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ON THE IRREDUCIBILITY OF IRREDUCIBLE CHARACTERS
OF SIMPLE LIE ALGEBRAS

C. S. RAJAN

ABSTRACT. We establish an irreducibility property for the characters of finite di-
mensional, irreducible representations of simple Lie algebras (or simple algebraic
groups) over the complex numbers, i.e., that the characters of irreducible represen-
tations are irreducible after dividing out by (generalized) Weyl denominator type
factors.

For SL(r) the irreducibility result is the following: let A\ = (a1 > a2 > -+ a,—1 >
0) be the highest weight of an irreducible rational representation Vy of SL(r). As-
sume that the integers a1 +r — 1, as +r — 2,--- ,a,_1 + 1 are relatively prime.
Then the character x, of V) is strongly irreducible in the following sense: for any
natural number d, the function xx(g¢), g € SL(r,C) is irreducible in the ring of
regular functions of SL(r,C).

1. INTRODUCTION

In [R], the following unique factorization property of tensor products of irreducible

representations of a complex simple Lie algebra g was proved:

Theorem 1.1. Let Vy,--- ,V,, Wy,--- W, be non-trivial irreducible representations
of g (resp. rational irreducible representations of GL(r) for r > 2 with trivial deter-
minant ) such that

Vi @V, ®- - W,,
as g (resp. GL(r))-modules. Then n =m, and there is a permutation o of {1,--- ,n}

such that Vi ~ W, .

In this introduction we restrict ourselves to GL(r). Given a rational representation
V of GL(r), let

xv(g) =Tr(V(g), g€ GL(r),

denote the character of V. Since the character determines the representation upto
isomorphism, the hypothesis of the foregoing theorem can be reformulated as an
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2 C. S. RAJAN

equality of products of characters,

(1.1) XVit XV = XWi """ X W, -

Now, the character is a regular G L(r)-invariant function of GL(r). The unique de-
composition of tensor products will follow if the non-trivial characters of irreducible
rational representations of GL(r), r > 2 are irreducible in the ring of invariant regular
functions on GL(r).

But this turns out to be manifestly false for GL(2), where the characters are given
by cyclotomic type homogeneous polynomials in two variables of the form (z*! —

23 /(21 — 25); hence factorizable over C.

Upto twisting by a power of the determinant, we can assume that the irreducible

representations V) of GL(r) are parametrized by their highest weights,
A= (a1, --a;), a1 > ay >--->a, =0,

where a; are nonnegative integers. Let T' denote the diagonal torus of GL(r) con-
sisting of diagonal matrices with diagonal entries given by x = (z1,--- ,2,). Let W
denote the Weyl group of (GL(r),T), the symmetric group on r-variables, acting by
permutations on 7T'. Restricting to the torus 7', gives an isomorphism of the algebra
of conjugacy invariant regular functions on GL(r) onto the algebra of Weyl group
invariant regular functions on 7'; hence we can consider the characters restricted to
T. Let € : W — Z/27Z be the sign homomorphism. For a weight u = (by,--- ,b,)
with by, -+ , b, non-negative integers, define the Schur-Weyl function S(u)(z) by,
S(u)(x) =Y e(@)ay 2" = det(a}).
ceW

This is an alternating polynomial in variables x4, - - - , x,,, which vanishes if b; = b; for
a pair of indices i # j. Let

p=(r—-1r—2---,0)

be the ‘Weyl weight’. The Weyl denominator function S(p)(z) is the Vandermonde
determinant and has a product decomposition,

S(p) () = [ [ (i — 7).
i<j
Given any weight p of GL(r), it is easy to observe that the Weyl denominator S(p)
divides S(u) in the polynomial ring in r-variables. The Schur-Weyl character formula
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for GL(r) gives the restriction of the character y, of V) to the torus 7" by the formula,
Y xa(x) = S(A+ p)(x)/S(p)(x)
(12 = det(zP*" ) det(at ) zeT.

Based on the factorization of characters for GL(2) governed by cyclotomic theory,
the initial attempts in the general case towards finding the irreducibility property
property of characters underlying the unique decomposition theorem, was to look for
divisibility relations amongst the irreducible characters parametrized by appropriate
‘divisibility properties’ amongst the highest weights. Now let A = (a1 > ---a,_1 >
a, = 0) be a dominant regular weight for GL(r). Denote by d(\) the greatest common
divisor of the integers a;:

d(A) :=gecd.(ag, - ,a.).
We observe that the Schur-Weyl sum satisfies the ‘scaling’ relation,

(1.3) S(d\) (1, ,x,) = SN (24, -+, 29),

»rr

where d\ = (day, - -+ ,da,). Combined with the divisibility relation S(p)|S()) for any
weight A, this implies the divisibility relation,

(1.4) S(dp)|S(N) if dd(N).

After a few calculations for GL(3), it turns out that apart from the obvious divis-
ibilty relation given by Equation (1.4), other divisibility relations are hard to come
by. If A is not a multiple of p, define C(\) as the quotient,

C(A) = 5(AN)/S(dN)p)-

This defines a symmetric polynomial in r-variables. The experimental observations
for GL(3) leads us to expect and prove the following theorem:

Theorem 1.2. Let A = (ay,---a,), a; > ag > -+ > a, = 0 be a dominant, regular
integral weight for GL,. If X is not a multiple of p viz., X\ # d(\)p, then C()\) is
absolutely irreducible, i.e., irreducible in the ring Clzy,-- -, x,].

This theorem has been proved R. Dvornicich and U. Zannier [DZ]. However their
motivation and proof are completely different.

An uniqueness result can also be established (see Theorem 2.4), that A can be
recovered from C'(\) as long as C'(A) # 1. As a corollary one gets a proof of Theorem
1.1.
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We now give a brief indication of the proof of Theorem 1.2, and refer to Section
5 for further details. The proof proceeds by induction on r. The inductive step is
carried out using the cofactor expansion of the determinant expression for S(\). The
cofactor expansion gives us a polynomial in one variable with coefficients that are
again of the form S(u) with p a weight for GL(r — 1).

There are three parts to the proof. The heart of the proof is the following (see
Proposition 5.1): suppose p, n are dominant regular weights for GL(r — 1) with
n=p+ (c0,---,0) for some natural number ¢, such that both d(u) and d(n) are
divisible by a natural number d. Assume further that there exists non-monomial
symmetric polynomials U, V and polynomials X, Y satisfying the following system
of equations:

UV =8(u)/S(dp) and UX +VY = S(n)/S(dp).

Then the conclusion is that (d(u),d(n)) > d. The proof of this proposition uses some
arithmetical ideas when r = 3. For higher ranks, the key observation is to realize
that an inductive proof is possible and this in turn depends crucially on the fact that
the Weyl denominator S(p) divides any S(A).

The rest of the proof is built around this proposition. An use of Eisenstein criterion
allows us to rule out symmetric ‘monic’ factorizations, i.e., symmetric factorizations
C'(X) = UpVj such that either both the leading coefficients of Uy and V; (with respect
to the ‘cofactor expansion’ expressing them as a polynomial in z; with coefficients
polynomials in the r — 1 variables x5, -- ,z,) or their constant coefficients are non-

monomial (see Proposition 5.2 and Proposition 8.1).

Finally, one reduces a non-symmetric factorization to either of the above proposi-

tions.

The outline of this paper is as follows: in the next section, we state the theorem
for a general simple Lie algebra, where we consider the characters as elements in the
algebra of the Weyl group invariants of the group algebra of the weight lattice. Extra
complications arise in the non-simply laced cases. The expected analogue of Theorem
1.2 however is not proved in general in this paper, and there is a gap in the proof for

a subclass of weights for G, and Fj.

In Section 3, the irreducibility theorem is stated in the context of regular functions
of a simple algebraic group, and a proof is given assuming the statement for the Lie
algebra. In Section 4 we recall the technique of cofactor expansions, which allows an
inductive set up based on the rank for the proof of the irreducibility result.
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Section 5 contains the statements of the key propositions and a proof of the main
Theorem 2.3 assuming the validity of these propositions. The overall idea of the
proof is the same as that of GL(r); in fact, it is simpler in some places for the Lie
algebras of type D and E. However, both the statement and the proofs of the various

propositions are more complicated for the non-simply laced Lie algebras.

Section 6 gives a proof of the key Proposition 5.1 for the root system sl using some
facts from arithmetic. The whole proof emanates from this proposition, and how it
helps in establishing the irreducibility property for GL(3) (the interested reader can
read this section first, especially Remark 6.3).

Section 7 gives a proof of Proposition 5.1 in the general case by an inductive
argument, a ‘swindle’ using the universal divisibility of the Weyl denominator.

