"(n, L)
respectively.

Corollary 4.2 For T in L™ (n, A) or L{™*"(n, L), let mJT denote the number of j entries
inT. IfT isin LS""(n, 1), then the weightof T is >_;_, (miT —miTH)a)i. IfTisin L{™"(n, 1),
then the weight of T is Y r_ ,(m!_, — m,{ﬂ,,-)wi-

Proof: From the edge-coloring rule for L™ (n, 1) it follows that p;(T") is the number
of columns of 7" with an i but without an i 4 1. Also, [;(T) is p;(T) plus the number of
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columns of T with an i + 1 but without an i. Then 2p,(T) — [;(T) = m] —m! ;. Use a

similar argument for L{™*"(n, 1). Now apply Lemma 3.2.A. O

Lemmad.3 Let S be asemistandard Young tableau which is A, _,-maximal in L™ (n, 1),
and set . = wty, (S). Then the A,_i-component containing S is isomorphic to L{™"(n —
1, ). Moreover, there is no other A,_;-maximal tableau in L{™(n, L) with the same A, -
weight as S.

Proof: One can see that a tableau S in L{™(n, A) will be A,_;-maximal if and only
if each column of § of length i has entries {1,2,...,i}or {1,2,...,i — 1,n + 1}. Let
b; be the number of columns of S of length i which do not have an n + 1 entry; then
S has a; — b; columns of length i with an n 4 1 entry. So mls =b; + Z;:iﬂ a; when
1l <i<nadmi = Z?zl(aj — bj). By Corollary 4.2 the A,_;-weight of § is
n=wty, (§)= Zl'.:l' (b; + aj+1 — bi+1)w;. The shape corresponding to the A,_;-weight
W can be obtained from S by removing all boxes with an n 4 1 entry and all columns
of length n which do not have an n + 1 entry. Now observe that the A,_;-component
containing S is just L{™(n — 1, u). Suppose T is another A,_;-maximal element, and
suppose S and T have the same A,-weight. Let ¢; be the number of columns of T of
length i which do not have an n + 1 entry. Then b; + a;41 — bj+1 = ¢; + a;+1 — ¢+ for

l<i<nsobj—ci=by—cy="-+-=b, —c,.Butm —m, , =m!l —m! | givesus
by —c)+ -+ bp—1 — cn—1) + 2(b, — ¢,) = 0. In light of the previous statement, we
seethatb; =c; forl <i <n,soS=T. O

Theorem 4.4 The GT-left and GT-right bases for A,()\) are solitary and edge-minimal.
The GT-left (respectively, GT-right) basis is the unique weight basis for A, (1) up to diagonal
equivalence which restricts irreducibly for the chain of subalgebras Ay C --- C A,_1 C A,
(respectively, A, D A, _; D --- D A, D A)).

Proof: In light of Lemma 4.3, apply Lemma 3.7.A to L™ (n, ). The result for the
GT-right basis follows from the result for the GT-left basis. O

As an application, we use the combinatorics of the supports L{™(n, 1) and L{™*"(n, 1)
to determine when the GT-left and GT-right bases coincide.

Corollary 4.5 The GT-left and GT-right bases for A, (L) are diagonally equivalent if and
only if A is a multiple of a fundamental weight.

Proof: Here we identify a dominant weight p with its corresponding shape shape(u).
In the forward direction, we first decide when L{™(n, A) will restrict irreducibly under
the action of A/, _,. Begin by removing all edges of color 1 from L™ (n, 1). Two tableaux
are in the same A/, -connected component if and only if they have the same number of
1 entries. Let P" be the connected component consisting of all tableaux with exactly r
boxes containing the entry 1. Removing these boxes, the tableaux in P" can be thought
of as semistandard Young tableaux of skew shape A/r with entries from {2,...,n 4 1}
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(see [23]). By the “skew version” of Pieri’s Rule ([23], Chapter 7, Corollary 15.9), each
P" will correspond to an irreducible A/ _,-module if and only if A has rectangular shape.
(Otherwise, when r = 1 there will be more than one possible v for which v C A and such
that A /v is a horizontal strip of size r = 1.) This proves that A must be a multiple of a
fundamental weight.