The proof of Proposition 5.2 ruling out the existence of invariant monic factoriza-
tions is given in Section 8. This is an application of the method of proof used in the
classical Eisenstein criterion for irreducibility of polynomials. It is here that a gap

arises in the proof for a subclass of weights for G5 and Fj.

The uniqueness result Theorem 2.4 is proved in Section 9. This section also contains
a preliminary result used in the proofs of the various propositions: for example, in
the case of GL(r), the fact that S()) is separable, for GL(s) with s < r. In this case,
it is quite easy to observe this fact assuming Theorem 1.2 and the factorization of
S(dp).

Finally in Section 10 we extend the proof of the irreducibility result for GL(r) from
the ring of symmetric functions in r-variables to the polynomial ring in r-variables.

2. SIMPLE LIE ALGEBRAS

In this section, we consider the general case of a simple Lie algebra g over C, fix the
notations and state the main irreducibility theorem, which requires to be modified

when the Lie algebra has at least two roots of different lengths.

2.1. Notation. We first fix the notation and recall relevant facts from the theory of
root systems (see [B],[H]).

Let g be a simple Lie algebra over C, and let h be a Cartan subalgebra of g. Denote
by ® C b* the roots of the pair (g, h), and let E the real subspace of h* generated by
®. The dual of the restriction of the Killing form to  x § defines a non-degenerate
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symmetric bilinear form on E. With respect to this inner product, ® defines a root
system in F.

Denote by & C @ (resp. A C &F; &* C E*; &*F; A* ) the subset of positive
roots with respect to some ordering of the root system (resp. a base for ®; the set
of coroots; positive coroots and simple coroots). Given a root a € ¢, o* will denote

the corresponding coroot.

Denote by < .,. >: E* x E — R the duality pairing. For any root «, we have
< o, a >= 2, and the pairing takes values in integers when the arguments consist of
roots and co-roots.

Let W (resp. W*) denote the Weyl group of the (resp. dual) root system. The
Weyl group W (resp. W*) is the subgroup of Aut(FE) (resp. Aut(E*)) generated by
the reflections s, of F (resp. s, of E*) defined by

So(u) =u— < a",u>a and s, (v) =2— <z,00> 0",

where z € E* and u € E. We have s,(®) C ® and s,+(®*) C ®*. There is a natural
isomorphism between the Weyl groups of the root system and the dual root system,
given by a +— o* and s, =' s, the transpose of s,. We identify the two actions of
the Weyl group.

Remark 2.1. Sometimes we formulate the propositions for a based root system R =
(E,®,A) instead of g, and at times we refer to the root system just by &.

Let I(w) denote the length of an element in the Weyl group, given by the least
length of a word in the s,, @ € A defining w. Let e(w) = (=1)"*) be the sign
character of W.

Denote by P C E (resp. Pt C P, P*T C Py, P* C E*, P*"" the lattice of
integral weights (resp. dominant integral weights, dominant regular weights, lattice
of integral co-weights, dominant regular coweights). Let r = |A| be the rank of ®.
For a simple root o € A, denote by w, (resp. w?) the corresponding fundamental

weight (resp. coweight) defined by
<P we >=10o3 and < w,,B >=0d4p, o, fEA.

The fundamental weights form a Z-basis for P. A weight A can be expressed as a

sum,

A= Z Mea(A)Wa,
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where m,(\) =< a*, A > are the coefficients of A\ with respect to the basis of P
determined by A. The weight A is regular (resp. dominant) if for any a € A,
ma(A) # 0 (resp. ma(A) = 0).

2.2. Schur-Weyl elements. For any ring A and a commutative group X, let A[X]
denote the group algebra of X with coefficients in A. We work with multiplicative
(exponential) notation. A basis for A[X] is given by the elements indexed by e* for

x € A. The group law is expressed by e”.¢? = ™Y, z, y € X. The action of the
A A

Weyl group is seen as, we* = e"".

For a weight A € P, define the Schur-Weyl element S(\) € Z[P] as,
S(\) = Z e(w)e” ™.
weW

The Schur-Weyl elements are alternating with respect to the action of the Weyl group
W on Z|[P],

The group algebra A[P] can be identified with a Laurent polynomial ring in 7-
variables over A, where r = dimg(F) is the rank of g. In particular, C[P] is a unique

factorization domain.

2.3. Weyl Character Formula. Let V' be a finite dimensional g-module. With
respect to the action of ), there is a decomposition,

V= eaﬂEPVﬂ—a
where V' ={veV|Xv=n(X)v, X €bh}.

are the weight spaces of V. The linear forms 7 for which V™ are non-zero are the
weights of V', and V7 is the subspace of V' consisting of eigenvectors of H with weight
7. The formal character xy € Z[P] of V is defined as,

Xv = Z m(ﬂ‘)eﬂ,

TeP

where m(7) = dim(V7™) is the multiplicity of 7. The character is invariant under the
action of the Weyl group.

The irreducible finite dimensional g-modules are indexed by elements in A € P+,
given by Cartan-Weyl theory. To each dominant, integral weight A, we denote the
corresponding irreducible g-module with highest weight A by V) and the formal char-
acter of V) by x,. The Weyl character formula gives the formula for the formal
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character y:
(2.1) Weyl character formula:  xx = S(A+ p)/S(p),

where p is the Weyl weight defined by the equations,

p=5 S a=w

acdt aEA
Remark 2.2. Tt can be seen as an application of the Weyl character formula (or directly
by induction), that for A € P™*, the element S()) is non-vanishing,.

2.4. Divisibility. For any weight \, define
(2.2) d(A) = g.cd{ms(N) | « € A}

Equivalently d(\) can be defined as the largest integer d for which dp divides A (a
regular weight p is said to divide a weight \ if for every a € A, the coefficient m (1)
divides mq(A)).

Example 2.1. For SL(r), denote by w;, 1 < i < r—1 the set of fundamental weights
given by the highest weights of the i-th exterior power of the natural representation
of SL(r). For A\ = (ay,a9,--+ ,a,) a weight of GL(r), the coefficients are given by
m;(\) = a; — a;41. If the weight A is normalized so that a, = 0, then the definition of
d()\) given in the previous section agrees with the above definition.

The following proposition, especially the divisibility aspect is of fundamental im-
portance to us in this paper, needed in the formulation as well as the proof of the
main theorem (in establishing the inductive argument in the proof of Proposition
5.1):

Proposition 2.1. (a) (Factorization of Weyl denominator). For any positive integer
d, there is a factorisation in the Laurent polynomial ring Z[%P],

(2.3) S(dp) = [ (e*/? — e
(2.4) = ] (™ —1).

(b) (Divisibility by Weyl denominator). For any weight X € P with greatest common
divisor d(\) and any natural number d dividing d(\) the element S(dp) divides S()\)
in Z|P]W.

(c¢) (Separability of Weyl denominator) The generalized Weyl denominators S(dp)

are separable elements in the ring C[P]
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Proof. Part (a) is well known. For d = 1, (b) is a restatement of [B, Proposition 2,

Chapter VI, Section 3.3, page 185]. For any natural number d, there are the ‘scaling’

maps [d] : Z|P] — Z[P] induced by multiplication by d on P. One has,
[dI(S(A) = S(dA).
Part (b) now follows from the ‘universal’ divisibility that S(p) divides S(\).

A proof of (c) is given later as Corollary 9.1 in Section 9.

2.5. Duality. It was pointed out by P. Deligne that for a general simple Lie algebra,

there are extra factors which arise whenever there are at least two roots of different

lengths in a root system for g. These extra factorisations arise from duality: the

weight lattices of the root system and its dual are seen to be commensurable lattices

in £/ as W-modules. Normalizing the square of the length of the shorter root to be

2, this can be seen by the standard identification o = 2a/(a, ). If the root system

is not simply laced, then these lattices are not isomorphic. This gives raise to new

factorizations as the Weyl denominator weights p and p* are not rational multiples

of each other.

Let a; (resp. as) be a long (resp. short) root in E. Define,
(2.5) m(®) = (ay, )/ (as, ).
The classification of root systems imply that the possible values of m(®) are,
1 if ®isof type A, D, E,
m(®) =12 if ®is of type B, C, F,
3 if ® is of type G.
The map

(2.6) af = 2a/(a, ).

provides a W-equivariant identification of the co-weight lattice P* with a lattice in
E (for the extended action of W on FE). Via this identification, if the short root is

normalized to have the square of its length as 2, we get

2.7) . We if « is a short root,
: Wy =
wo/m(P) if a is a long root
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We identify P* with its image in E. The lattices P and P* are commensurable in F.
Let

(2.8) P =m(®)P.
Let p* denote the Weyl weight of the dual root system defined by ®*. Define

(2.9 p=m(®)p = 3 m@)e + Y o

aEA, N
where Ay = AN®, (resp. A, = ANP;), and D (resp. D) is the subset of ¢ consisting
of the short (resp. long) roots. From the formula for m(®), it follows that p = p
precisely for the simply laced root systems (of type A, D, E). It can be seen that
the element p is a generator of the group Qp* N P.