For the converse, it suffices to produce a bijection ¢ from L (n, may ) to L(n, (mawy)*>™)
that takes edges of color i to edges of color n 41 —i, and vice-versa. For S in L™ (n, mawy)
form ¢(S) in L(n, mw,1—x) as follows: the ith column of ¢(S) is obtained from the ith
column of S by taking its complement in the set {1, ..., n + 1}, and then changing an entry
jton+2—j. O

5. Bases for the fundamental representations of sp(2n, C)
Let 1 < k < n. The main result of [3] was:

Theorem 5.1 The symplectic distributive lattices LY and L2 are positive rational sup-
porting graphs for the kth fundamental representation of sp(2n, C).

We call the corresponding weight bases specified in [3] the KN basis and the De Concini
basis for C,(wy). Theorem 5.4 below states that these bases are solitary and edge-minimal.
As with the Gelfand-Tsetlin bases, the key is to observe that these bases for C, (wy ) are well-
behaved with respect to the action of certain subalgebras of C,. The following is Lemma
5.2 of [2]:

Lemma 5.2 Let T be a column tableau in L¥(n, wy) or L2“(n, wy), and let mlT be the
nun;ber oj;i entriesin T. Then the weight of T is Z:’;ll (mlT —miT_H —}—szn_l. _m2Tn+1—i)“)i +
(mn — mn+,)wn.

View A,, inside C,, as the Levi subalgebra whose generators correspond to the m leftmost
nodes of the Dynkin diagram for C,,, where | <m <n — 1.

Lemma 5.3 Let S be an A,_i-maximal column tableau in L{(n, wy) (respectively,
L2(n, wy)), and set ju := wta, (S). Then the A, _-component containing S is isomorphic
to L™ (n—1, u) (respectively LS™"(n — 1, w)). Moreover, no other A, _;-maximal column
tableau has the same C,-weight as S.

Proof: A column S will be A,_;-maximal in LX(n, ) or L2“(n, wy) if and only if
MmS={,...kS={1,....i,n+1,....n+k—i}for0 <i < k, or (3)
S={n+1,...,n+k}. Apply Lemma 5.2 to see that for type (1), u is wy if kK < n and
wp if k = n. For type (2), & = w; + w,—¢+i, and for type (3) 4 = w,—¢. One can use
this explicit description of the A,_;-maximal elements and their weights to see that distinct
A,_1-maximal elements have distinct C,-weights. The shape corresponding to p has at
most two columns. We will describe a bijection ¢ from the A,_;-component containing
S to L{™"(n — 1, w). Let R be another column in the A,_;-component of S. Obtain a
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tableau ¢(R) of shape u as follows. To get the first column of ¢(R), take the complement
of RN{n+1,n+2,...,2n}, and then subtract each of these elements from 2n + 1. To get
the second column of ¢(R), simply take R N {1, 2, ..., n}. Now check that this bijection
gives an isomorphism of edge-colored posets.

Finally, suppose S is A,_;-maximal in L>“(n, w;). We will describe a bijection v from
the A,_;-component containing S to LS (n — 1, ). (If S is of type (1) above, then
um = w,_, and for type (2), u*" = w,_; + wr_;. For type (3), u*™" = w ifk < n
and wy if k = n.) For R in the A, _;-component of S obtain a tableau ¥/ (R) of shape p*>™
as follows. To get the first column of ¥ (R), take the complement of R N {1, ..., n} and
then subtract each of these elements from n + 1. To get the second column of ¥ (R), take
RN{n+1,...,2n} and then subtract n from each of these elements. This gives a bijection
of edge-colored posets. O

Denote by A], (1 < m < n — 1) the subalgebra of C,, whose generators correspond to
thenodesn —m,n—m+1,...,n—1.