The Weyl group invariance of the pairing allows us to transfer the factorization
and divisibility relations for the Schur-Weyl sums of integral multiples of p* in the
group ring Z[P*] to the group ring Z[P] of the lattice P. The point is that when
there are at least two roots having different lengths, this gives us new factorizations
and divisibility relations. This is expressed by the following proposition ‘dual” to

Proposition 2.1:

Proposition 2.2. (a) (Factorization of dual Weyl denominator). For any positive

integer d, there is a factorisation in the Laurent polynomial ring Z[%P],

(210) S(dﬁ) — H <€dma/2 . efdma/2) H (eda/Z . efda/2)
acdy a€<1>l+
2.11) — e I (et — 1) T (e 1),
acdt ae@f

(b) (Divisibility by dual Weyl denominator). If dp|\, then S(dp) divides S(\) in
Z[P].

(¢) (Separability of dual Weyl denominator) The elements S(dp) are separable in
the ring C[P].

We refer to elements of the form S(dp) or S(dp) as elements of (generalized) Weyl
denominator type in Z[P].

2.6. Factors of S(\) of Weyl denominator type. For A # p a dominant regular
weight in P**, define

(2.12) D(X) = Lemigp)n, apea(S(dp), S(ep)),

ehlA, epEN
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where the l.c.m. is taken in the Laurent polynomial ring Z[P]". By [B, Theorem 1,
Ch. VI, Section 4, page 188], the ring Z[P]" is isomorphic to a polynomial ring over
Z in r-variables:
ZIP\W ~ Z[{ws | a € A}].

Hence the units of the ring Z[P]"" are isomorphic to {1,—1}. With respect to the
dominant order (a weight is non-negative if it can be written as a non-negative linear
combination of positive roots), the leading term of S()) is given by e*. The least
common multiple in the definition of D(\) in the above equation is taken to be the
element whose coefficient of the leading monomial occuring in D(\) with respect to

the dominant ordering is positive (equal to 1). Define,
(2.13) C(N) = S()/DN),

to be the quotient of the Schur-Weyl sum S()) divided by the obvious factors arising
from the Weyl character formula and duality. Since S(A) is alternating, it follows
that C(\) € Z[P]V.

We now look at the structure of D(\). If A = m(®)A* for some A* € P*, define
(2.14) d*(\) =d(\*) = g.e.d{m:(\*) | a € A}.

Equivalently d*(\) can be defined as the largest integer d for which dp divides A. Note

that we have the following inclusions:

(2.15) P* > P > m(®)P* D m(P)P.
Lemma 2.1. Suppose that X\ € P™" is neither a multiple of p or p. Then

S dN)p)  if A€ m(®)P\m(®) L P* for some i > 0,

(2.16)  D(A) = | |
S(d*(N)p), if X € m(®) TP \m(®) P for some i > 0.

Proof. An element A\ € m(®)"P\m/(®)"*1 P* for some i > 0 iff m(®)’|m,(N), Va € A
and there exists a a € A, such that m(®)""! does not divide m4(\). If i = 0, then
p does not divide . For i > 0, suppose em(®)’p divides A\, with e coprime to m(®).
This implies that em/(®)7|m, () for all &« € A,. Hence, j < i—1, and it follows that
em(®)7p|X. But em(®)?p divides em(®)™p. Thus the lem can be taken amongst
factors of the form S(fp) with fp|A. Since A is not a multiple of p, the lem is given
by S(d(A\)p), and this proves the first case.

In the second case, if em(®)’p divides A with e coprime to m(®), then j <. Since
A € m(®)1P* it follows that A is divisible by em(®)?p, and hence the lem can be
taken with respect to such factors. This establishes the second case.
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2.7. The Main theorem. Our aim is to show that if A € P™" is neither a multiple
of p or of p then C()\) is absolutely irreducible. However the proof we have does not
prove this in full generality and has a gap for a class of regular weights of GGy and Fj.
We make the following assumption (see Proposition 5.2):

Assumption NMFG: Consider the root systems given by Fj; and G, and regular
weights A € P** be of the form,

A = uwy +vws +d(N)p,  d(N) = (u,v)

where w, (resp. wg) is the fundamental weight corresponding to the short (resp. long)
corner root « (resp. [3) in the Dynkin diagram such that the following inequalities
are satsified:

m(®)v >u+d(N\) and u>v+d(N).
Assumption NMFG is that for this class of weights, any W-invariant non-trivial fac-
torization is non-monic (see Definition 5.2 for the definition of a factorization to be

non-monic).
The main theorem of this paper is the following;:

Theorem 2.3. With notation as above, let A € Pt be a dominant reqular weight for
the root system ®. Assume further that Assumption NMFG is valid. If X\ # dp or dp
for some natural number d, then C(X) is absolutely irreducible, i.e., it is irreducible
in the ring C[P]V.

Remark 2.3. As for the case of GL(r), it should be possible to obtain the irreducibility
statement in the larger ring C[P], but we do not carry out this reduction out here.
Analogous irreducibility results can be obtained for characters of rational representa-
tions of simple algebraic groups G. Here the irreducibility results hold in the bigger
ring of regular functions of GG, rather than the ring of regular invariant functions of
G (see Theorem 3.2).

Remark 2.4. Lemma 2.1 allows us by the use of duality to reduce the proof of Theorem
2.3 to the case that

A€ m(®) P\m(®)P*,
for some ¢ > 0. In this case, D(\) = S(d(\)p) and we need to show that C'(\) =
S(N)/S(d(N)p) is irreducible. We will achieve this by showing that if C'()) is reducible,
then A € m(®)"*!P*, contradicting our choice of A (see Section 5).
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Remark 2.5. The scaling operation [d] : Z[P] — Z[P] given by mulitplication by d on
P allows a reformulation of the theorem using a slight modification of a ring used by
Bourbaki [B] in their formulation of the product expansion of the Weyl denominator.
Let
Py =P ®zQ,

and denote by C[Pp| denote the group algebra of Py with coefficients in C (we use
exponential notation). Observe that in this ring there exist elements which are in-
finitely factorizable, for example elements of the form e? — 1 for p € P. Further
an element C' € C[P] is irreducible as an element in C[Pp] if and only if [d]C' is
irreducible in C[P] for all natural numbers d, where [d] : C[P] — C[P] denotes the
algebra homomorphism induced by multiplication by d. Since P and the dual weight
lattice P* are commensurable in Py, the two group rings C[P] and C[P*] are both
contained in C[Pg]. In this ring of fractional Laurent polynomials, Theorem 2.3 can
be reformulated as saying that with the hypothesis of Theorem 2.3, the element C'()\)
is irreducible in the ring C[Pg]", where we can assume that d()\) = 1.

However we do not work with this ring any further, as there is no clear advantage

in working with this bigger ring.

2.8. An uniquness property. The following theorem expresses an uniqueness prop-
erty of ‘generalized characters’; in particular, that the highest weight A can be recov-

ered from knowing C(\) provided C'()) is non-trivial:

Theorem 2.4. Let R = (E,®,A) be a simple based root system and \;, p;, i =1,2
be dominant reqular weights for R. Assume that the weights p1, ps are of generalized
Weyl denominator type, i.e., they are an integral multiple of either p or p. Assume

further that p; divides \; for v = 1,2. Suppose there is an equality of the quotients,

S(A)/S(p1) = S(A2) /S (p2),

and that these quotients are not equal to 1.

Then Ay = Ao and py = pe. In particular, if Ay is neither a multiple of p nor p,
and C()\l) = C()\Q), then )\1 = /\2.

The proof of the theorem is given in Section 9. Together with Theorem 2.3 and the
explicit factorizations of the generalized Schur-Weyl denominators, this gives a proof
of the unique factorization of tensor products given by Theorem 1.1, but subject to
Hypothesis NMFG. We refer to Section 9 for more details.
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Remark 2.6. The uniqueness property is required for the proof of Proposition 5.2
that any symmetric factorization is non-monic, which in turn goes into the proof of
Theorem 2.3.

3. IRREDUCIBILITY PROPERTY FOR CHARACTERS OF IRREDUCIBLE
REPRESENTATIONS OF SIMPLE ALGEBRAIC GROUPS

In this section we extend the irreducibility results of the previous section to charac-
ters of finite dimensional representations of simple algebraic groups. For an algebraic
group H, denote by O(H) the algebra of regular functions on H. If a group L acts
on H, we denote by O(H)" the ring of regular functions on H which are invariant
with respect to the induced action of L on O(H).

Let G be a connected, simply connected, almost simple algebraic group over C.
Since G is simply connected, by a theorem of Fossum, Iversen and Popov (see [FI],
[KKLV1], [KKLV2]), the Picard group of G is trivial. Hence the ring O(G) is factorial.
We have the following:

Proposition 3.1. Let G be a connected, simply connected, almost simple algebraic
group over C. Suppose f € O(G)Y is an invariant reqular function on G with respect
to the adjoint action of G on itself. Then any irreducible factor of f in O(G) is

invariant with respect to the adjoint action of G on itself.

In particular, if f is an irreducible element in O(G)%, then it is irreducible in

0(G).

Proof. Suppose there is a factorization

(3.1) f:pl...p'f”

in the ring O(G), where p; are irreducible elements in O(G). The group G(C) acts
by conjugation on O(G) leaving invariant the element f; hence it acts by permuting
the irreducible factors (upto units) pq,--- ,p,. Since G(C) is connected, this implies

that the permutation action is trivial,

ngzfz(g)pza 7':]-) ) T

where ;(g) is a nowhere vanishing function on G(C), and satisfies the 1-cocycle

condition,

&i(gh) = §i(g)h§i(h)~
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From the regularity of the action of G on O(G), we conclude that &;(g) is a regular
function on G, hence an unit in O(G). By a theorem of Rosenlicht ([KKLV1, page
78]) the units in O[G] are just the constants. Thus the G action is trivial on the units
of O|G]. This defines a homomorphism g — ¢, from the group G(O) to C*. Since
G(C) has no abelian quotients, this implies the cocyle is trivial, and hence p! = p;
for any ¢ € G(C). Hence the factorization given by Equation 3.1 actually holds in
O(G)“. O

Let T' be a maximal torus in G. By Chevalley’s restriction theorem, we have an

isomorphism
O(G)" ~o(1)",

between the algebra O[G]¢ and the algebra O(T)" of Weyl group invariant functions
of H. Let X*(T') denote the group of characters of T'. The ring of regular functions
O(T) on the torus T' can be identified with the group algebra C[X*(T)]. Since G
is simply connected, by a theorem of Chevalley it is known that these rings are
isomorphic to the polynomial ring in r-variables, where r is the dimension of T'. The
Lie algebra g of GG is simple. Choosing a Borel subgroup B D T of G allows us to
define simple roots, weights, etc. for g too. The lattice of weights P can be identified
with the character group X*(T') of T. Hence we have an identification,

(3.2) oMW ~ [PV,

To each dominant, integral weight A, denote the corresponding irreducible G-
module with highest weight A by V). Via the above isomorphism given by Equation
3.2, the characters of the representation of G and the Lie algebra on V) can be identi-
fied. In particular, the irreducibility results of the previous section can be transferred
to the context of invariant functions on the group. But we obtain a bit more by
combining Theorem 2.3 and Proposition 3.1 (we have also incorporated the scaling
operation):

Theorem 3.2. Let G be a connected, simply connected, almost simple algebraic group
over C of rank at least two. With respect to notation as above, let X be the highest
weight of an irreducible representation of G. Suppose that A + p is not a multiple of
either p or p, and that d(A + p) = 1. Assume further that Assumption NMFG holds
for the weight \ + p.

Then for any natural number d, the function g — xx(g?) is irreducible in the ring
of reqular functions of G.

Remark 3.1. For G ~ SL(r), r > 3, this is the theorem mentioned in the abstract.
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4. COFACTOR EXPANSIONS

The proof of the unique decomposition of tensor products of irreducible represen-
tations of simple Lie algebras (see Theorem 1.1) given in [R] is by induction on the
rank of the Lie algebra, by considering cofactor expansions of the Schur-Weyl ele-
ments occuring in the Weyl character formula. The same general principle is applied
to the proof of the irreducibility property of characters, with the expectation that an

inductive machinery can be setup.

4.1. Cofactor expansion for GL(r). We first recall the cofactor expansion of the
numerator of the Weyl character formula for GL(r). Let A = (a3 > ag > -+ > a,_1 >
a, = 0) be a regular weight of GL(r). The Schur-Weyl sum S(\) can be expressed as

a determinant,

S(\) = Z e(o)a:zl(l) .. 'IZT(})

oceW
= det(z}?).

This admits a cofactor expansion,
S\ (xy, -+, 2,) = x‘flS()\(l))(:cg, Cee L Ty) — ZC(IIQS()\@))(.%'Q, N
(41) e (_1) —23:!117«—254()\&—2))(%,27 e axT)
+ (_1)r—1($2 o xT)arAS(}\('r—l))(5(;27 .. 7$r),
where for 1 <i<r —2
)\(2) - (0/17 ag,y -+, Aj—1, ai+17 e 70/7‘)7
and
)\(7’*1) = (al — Q1,5 Qr—2 — Up_1, 0)7

are regular weights for GL(r — 1). For our purpose, we are interested only in the top
(resp. bottom) two leading terms, and not the full cofactor expansion as such.

r—1

In terms of the fundamental weights defined as in Example 2.1, if A = > '~ m;(Nw;
with m;(\) = a; — a;41, these weights can be expressed as,

(4.2) A = myNwi - (Wi,
(4.3) A = (my(\) + ma(\)w! ™ - my (Wwl 7,
(4.4) AT =y (V) mp (VWS

where we have put a superscript » — 1 to indicate that these are fundamental weights

for GL(r —1).
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4.2. Cofactor expansion. Our aim is to generalize the foregoing cofactor expansion
for GL(r) to that of a general simple based root system R = (E, ®, A) of rank r. The
above interpretation of the cofactor expansion in terms of the fundamental weights
leads us to consider corner roots in the Dynkin diagram of R and to decompose
the weight lattice P as a sum of the weight lattice corresponding to the simple Lie
subalgebra corresponding to the corner root of corank one and the fundamental weight

given by the corner root.

Choose a simple root @ € A. We will be primarily interested in the special case
when « corresponds to a corner vertex in the Dynkin diagram of R. Let A, = A\{a},
and let ®, C ® be the subset of roots lying in the span of the roots generated by A,,.
Let

Eo= ) Ra={p€FE|<w),p>=0}
a€lq
It is known that R, = (E,, Po, As) is a based simple root system of rank r — 1.

Let W, denote the Weyl group of R,. It can be identified with the subgroup of
W generated by the fundamental reflections sz for 3 € A,. The following lemma
provides a W,-equivariant decomposition of P, a complement to FE, inside E (see R,

Lemma 3]):

Lemma 4.1. Let w, (resp. w?) denote the fundamental weight (resp. coweight)
corresponding to the simple root . The isostropy group of w?, is precisely W,. There
18 Wy -equivariant decomposition,

E=Rw,®E, and E*"=Rw®E,".

Via the above decomposition, the rational weight lattice PRQQ admits a W, -equivariant
splitting,

P®Q=Quw,®F®Q,
where the weight lattice P, of the root system ®, can be identified with the subspace
of P,

(4.5) P,=Ker(w})={m € P|<w,,m>=0}.
Further, there is a W-equivariant inclusion,
(4.6) Pcz—2 _gp,

< Wi, Wo >

The last assertion follows from the fact if © € P takes integral values on the simple
coroots, then it’s projection to E, also takes integral values on the simple coroots
6%, B € A,, as w, is orthogonal to all such 5*.
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Denote by [, the rational weight,
1

4.7 [,= ———
( ) < Wk, Wq >

Wea-

With respect to the decomposition, a weight m € F, can be written as,
(4.8) T =wh(m)ly + 7%,

where ¢ € P,y = P, ® Q d efined by the above equation, is the W,-equivariant pro-
jection of 7 along w, to E,. The integer w?(m) (or the rational number w? (7)/wi (wq)

will be referred to as the degree of 7 along [, (or along w, or «).

Let w be a fundamental weight of ® distinct from w,. It follows from Equation 4.8
that w® is a fundamental weight for the root system ®,. In particular, the projection
p* of p = p(®) is the sum of the fundamental weights of ®,. i.e., equal to the Weyl
weight of the root system ®,.

Suppose U is an element of C[P]. Write

U= Z a,(U)et.

neP

Define P(U) to be the set finite of weights occuring in U,

PU) ={pn e PR |a,(U) # 0},

Expand U in terms of the ‘degree along o’ as,
U=> Usui
i>0
where
(/)z,u—i = Z (IM(U)GM.
pePU), wi (p)=u—i
If U is W-invariant, then the terms U/ ,_. are W,-invariant. The term U’

a,u—1 a,u—1

can
also be written as,

U(; u—i e(u—i)la Ua u—1
where we now consider U, ; as an element of C[P,]. Define the cofactor exzpansion of
U along « as,
(4.9) U=> ety ;.

i>0

The element U, ,, € C[P,] will also be referred to as the leading coefficient of U along

Q.
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For any integer ¢ > 0, we refer to the term U, ,_; as the i-th codegree term in the
cofactor expansion of U along « (see Section 9 where we use this notation).