Theorem 5.4 The KN and De Concini bases for C,(wy) are solitary and edge-minimal.
The KN basis (respectively, De Concini basis) is the unique weight basis for C,(wy) up to
diagonal equivalence which restricts irreducibly for the chain of subalgebras Ay C --- C
An—1 C C, (respectively, C, D A, _; D A,_, D--- DA, D A).

n—1

Proof: Follows from Lemma 5.3 and Lemma 3.7.A. O

Corollary5.5 The KN basis and the De Concini basis for C,,(wy) are diagonally equivalent
ifand only ifk = 1 ork = n.

Proof: In Corollary 3.4 of [2] we showed that L"(n, wy) and L2“(n, wy) are isomorphic
as posets (without regard to edge-coloring) if and only if k = 1 or k = n. When k = 1
or k = n, the bijections described in the proof of that corollary also preserve edge-colors.
Thus L (n, wy) and L2*“(n, wy) are isomorphic as edge-colored posets if and only if k = 1
or k = n. By Theorem 5.4 these supports are solitary, so the corresponding bases coincide
ifandonlyifk =l ork =n. U

Let C,, be the Levi subalgebra of C, corresponding to the m rightmost nodes in the
Dynkin diagram for C,,, with C; = A;.

Theorem 5.6 The De Concini basis is the unique weight basis for C,(wy) up to diagonal
equivalence which restricts irreducibly for the chain of subalgebras C, D C,—1 D -+ D
C, D C,.

Proof: Use an argument similar to Lemma 5.3 so that Lemma 3.7.A can be applied. Let
T be a C,,—;-maximal column tableau in L2“(n, wy). Leti = |T N {1, 2n}|. Then wtc, ,(T)
is the (k — i)th fundamental weight for C,_,. From the definitions it follows that the C,,_;-
component of 7' is isomorphic to the (k — i)th symplectic lattice for C,_;. Moreover, it
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is not hard to see that distinct C,_;-maximal elements of L2“(n, wy) will have distinct
C,-weights. Now apply Lemma 3.7.A. O

Corollary 5.7 The De Concini basis is diagonally equivalent to Molev’s basis in [14] for
the fundamental representations of sp(2n, C).

Proof: It can be seen that Molev’s basis restricts irreducibly for the chain of subalgebras
C,DChu1D---DCyDC. O

6. One-dimensional weight space representations

In this section we characterize those irreducible representations which have only one sup-
porting graph (the one-dimensional weight space representations of Propositions 6.2 and
6.3), say how to construct these representations uniformly across type (Theorem 6.4), and
re-derive their classification (Theorem 6.7) (cf. Theorem 4.6.3 of Howe [8]). The supporting
graphs for these representations enjoy the following extremal properties.

Proposition 6.1 A one-dimensional weight space representation V has a unique support-
ing graph which is solitary, edge-minimal, edge-minimizing, and positive integral. If V is
irreducible, its unique support is a distributive lattice.

Proof: Since all weight bases for V are diagonally equivalent, Lemma 3.1.B implies V
has only one supporting graph. This unique support is automatically solitary, edge-minimal,
and edge-minimizing. The other assertions follow from Theorem 6.4 and Corollary 6.8. O

Proposition 6.2 A representation V is irreducible and all weight spaces of V are one-
dimensional if and only if V has a connected supporting graph P such that the i components
of P are all chains, for 1 <i < n.

The proof of Proposition 6.2 appears in Section 7. The assumption of irreducibility is
needed only for the assertions 2 = 1 and 4 = 1 in the following result.

Proposition 6.3 Let V be anirreducible representation. Then the following are equivalent:
1. All weight spaces of V are one-dimensional.

2. The representation V has only one supporting graph.

3. The weight diagram for Vis a supporting graph for V.

4. The crystal graph associated to V is a supporting graph for V.

Proof: Weshow1 < 2,1« 3,and 1 < 4. We have already seen that 1 = 2. To see that
1 = 3, note that each basis vector for a weight basis for V can be uniquely identified with
its weight. Then apply Lemma 3.2.D. For 1 = 4, we may use the fact that V has I1(V) as
its unique supporting graph. But now Lemma 3.6 (together with Proposition 3.5) implies
that the crystal graph coincides with [1(V). For 3 = 1, observe that [T1(V)| < dim V, with
equality if and only if all weight spaces of V are one-dimensional. Now assume that V
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is irreducible. Use Lemma 3.2.F to show that 2 = 1. Finally, we show that 4 = 1. All
i-components of the crystal graph are chains, so Proposition 6.2 applies, proving that all
weight spaces of V are one-dimensional. O

The following theorem presents a uniform construction of Chevalley generator actions for
all one-dimensional weight space representations: Its proof does not depend on the type of
the Lie algebra or on the classification of one-dimensional weight space representations. An
irreducible representation is minuscule if every weight in its weight diagram is in the orbit
of the highest weight under the action of the Weyl group. Proctor [18] was aware of how to
obtain actions for Chevalley generators on weight bases for the minuscule representations.
Wildberger [25] uniformly constructs all minuscule representations and explicitly describes
the actions of the Lie algebra generators corresponding to every root vector.

By Proposition 6.3 we know that the supporting graph of an irreducible one-dimensional
weight space representation must be its weight diagram, and its i-components are chains.
The choices for coefficients on the edges are therefore limited by Lemma 3.9. The first
choice of coefficients in the next theorem agrees with Lemma 7.2 of [9] for irreducible
representations of s/(2, C). The x-coefficient (respectively, y-coefficient) on an edge s—t
is the number of steps to t (resp. s) from the minimal (resp. maximal) element in the i-
component of t. To confirm that the coefficients work globally, we must use a fact concerning
the local structure of edges that is developed in the proof of Proposition 6.2. We must
also consider all the possible interactions between the actions of any two s/(2, C) Levi
subalgebras. This result can also be used to construct the portions of the representation
diagram corresponding to the one-dimensional weight space regions of any representation.

Theorem 6.4 Let V be an irreducible one-dimensional weight space representation. Let
P be the unique support for V. For an edge s>t in P, set ¢y = pi(t) and dsy =
[;(t) — p;(t) 4+ 1. With these edge coefficients, P is a representation diagram for V. If the
formulas for cy s and ds ¢ are interchanged everywhere, the resulting edge-labelled poset is
also a representation diagram for V.

Keeping the notation of the theorem statement, let t,,,, be the maximal element in the
i-component of t. Let u := wt(t) and W;pax 1= tyax. The first choice of edgev coefﬁvcients
in Theorem 6.4 can be expressed in terms of inner products: cts = w"‘a’iw and

dse =1+ MW The proof of Theorem 6.4 is given in Section 7.

Lemma 6.5 Each of the following representations has a weight space with dimension
exceeding one: A,(ajwy + a,wy), where a; > 0, a, > 0, andn > 2; As(aw,) witha > 1;
B, (w,) for n = 3; B,(awy) with a > 1; B,(aw; + w,) with a > 0; Cy(w,) withn > 3;
Cy(w,) withn > 4; C,(awy) witha > 1; C,(aw| + w,) witha > 0; Ca(ajw; + arw,) where
ay + ay > 2; Dy(awy) with a > 1; D,(w,); Ds(aws) where a > 1; Dy(aws) where a > 1,
Fy(w1); Fy(ws); Fa(wr + w4); Eg(@2); E7(w1); Eg(ws); Ga(w2); and Go(aw; + bw,) where
a+b>2.

Proof: For the classical cases, one can use tableaux as in [12]. The following are adjoint
representations: Fy(w1); E¢(w>); E7(w1); Eg(ws); and G (wy). For Fi(w4) and Fi(w; 4 ws),
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compute the character. For the remaining G, cases, one can use the tableaux described in
[13]. O

Lemma 6.6 Let V be an irreducible one-dimensional weight space representation with
unique supporting graph P. Let IC be a Levi subalgebra of L, and regard V as a K-
module via the induced action. Then P restricts irreducibly under the action of KC, and each
K-irreducible component in the decomposition of V is a one-dimensional weight space
representation of K.