Example 4.1. If we consider the cofactor expansion of S(A) for GL(r), the top degree
coefficient is the leading coefficient corresponding to the cofactor expansion along the
simple corner root e; — ey (standard notation). Upto a monomial term, the constant
term is the leading coefficient in the cofactor expansion of S(\) along the other corner

fundamental root e,_; — e,.

4.3. Cofactor expansion of S(\). We now describe the cofactor expansion of the
Schur-Weyl sum S(A). Let W («) be a set of right coset representatives for W, in W,
i.e., a section for the projection map W — W,\W. For any element w € W, and
s € W, the value

wi(wsA) = (ww)(sA) = wi(s\)

is a constant for any weight A. Hence the Schur-Weyl sum S()\) can be expanded as,

S =) et ( > e(w)e(“”‘)a> ,

d€eZ weWy
(410) _ Z ew:;(s)\)las((s)\)a)
seEW (o)

where W;={w e W |w)(w\) =d},

and for each s € W(a), S((s\)®) refers to the Schur-Weyl sum of the weight (sA)“
belonging to the root system R,. In the above notation,

SNaa =Y S((sN)),

where the sum ranges over s € W(a) such that w}(s\) = d.

We are interested in the first two leading terms in the above expansion. Given a
regular weight \ € P, define

(V) = max{uwA(w}) | w € W},
U 2(A\) = max{wA(w}) | w € W and wA(w}) # an1(N)}.
The following lemma is proved in [R, Lemma 4]:
Lemma 4.2. Let X be a reqular weight in P, and o € A.
(1) The largest value an1(N) of (WA)(w) for w € W, is attained precisely for
w € Wy. In particular,

Ao 1(A) =< Wi, A > .
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(2) The second highest value of as2(X) is attained precisely for w in Wys,, and
the value is given by

Aa2(AN) = Wh(SaA) = a1 (AN)— < a™, A >= a4 1(X) — ma(N).

Assume now that « is a corner root. Then R, is simple. As a corollary of the
above discussion, we obtain the first two terms for the cofactor expansion of S(\)

along wy:

Lemma 4.3. With notation as above, let X = Y5\ ms(N)ws. The cofactor expan-
sion of S(\) given by Equation (4.10) is,

(4.11) S(\) = etetWlag(\@) — gta2Nla (5, \)¥) + L(N),

where L(X) denotes the terms of degree along l, less than the second highest degree.

In terms of fundamental weights,

(4.12) A=) mp(Aw,
BEAG
(4.13) (8aA)™ = A% + Mg, (@) |ma (N wl,

where o, is the unique root connected to o in the Dynkin diagram of R.

Proof. We need to prove only the last formula. By definition,
Sad = A— < a", A >a=X—m,(\)a.

Since R is simple and « is a corner root, the term mg(a) =< (*, a > vanishes if 3 is
different from o and «,,. Hence, in terms of fundamental weights,
(4.14) a= Z mg(a)ws = 2wy + Ma,, () Way, »

BEA

where m,,, (o) =< o, a > is a negative integer. Putting all this together yields

(8aN)® = X + |maq, (@) ma(N)ws

Qn

(4.15) = (Mo, (N) + [ma, (@)ma(A\)ws, + > ma(Aws.
BF#o, om

O

Example 4.2. For GL(r), |m,,(«)] = 1, and this gives the formula expressed in
Equation 4.2:
A® = my (Al 4 AW,
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4.4. Eisenstein criterion. We now state the equivalent in our context of the obser-
vation used in the proof of the classical Eisenstein criterion regarding irreducibility
of polynomials. We first assert the separbility of S(\):

Lemma 4.4. Assume that Theorem 2.3 holds for the based simple root system R =
(E,®,A). Then for any dominant reqular weight u, the Schur-Weyl sum S(u) is a
separable element in C[P)].

Proof. This is a simple consequence of the hypothesis and the separability of general-

ized Weyl denominators given in Part (c) of Propositions 2.1 and 2.2 (see also Section
9). O

We now formulate the classical Eisenstein criterion in our context:

Lemma 4.5 (Eisenstein criterion). Assume that Theorem 2.3 holds for any irreducible
based root system of rank less than that of R = (E,®,A). Let A be a dominant reqular
weight and U be a factor of S(X). Then for any a € A and for any i < mq(N), the
leading term Uy, in the cofactor expansion given by Equation 4.9 divides Uy ,—; in
the ring C[P,].

Proof. Let pn = A*. By the previous lemma, S(u) is a seperable element in C[P,].
Further the terms of degree d in the cofactor expansion of S(\) along « vanish in the
range

Ao 1(A) > d > an2(N) = aq1(A) — ma(A).

The proof of the classical Eisenstein criterion now applies to establish the lemma. [

5. KEY LEMMAS AND THE PROOF OF THE MAIN THEOREM

In this section we present the key propositions and the deduction of the main
theorem from these propositions. The heart of the proof of the main theorem is the

following proposition:

Proposition 5.1. Let R = (E,®,A) be a simple based root datum of rank I, not
isomorphic to Fy or Gs. Let u be a regular weight in P,y and n = p + cw, for
some positive integer ¢, where w, is the fundamental weight corresponding to o € A.
Assume that o is a corner root in the Dynkin diagram for R if R is not simply laced.

Assume further that Theorem 2.3 is valid for all simple Lie algebras of rank less than

l.
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Let e|d(p) and dle, e # d be natural numbers. Suppose there exists symmetric
non-unit elements U, V € O[P|W satisfying the following:

(5.1) UV = C(u,d).

o The factor V of C(u,d) divides C(ep,d).
o There exists elements X, Y € O[P] such that

(5.2) UX +VY =C(n,d).
Then the following holds:

(1) If R is simply laced or if o is a short root, then (e,c) > d.
(2) If R is not simply laced and o is a long root, then (e, m(P)c) > d.

Remark 5.1. Although the proposition can be shown to be valid for Fy and G, for
the proof of the main theorem, we will not require the Fy and the G5 cases of the
foregoing proposition.

Remark 5.2. When & is of rank one, the above proposition translates to a statement
about factors of a cyclotomic polynomial, such that their combination is equal to
another cyclotomic polynomial. The proof of the proposition is arithmetic and is
given in Section 6. Further, it is not required that the factors U and V be invariant.

For higher ranks, the arithmetical proof for si(2) does not generalize, as the arith-
metical properties of a character, if any, are not easy to understand. The proof is by
induction on the rank and is given in Section 7. The invariant condition on the factors
is required, to ensure that there is a corner root such that the leading coefficients of

U and V are not units (see Proposition 5.2).

5.1. Non-monic invariant factorizations. In order to reduce the proof of the main
theorem to that of Proposition 5.1, we need to rule out certain types of factorizations:
factorizations such that in the cofactor expansion along any corner root, at least
one of the factors is monic. In the case of GL(r) we are working with symmetric
homogeneous polynomials in r-variables. We look at the polynomials as a polynomial
in x; with coefficients polynomials in the variables x5, -- , z,. In this case, we want
to rule out factorizations, where one factor is monic and the constant coeffecient of
some factor is monomial. (we call such factorizations as monic factorizations, see also
Example 4.1).



IRREDUCIBILITY OF IRREDUCIBLE CHARACTERS 23

Let R = (E,®, A) be a based simple root system of rank r. Let o € A be a corner
root in the Dynkin associated to F.

Definition 5.1. An element U € C[P] is said to be monic with respect to «, if
there is an unique weight u, € P(U) with maximum degree amongst all the weights
occurring in U, i.e.,

wy(ta) = wy(p) V€ PU)

with equality if and only if © = p,.

If we further assume that U € C[P]", since the ring C[P]" is isomorphic to a
polynomial ring in r-variables, the element pu, is well defined. By symmetry we
observe that pu, is fixed by the subgroup W, of the Weyl group W fixing w,. Hence
Lo = Uw, for some integer u.

Definition 5.2. Let C' be an element in C[P], and suppose there is a factorization
C' = UV in C[P]. The factorization is said to be non-monic, if there exists a corner
root « in the Dynkin diagram of R, such that both U and V' are not monic along «.