Proof: The i-components of P are chains, and each K-component of P inherits this
property. Now apply Proposition 6.2 to each of the X-components of P. O

Our proof of the following theorem uses a restriction method based on Lemma 6.6.

Theorem 6.7 (Classification) The minuscule representations of the simple Lie algebras
are Ay(wi), Bu(wy), Cp(w1), Dy(w1), Dy(wn—1), Du(wy), Ee¢(wr), Ee(ws), and E7(w7).
The representations A, (kwy) (for k > 1), A (kw,) (for k > 1), B,(w1), Ca(wy), C3(w3),
and Gy(wy) are the only other irreducible one-dimensional weight space representations
of simple Lie algebras.

The proof is below. Representation diagrams for the representations of Theorem 6.7 are
described in Section 4 for the Type A cases, in [18] and [25] for the minuscule cases, in
Section 5 for the Type C cases, and in [6] for B, (w;) and G,(w;). To use Theorem 6.4 to
construct a particular irreducible one-dimensional weight space representation, one would
first need to form the weight diagram. The diagrams for the various cases could be found
in the references cited above. Then one would locate the strings of color i for each i and
assign the prescribed coefficients. For A,(kw;), the second (first) choice of coefficients of
Theorem 6.4 are the coefficients which arise for the (factorial normalized) monomial basis
for the kth symmetric power of the defining representation of s/(n + 1, C). The same is true
for A,(kw,), the kth symmetric power of the dual of the defining representation. For the
other irreducible one-dimensional weight space representations of the simple Lie algebras,
the first choice of coefficients of Theorem 6.4 agrees with the coefficients described in the
references cited above.

Proof of Theorem 6.7: Use the references mentioned in the previous paragraph to con-
struct the supporting graph in each case. Then observe that for each supporting graph, dis-
tinct elements have distinct weights, so all weight spaces for the associated representation
are one-dimensional. We now show that the one-dimensional weight space representations
listed in the theorem statement are the only possibilities. For A, (n > 2) we induct on
n. Case n = 2 is covered by Lemma 6.5. Now let n > 3 and assume the theorem state-
ment is true for A,_;. Let A,(1) be a one-dimensional weight space representation, where
A =ajw)+---a,w,,and let P be its unique supporting graph. Restrict to the Levi subalge-
bra A,_; inside A, whose generators correspond to the n — 1 leftmost nodes of the Dynkin
diagram for A,. Apply Lemma 6.6 to the A,_;-component which contains the maximal
element of P. Then we must have one of these possibilities: (1) A = ayw; + a,wy; (2)
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A =w;+ay,w, with2 <i <n—2;0r 3) A = ay_jw,—| + a,w,. Next, restrict to A/ _,, the
Levi subalgebra whose generators correspond to the rightmost n — 1 nodes of the Dynkin
diagram for A, . Lemma 6.6 leaves us with these possibilities for A: (1) A = ajw; + arws;
2) A = ayw1 +w;, where3 <i <n—1;3) A = ayw; + a,w,. Combining these facts we
are left with: A = qyw1, A = a,w,, A = w;, A = ayw + a,w, (Witha; > 0 and @, > 0), or
A = arw; (only if n = 3). The latter two possibilities are ruled out by Lemma 6.5. Analysis
of the one-dimensional weight space representations for the other simple Lie algebras is
similar: induct on n (the rank of the Lie algebra) by restricting to the action of simple Levi
subalgebras of rank n — 1. O

Suppose L = L1 @ - -- & L,, with each L; simple. A dominant weight X for L is written
A1 =+ -+ 4+ Ay, where each A; is dominant for £;. One can see that all weight spaces for
L() are one-dimensional if and only if all weight spaces of £;(A;) are one-dimensional for
eachi.

Corollary 6.8 The unique supporting graph for an irreducible one-dimensional weight
space representation is a distributive lattice.

Proof: Forthe simple Lie algebras, consult the references listed in the paragraph preceding
the proof of Theorem 6.7. Now consider the one-dimensional weight space representation
L(1) where L is non-simple. With £(A) described as above, Lemma 3.3.B shows that the
supporting graph for £(A) is the product of supports for the one-dimensional weight space
representations £;(A;). A finite product of distributive lattices is again a distributive lattice,
cf. [22] Section 3.4. O

7. Technical proofs for Section 6

Proof of Proposition 6.2: If all weight spaces of V are one dimensional and V is irre-
ducible, use Lemma 3.1.A and Lemma 3.1.F to see that the i-components in the unique
supporting graph P are chains and that P is connected. For the converse, first we show that
P has no “open vees.” Suppose s—>u and t->u for distinct elements s and t. This implies
thati # j. Apply Lemma 3.9 to the i-components of P to see that any weight basis {vy}xep
with support P has non-zero edge coefficients. Since Y; X;vs = cvt for some ¢ # 0, then
X;Y; jUs = CUt, Wthh implies that there exists a unique r such thatr->s and r—>t Slmllarly,
if r->s and r—>t for some r in P, then there exists a unique u such that s—u and t->u.
Connectedness now implies that P has a unique maximal element and a unique minimal
element.

Next, we claim that if wt(s) = wt(t), then s = t. Suppose otherwise, so wz(s) = wi(t)
but s # t. Let r be an element of P for which r = s01>513> . i)S, =sandr =
toﬂ>t1£> cee i>t,. = t, where these chains only have the element r in common. Moreover,
choose r to be the “closest” such element to s and t; that is, if r’ is an element that is
r’ steps below both s and t, then » < 7’. (Such an element r exists since by Lemma
3.2.B, s and t have the same rank and hence are the same number of steps above the
minimal element.) Notice that we cannot have i; = j;, or otherwise s; = t;. However,
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wt(s) = wt(r)+oy, +a;, +- - -+, and wi(t) = wi(r) + o +aj, +- - -+, S0 o must
beoneof o, a;,...,a; . Letgbeleastsuchthati; = j,. Now there is a unique element x,
with s, £>x2 and t; i>1~{2,, by the previous paragraph. It follows that there is a unique element
x3 with X2£>X3 and t2£>X3. Continue this to get a unique element x, with _xq_qu—;] X, and
tq_li>xq. However, i; = j,, and so tq_1ﬁ>xq. But we already have tq_lﬁ)tq, and since
the j,-components of P are chains, we have x, = t,. In particular, s; is 7 — 1 steps below
t and s. This contradicts the choice for r, so we must have s = t. So the weight spaces of
V are one-dimensional. It follows that any maximal vector in V will appear as a maximal
element in the unique supporting graph P. Since P has a unique maximal element, there is
a unique maximal vector in V' (up to scalars), and hence V is irreducible. O

Proof of Theorem 6.4: We must show that the given edge-labelled poset P corresponding
to the first choice of edge coefficients satisfies conditions (1), (2), and (3) of Proposition 3.4.
By Proposition 6.3, P = I1(V) is a supporting graph for V. Then Proposition 3.5 applies to
the edge-colored graph P, so condition (3) of Proposition 3.4 is met. Condition (2) is met
by applying Proposition 6.2, Lemma 3.9, and then Lemma 3.2.A to the i-components of P.

Hence we only need to check that X;Y;v, = Y;X;v, for each v in the edge-labelled
poset P whenever i # j. The proof of Proposition 6.2 shows that for a given pair of
weights v and 7 in P, there exists a weight ¢ such that v=>0 and 750 if and only