We show that any possible invariant factorization is non-monic under the assump-
tion NMFG:

Proposition 5.2. Let R = (E, ®, A) be a simple based root system of rank r. Assume
that Theorem 2.3 is valid for all simple root systems of rank strictly less than r. Let

A be a dominant regular weight for (E,®, A). Suppose there is a factorization,
C\) =0V,

where both U and V are in C[P]V. Then this factorization is non-monic, except when
the root system s of type either Gy or Fy and the weight X is of the form,

A =uwy +ovwg +d(N)p, d(N) = (u,v)

where w, (Tesp. wg) is the fundamental weight corresponding to the short (resp. long)
corner root « (resp. [3) in the Dynkin diagram such that the following inequalities are
satsified:

m(®)v > u+d(A) and u>v+dN).

Remark 5.3. Proposition 5.2 can also be considered as establishing the irreducibility
property in C[P]" for a ‘general weight ), i.e., those for which the leading coeffecient

of C(A\*,d())) along any corner root « is irreducible.

5.2. Proof of Main Theorem. We now prove Theorem 2.3 assuming the validity
of the above Propositions 5.1 and 5.2. First of all by duality (see Remark 2.4), we
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can assume that A is an element of m(®)*P\m(®)""!P* for some i > 0. In this case,
the greatest common divisor D(\) of the ‘obvious’” Weyl denominator type factors of
S(A) is S(d(N)p), and we need to show that C(\, d) = S(A)/S(d(X)p) is irreducible,
where d = d(\).

Suppose there is a factorization in C[P]",
(5.3) C(\,d) = QR.
We have C(),d) € Z[P]" and the coefficient of e* is 1.

Claim: Given any natural number N, there exists a UFD O C C such that the
rational primes p < N are not units in O, and @ and R are in O[P]" upto multiplying

by constants.

Proof of Claim. The claim goes under the name of Lefschetz principle, and for the
sake of completeness we give a proof based on Gauss’ lemma: Suppose A is a UFD,
and C' € Alxy, -+ ,x,] is a polynomial such that the ged of its coefficients is a unit
in A. Then if C' admits a factorization in K[xq,--- ,z,] where K is the quotient field
of A, then it admits a factorization in Afzy,--- ,x,].

To prove the claim, by attaching the coefficients of ) and R, we can assume that
the factorization is over a finitely generated field E over Q. Let F' be the alge-
braic closure of @Q in F; this is a finite extension of Q and FE is a finitely gener-
ated purely transcendental extension over F. We can write F as the quotient field
of A = F[&, - ,&] for some algebraically independent generators &;,--- ,&. By
Gauss’ lemma, we can assume (after multiplying by some units) that the factors @
and R belong to A[xq,--- ,x,]. By considering them as polynomials in the variables
&0 &, T, -+, x, and by degree considerations, we see that the coefficients of ()
and R have to lie in the number field F'.

Let Or be the ring of algebraic integers in F. By inverting the primes ¢ > N,
we get a semilocal ring @. This is a UFD and the primes p < N are not units. By
Gauss’ lemma, the factorization is defined over O[P]" and this proves the claim.

Let N be a natural number greater than 2m(®)(>_, .o ma(A)). We also assume
that O contains the N-th roots of unity.

By Proposition 5.2, choose a corner root g of the Dynkin diagram of R such that
the leading coefficients U (resp. V) of @ (resp. R) along oy with respect to the
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co-factor expansion of @ and R along aq are not units in the ring O[P,,]"o. Let
=A%,
Then
(5.4) C(u, d(N)p) =UV.

The main observation that in conjunction with Proposition 5.1 will allow us to prove

Theorem 2.3 is the following:
(5.5) d = d(A) = (d(p), may (X)) = (d(A*), d((sa,A)*))-

The cofactor expansion of () and R is given by,
(5.6) Q=Y e N0Qu 4, R=D eNoR,
i>0 >0
where we have denoted by ¢ (resp. r) the degrees of the cofactor expansions of @

and R along a. Further since () and R are assumed to be invariant, the coefficients

Qag.q—i and Ry, ,—; are W, -invariant.

By Eisenstein criterion Lemma 4.5, the leading coefficient U (resp. V') of @ (resp.
R) along aq divides Qugq—i (resp. Rayr—i) for i < ng,(A). Upon substituting the
cofactor expansions of () and R in equation 5.3, we see that there exists elements
X,Y in the ring O[P,,]"o such that,

(5.7) UX+VY =C(n,dN)).
Here 7 is given by the formula in Lemma 4.3:
(5.8) 1N = (5a0A)" = p+ cwp?,

where « is the unique root in the Dynkin diagram attached to R that is connected

to the corner root ayq, and c is given by

¢ = May (A)ma(a0)]

(5.9) m(P)ma,(A) if ag is long and « is short,

Mg (A) otherwise.

We now analyze the possible factorizations of C'(p, d()\)) assuming the validity of
Theorem 2.3 for R,,,, and apply Proposition 5.1 to the root system R, together with
Equation 5.5 to arrive at a contraduction (and thus prove Theorem 2.3).
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Case (i). We first analyze the case where the root system R, is either simply
laced, or if not simply laced, then p does not belong to m(@ao)i“szo.

If 1 is not of Weyl denominator type, then
(5.10) Cp, d(N)) = C(p, d(p))C(d(p), d(X)),
where C'(u,d(p)) is absolutely irreducible. In this case, let
e=d(p), d=d(\), and de.
We also assume that V' divides C(ep, d).

If u = ep is of Weyl denominator type, then V' (and U too) divides C(ep, d).

Now suppose that we are not in the case where g is long and « is a short root.
Then, by Equation 5.9,
€= Mgy (N).

Applying Proposition 5.1,

and this gives a contradiction.

Assume now that we are in the situation where «aq is long, « is short (and g does
not belong to m(®a,) ™ P2 ). In this case, the root system R is simply laced and
let e = d(p), ¢ = m(P)my,(A). By Proposition 5.1,

(5.11) (d(p), m(®)ma, () > d.

We concentrate only on the contribution by the prime number m(®) to the compu-
tation of the ged’s. Since we have assumed that A € m(®)"\m(®)" P* this implies

d() = m(®)d () with (d(u), m(®)) = 1.
Write d = m(®)'d’" with d' coprime to m(®). Let mgy,(\) = m(®)'m., (\) where

@Q

m/, () is a natural number. Substituting we get the following couple of equations,

(d'()m (@), m (@) my, (A)) > m(®)'d

(d/(:u>? My ()\>> = dla
These equations imply that m(®) divides d’(u) contradicting the choice of A.

(5.12)

Case (ii). Now suppose that the root system R,, is not simply laced and u €
m(@ao)”lpgjo. From the classification of the Dynkin diagrams, this can happen only
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when both « and its neighbour o € A have the same lengths. Further m(®) =
m(Pay)-

Now if oy is a long root, the assumption that p = A* lies in m(®)"*' P} implies
that A belongs to m(®)"! P*, a contradiction since we have assumed that A is not an
element of m(®)"+ P*.

Hence we can assume that both ag and a are short roots. If m(®)"! divides
My, (A), then by our assumption on p, we get that A € m(®)**P*, contradicting our

initial choice of X\. Hence, we can write
Mao (A)) = m(®)'m/,
with m/ coprime to m(®).

We have a factorization (assuming p is not of Weyl denominator type)

(5.13) Cp, d(N) = Cp, d*(p)p)C(d" (1) p, d(N)),

where d*(u) defined as in Equation 2.14 is the largest integer such that dp divides p.
The factor C(d*(u)p, d(N)) divides C(m(®)d*(p)p,d(N)). In this case, we take

e =m(®)d"(n), d=d).
We assume that V' is not coprime to C(ep, d).

If i is of Weyl denominator type then both the factors divide C(ep, d), where e is
defined as above.

By Proposition 5.1,
(m(@)d" (1), may (X)) > d.
Since p € m(®)"1P* | it follows that d*(u) is divisible by m(®)’. We argue as above,

aQ?

and write
& (1) = & (m(@), d=m(®)d,
where d’ is coprime to m(®). The above inequality can be written as,
(m(®)d'(p),m’) > d’
On the other hand, Equation 5.5 yields,
d' = (d(p)/m(®)",m’).

Since d*(u) divides d(u), it follows that the only way this is possible is if m(®) divides
m’. This contradicts our choice of A.
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Hence Theorem 2.3 is proved modulo the proofs of Propositions 5.1 and 5.2.

6. AN ARITHMETIC LEMMA

In this section we give an arithmetical argument to establish Proposition 5.1 when
the root system is isomorphic to sl;. This turns out to be an arithmetic statement in
the context of polynomial ring in one variable over suitable rings. It is this arithmetic
statement that is at the heart of the proof of the main theorem in the general case.
The proof of the main theorem is to reduce by induction on the rank to the arithmetic
statement (and not to the irreducibility of characters say of GL(3)). In retrospect,
as irreducibility is connected with divisibility, it is to be expected that the proof of
an irreducibility result depends on some arithmetic.