¥
if there exists w such that M—Jw and pu—>7. Suppose that we have a diamond V@ T
"

in P. We want to know how /;(v) and /;(;r) are related. Let v,,;, and v,,,, be the min
and max elements in the i-component containing v, and define m,,;, and 7,,,, similarly.
It now follows that m,,,, is covered by an element in the i-component of v, so we can
WIItE Vygx = Tpax + @ + pia; where p; > 0. Similarly one can see that v,,;, covers
an element in the i-component of 7, so we can write Vi, = Tmin + @ + g;o; for some
qg; = 0. So the i-components of v and of 7w might appear as in figure 2. From this it
follows that [; (V) = (Vpax, @) = (Tmax + oj + pic, @) = Li(w) + 2p; + {o;, @) and

—Li(W) = Wi, o) = (Tin + oj + gioy, ) = =1;(w) + 2q; + (@}, o). It follows that

pi +qi = —{aj, o) (D
Li(v) = li(w) = pi —q;. 2

For brevity, let l := [;(v), ' := [;(7), k :=[;(v), and k' := [;(7r). Let r (respectively, s)
be the rank of o in its i-component (respectively, j-component). Let 7’ be the rank of 7 in
its i-component, and let s’ be the rank of v in its j-component. To check condition (1) of
Proposition 3.4 for P, we must check that X;Y;v, = Y; X;v, and X ;Y;v; = Y; X ;v in any
diamond such as figure 3. The eight edge coefficients in figure 3 are obtained from the first
definitions of ¢ and ds in the theorem statement. Let Q be any representation diagram
for V with support I1(V). In the representation diagram Q, the products of the coefficients
on the corresponding edges are pictured in figure 4. From figure 4 we get the following
relation:

rd+1—=r)-stk+1—=s)=r''+1=7r")-s'(k' +1—5") 3)
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Vmax

Tmin

Figure 2. A configuration of i-components for weights  and v.

l+1—7‘ ¥+1—s

k'+1—s\ U'+1—17!

Figure 3. A typical diamond in P.

There are four cases to consider: For Case 0 we have («;, o) = 0 and («;, an) = 0; for
Case 1, (aj, o)) = —1 and («;, ajy) = —1; for Case 2, {a;, o)) = —2 and (ai,ozjy) =—1;
and for Case 3, («;, ;) = —3 and («;, Otjy) = —1. For Case 0, Eq. (1) above implies that
pi=¢qi =0=p; =gq;. Itfollowsthat =1’k = k', r =/, and s = s'. Then clearly
XinUv = Yle'UU and XijU;-[ = Y,'vaﬂ in ﬁgure 3.

For Case 1, Eq. (1) gives two possibilities for p; andg;: p; = 1,¢q; =0orp; =0, ¢, = 1.
First suppose that p; = 1 and ¢; = 0. Then wehave/ —/'"=1andr = r'. If p; = | and
qj = 0,thenk —k’ = 1and s = s'. Substitute thisinto Eq. 3)toget (+1—r)(k+1—s) =
(I — r)(k — s). But this cannot happen, since the left-hand side of this equation is bigger
than the right-hand side. So we must have p; = 0 and g; = 1. Then k — k" = —1 and
s’ = s + 1. Substitute into Eq. (3) to get ({ + 1 — r)s = (I — r)(s + 1). Put this information
into figure 3 to see that X;Y;v, = Y;X;v, and X;Y;v; = Y;X;v,. Analysis of the case
pi = 0 and g; = 1 is similar, in which case p; = 1 and g; = 0. Cases 2 and 3 can be
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s(K +1— s'\ /:'(z'+ 1-r')

7}

Figure 4. Edge products on the corresponding diamond in Q.

understood with similar arguments. In Case 2, one can show that it is not possible to have
pi=1land g, = 1.If p; = 2 and ¢; = 0, it can be shown that p; = 0 and g; = 1. Also,
if pp =0and g; = 2, then p; = 1 and ¢g; = 0. For Case 3, neither p; = 2, ¢; = 1 nor
pi = 1,q; = 2is possible. If p; = 3 and ¢; = 0, then we must have p; =0and g; = 1. If
pi =0and g; =3, then p; = 1 and g; = 0. This argument applies to the second choice of
coefficients in the theorem statement by interchanging the role of ¢¢s and ds ¢ everywhere
in the proof. O
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