We first recall the following elementary lemma from cyclotomic theory.

Lemma 6.1. Let e be a natural number and let (. denote a primitive e-th root of

unaty.
i) If e is composite, then (1 — () is a unit in the ring Z[C.].

ii) If e = p* for some prime number p, then (1 — (.) divides p in the ring Z[(.].
In particular if p|N, then (1 — () is not a unit in the ring Z[(.|; thus in any ring O
containing Z[C| in which p is not invertible.

Proof. Let

O, (z) = = =l+a+- - +2m

x—1
We have ®.(1) = e. Further if e and f are coprime natural numbers, then ®. and ®;

are coprime polynomials.

For coprime natural numbers fi,--- , f dividing e, define

k
Pefri(t) = Pelw)/ [ @)= ][ (@0,
=1 ce=1,¢fi#1
where ¢ goes from 1 to k in the above product. The ged of the coeffecients of ®.(z) is
1, and it is clear that [J_, @, (z) divides ®,(x) in the ring Q[z]. Hence by Gauss’s
lemma, ®..f, .. 5, (z) € Z|x].

Let e = pi' - - - pi* be the factorization of e into primes, where p; # p; are mutually
distinct rational primes. Since @e:pil,m’ka (1) =1, i) follows from the above product

decomposition for (I)e:p’l”l ok ().
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Similarly, ii) follows from the fact that

O i1(1) = p.

pkp
U

Remark 6.1. The proof uses the fact that we are working over a characteristic zero

ring.

Let N be a natural number (to be chosen later depending on the dominant regular
A), and let O be a ring of characteristic zero such that the prime numbers p < N are

not units in O.

The basic arithmetic proposition is the following:

Proposition 6.1. Let e, f be natural numbers not bigger than N and divisible by a
natural number d. Suppose there are non-unit elements U, V € Olx] and elements
X, Y in Olx] satisfying the following:

(6.1) UV =d.,
(6.2) UX+VY =5y

Then the greatest common divisor (e, f) of e and f is strictly greater than d.

Proof. For a natural number e let u, denote the group of e-th roots of unity; for a
rational prime p let p1,0 denote the group of roots of unity of order a power of p. By
enlarging O by adjoining roots of unity, we can assume that U and V factorizes into
linear factors in O[z]. Given a polynomial W € O[z], let Zy, denote the zeros of W
in O. Upto units in Olz], there is a factorization
U)= [ -¢"2), V)= []0-¢),
CEZy CEZy

so that
(6.3) ZyU Zy = ple,d) = {C | ¢ = 1,¢% # 1},
We first make the following claim:

Claim: there exists v € Zy (or Zy) and ¢ € Zy (resp. § € Zy) such that y714 is

an element of prime power order for some rational prime p.

Proof of Claim. Choose an element v € Z;, such that « can be expressed as a product

v = -+ having the following properties:
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® i € pyee for some rational primes p;.
o p;#pjforl<i, j<k
e k is minimal amongst all v € Zy.

Since Zy is non-empty such a choice is possible by Chinese remainder theorem.
Suppose for some 4, § := ;' € Zy. Since ~; is p-primary,
o=

is p;-primary, and this proves the claim in this case.

Hence we can assume that for any i = 1,--- ,k, vy, * € Zy U p,. But since k is
minimal, this implies that
Vi€ pa
for every i = 1,--- k. If £ > 1, then this implies that v € ug4, contradicting the fact

that Zy is coprime to ®4. Hence we see that there exists an element v, € p,~ N Zy

for some rational prime p.

Similarly arguing with Zy,, we obtain an element d, € pgo N Zy for some rational

prime gq.

If ¢ = p, then take v = 7, and 0 = ¢§,. This establishes the claim since the
polynomial ®, is separable, hence v~1§ # 1.

Assume now that p # ¢. It follows that the element ~,0, belongs to the set p(e, d)
defined as in Equation 6.3. If it belongs to Zy (resp. Zy), then the pair v = ,4,
(resp. 6 = 7,0,) and 0 = J, (resp. v = 7,) produces the elements as required by the
claim. This proves the claim.

Now we deduce the proposition from the claim. Upon substituting z = §, we get
(6.4) U(0)X(0) + V()Y (6) = Dra(9).

We have V() = 0 and
@)= [Ja-¢o).
(eZy
By the claim, there exists a factor of the form (1 —~7'4) of U, such that v € =
for some rational prime p. By Part ii) of Lemma 6.1, this implies that U(J) is is not
a unit in O. So the left hand side of Equation 6.4 is not a unit. Now,

bra(d) = [[ (1=¢0).

Cen(f,d)
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Suppose (e, f) = d. Then for any pair of divisors €'|e, f’|f with d dividing ¢’ and f
and not equal to either ¢ or f/, the least common multiple of ¢’ and f’ has at least
two distinct prime factors. Hence for any ¢ € u(f,d) of order f’ (take d to be of order
e'), the factor (1 — (') is a unit. Hence ®;,4(d) is a unit, contradicting Equation
6.4, and this proves the proposition. 0

Remark 6.2. The proof of Proposition 6.1 given out here uses characteristic zero
methods. Consequently, the proof of the absolute irreducibility of characters (Theo-
rem 2.3) given in this paper does not carry over to positive characteristics, even for

those admissible weights for which the Weyl character formula is known to be valid.

Remark 6.3. Let A = (a1 > ay > 0) be a regular weight for GL(3), with ged (a1, a2) =
d. Consider a factorization C'(\) = UV such that the leading coefficients U, and V;,
respectively of U and V' considered as a polynomial in the variable z; with coefficients
polynomials in x5, 3 are not monomials. A little argument using divisibility as used

in the proof of Eisenstein criterion, yields a pair of equations of the form,
UV, = (25 — 25°) /(2§ — 25), UX + V.Y = (23" — 2"/ (2§ — a5),

for some polynomials X and Y. Proposition 6.1 applies to give a contradiction. The
entire schema of this paper is built around this proof.

For the root system given by sl,, the fundamental weight is given by p. The ring
C[P] can be identified with the ring of Laurent polynomials C[z, z~!] by substituting
x = ef. For any pair of natural numbers e, d with d|e, the element C(ep,d) can be
written as,

e —e 2e 1
(6.5) Clep,d) = ——— = e

2d — p—d 224 _ 1

Corollary 6.1. Proposition 5.1 is valid for the root system given by the Lie algebra

e—d
z c1)26,261-

sly, i.e., let e, ¢, f = e+ c be natural numbers and let p = ep, n = fp = (e+c)p
be dominant weights for the root system A;. Let d be a natural number dividing
e, c. Suppose there are non-unit elements U, V € Olx, 2™ and elements X, Y in

Olz, 27| such that the following pair of equations are satisfied:
(6.6) UX + VY = C(fp,d),

(6.7) C(ep,d) =UV.

Then (e,c) = (e, f) > d.

Proof. From Proposition 6.1, and by Equation 6.5, we get (2e,2f) = 2(e, f) > 2d.
Hence it follows that (e, f) > d. O
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Remark 6.4. We do not actually require that U and V' are WW-invariant in the above
corollary. The invariant hypothesis is required in the induction step of the proof of
Proposition 5.1 at the stage when we use Proposition 5.2.

7. PROOF OF PROPOSITION 5.1

In this section we give a proof of Proposition 5.1 for a simple based root system
R = (E,®,A) of rank [ < r, needed for the proof of the main theorem for a simple
root system of rank r. In the rank one case, Proposition 5.1 is proved as Corollary 6.1
in the last section using arithmetic methods. In contrast the proof in the higher rank
case proceeds by induction on the rank; we reduce to a lower rank situation using

Proposition 5.2.

A fundamental ingredient in the proof of Proposition 5.1 is the ‘universal divisibil-
ity’ of the Weyl denominator as in Proposition 2.1. This is applied in the following

manner:

Lemma 7.1. Let d be a natural number and let U be a factor of either S(dp) or
S(dp). Suppose « is a corner root. Consider the cofactor expansion of U along «,

U= Z eu=ila Unu—i-

>0

Then the leading coefficient U, ,, divides Uy ,—; for all i > 0.

Proof. 1t is enough, by duality, to prove the lemma when U is a factor of S(dp). The
leading coefficient of S(p) along « is given by S(p®), which is the Weyl denominator
for the root system R,. Scaling by d, implies that the leading coefficient S(p®) of
S(dp) along a divides all the coefficients in the cofactor expansion of S(dp) along «.
Now we apply the proof of the Eisenstein criterion to establish the lemma for any
factor U of S(dp). O

We now begin the proof of Proposition 5.1. The proposition is true for the rank
one root system by Corollary 6.1. By induction, assume that the proposition holds
for all simple root systems of rank less than [. By Proposition 5.2 (this is where we
use the fact that the factors are W-invariant; see also Remark 7.1 at the end of this
section) there is a corner root 3 of the Dynkin diagram of ® such that the leading
coeflicient Ug,, (resp. Vj,) of U (resp. V) in the cofactor expansion along (3 is not

monic.
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Suppose 3 # «. The root a considered as an element in the root system Rg
continues to have the same property regarding length, either short or long, as « has.
We have,

0’ =’ + cwy,
where w? denotes now the fundamental weight corresponding to « for the root system
Rs. Comparing the leading terms in Equations 5.1 and 5.2, we get

C(’,d) =UgsuVs,
UsuXpa+ Vs Yoy = C(n’,d),

where Xz, and Y}, are the leading coefficients of X and Y respectively. Since the
leading coefficient of C'(ep, d) along 3 is given by C(ep® d) and Vj,, divides it, we
obtain by the induction hypothesis that (e,c) > d if either Rz is simply laced or «
is a short root, and (e, m(®g)c) > d if Rz is not simply laced and « is a long root.
This establishes Proposition 5.1, since m(®g) = m(®) if they are non-trivial.

Now suppose § = a. In this case, we get
n*=p* and C(p* d)=Cn*d) =UsuVan-

and it looks as if it is impossible to set up the inductive process. The trick out here
is to observe that the universal divisibility of the Weyl denominator, together with
the fact that V is of Weyl denominator type allow us to perform the inductive step
by considering the expansion upto the second leading non-zero term of S(n).

Considering the leading terms, we get the following equations:
0(77&7 d) = an7uva,v

(7.1)
C(Tla, d) - Ua,uXa,a: + Va,vYa,y~

The separability of C'(n®, d) implies that U, ,, and V,, are coprime. Hence the above
equations imply that V, , divides X, ,.

We continue comparing the coefficients in the cofactor expansion along « of the
equation,
S(n) = (UX+VY)S(dp).
Let T = S(dp). Denote by s (resp. wu, v, x, y, t) the degrees of S(n) (resp.
U, V, X, Y, T) with respect to the cofactor expansion along a. Here s = w}(n), and

we have
wy () — wa(sa(n)) = ma(A).
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Upon equating the I>~%-degree term in the cofactor expansion of S(n) along a, we get
(72) Z quinij;ffk + Z ‘/vle;;fmT;ffn = S(n)sfm
i+j+k=a I+m+n=a

where we have suppressed the use of the subscript a. The coefficients S(n)s_, of
[57-degree term in the cofactor expansion of S(n) along « are given by,

S(n®) ifa=0,
(7.3) S(M)s—a =140 if 0 < a<ma(n),
S((sam)®) if a = ma(n).

To start the induction, we have V,, divides X,. By induction assume that V,, divides
X, for j < a. Now suppose 0 < a < mq(n) The right hand side in Equation 7.2 is
zero, and Equation 7.2 gives,
0=X,-oluS(dp™) + D UiXoofTox+ D VYT
i+j+k=a, i>0 l+m4n=a

Since V' is of Weyl denominator type, by Lemma 7.1, the leading coefficient V,, divides
all the coefficients V,,_; for all 7 > 0 in the cofactor expansion of V' along a. Further
in the second sum on the right, the assumption that ¢ > 0 implies that j < a. Hence
by induction and the fact that V,, is coprime to S(dp®) and U, we get that V,, divides
Xy for a < my(n).

Thus upon comparing the s —a = m,(n) term in Equation 7.2 we get
(UuXama + VoY) S(dp™) = S((sam)”),

for some element Y € O[P®]. Here we have used the fact that the leading coefficient
S(dp®) divides all the other coefficients T;_; in the cofactor expansion of S(dp). Now,
by Equation 4.12

(7.4) (sam)® = 1" + cawy,,

where «,, is the unique element of A that is connected to the corner root « (since
a = [3 is a corner root). The value of ¢, is given by,

= | <al,a>|ma(n)
(7.5) _Jm(®@)(ma(p) +¢) if o is long and ay, is short,
mq(p) + ¢ otherwise.

The projection wg, of the fundamental weight corresponding to a,, in R is the fun-
damental weight corresponding to the corner root o in the root system R,.
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Hence we can apply the induction hypothesis. Note, by assumption e|m,(u). If «
is long and «,, is short, then the root system R, is simply laced. By the inductive
hypothesis, we obtain,

(7.6) d < (e,cn) = (e;m(®)(ma(p) + ¢)) = (e, m(P)c),

establishing Proposition 5.1 in this case.

If R, is not simply laced and «,, is a long root, the inductive hypothesis again
yields,
d < (e, cn) = (€, m(Pa)(ma(p) + c)) = (e,m(P)c)

since m(®,) = m(®).

Finally, if either R, is simply laced or o is a short root in R, then the inductive
hypothesis gives,
4 < (e 0) = (e, (malp) + ) = (€,0).
This proves Proposition 5.1.

Remark 7.1. One can avoid the use of Proposition 5.2 in this proof, by trying to
prove directly the required statement. Indeed in the simply laced case, the leading
coefficients of a non-constant invariant V' dividing a generalized Weyl denominator
function S(dp), can easily seen to be non-trivial along any corner root. It is here that
we require the factor V' to be invariant. For the other term U, if it contains a factor
not of Weyl denominator type, it is not too difficult to see that there has to be at
least one corner root along which the leading coefficient is non-unit. It seems possible
to extend this argument to cover the non-simply laced cases too, and avoid using the

more general Proposition 5.2.

8. NON-EXISTENCE OF INVARIANT MONIC FACTORIZATIONS

Our aim in this section is to prove Proposition 5.2. For the proof, we require a
coprimality result given by Proposition 9.1, which we will prove in Section 9 as a
corollary of Theorem 2.4 establishing an uniqueness property of C'(\). The proof of
Proposition 5.2 is essentially based on the use of Eisenstein criterion (see Lemma 4.5),
together with Proposition 9.1 to obtain lower bounds for the degrees along the corner
roots of the factors U and V. These bounds suffice except for a class of weights for
Fy and G5 (Assumption NMFG).

8.1. Non-existence of symmetric monic factorizations for GL(r). We first give
the proof for GL(r). We restate Proposition 5.2 in the context of GL(r):
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Proposition 8.1. Let A = (ay,- -+ ,a,-1,0) be a normalized highest weight for GL(r).
Suppose there is a factorization

C(\d\)=UV, U, VeCzy, -, z,]".

Write
Uxy, -, x,) = 2%U, + x;tflqul e (g 2,) 0 U,
V(zy, -, x,) =2V, +:U”f*1VL71 e (g 2) 0V,
where Uy, --- ,Uy and V,,--- , Vo are polynomials in the variables xo,--- ,x,.. Then

either U, and V,, or Uy and Vi, are both non-constant polynomials.

Proof. We use the notation as given in Section 4 for the cofactor expansion of GL(r).
Let d = d()\). We have

UV S(dp) = S(A).
Suppose C(A1Y), d) and C'(A"~Y, d) are both constant polynomials. Then A = dp and
there is nothing to prove. We assume that C'(A\(), d) is non-constant (and a similar
argument can be given if we assume that C'(A"~Y d) is non-constant).

i) Assume V,, is constant. Since S\« is separable, by Eisenstein criterion, U, divides
U+ Uu—(a1—az)+1- Now if u—(a; —az)+1 < 0, this implies U, divides U, and hence
U, divides S . But by Proposition 9.1, U, = C(A1), d) is coprime to C(A?, d), and
this leads to a contradiction. Hence,

(8.1) u > a; — as.

Since u 4+ v +d(r — 1) = a1, we get

(8.2) v<ay—d(r—1).

Since V, is constant by W-invariance

(8.3) Vo = (x5 + -+ - + ;) + lower degree terms.

Hence V; is non-constant. If Uy is also non-constant, then we are done. Hence we can
assume that Uy is constant. Then,

(8.4) v = deg,, (Vo) = deg,,(C(No,d)) = (a1 — ar—1) — d(r — 2).
Hence we get

(85) a; — as S Apr_1 — d.
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Similarly arguing with the constant term, we get V; divides Vg, ---,V,, _,—1. By
the coprimality of C(A"Y d) and C(A\"~2), d), we get
(8.6) V> a.
Hence
(8.7) u<(ag—d(r—1)—a_1=a; —a,_1 —d(r—1).
But
(8.8) deg,, (U,) = deg,, (C(A\Y,d)) = ay — d(r — 2).

By W-equivariance,
(8.9) u>ay —d(r—2).
Hence we get,
ag—d(r—2)<a, —a,_q1 —d(r—1)
(8.10) a,—1 < (a1 —ag) — d.
Combining the above inequalities, we get
ar—1 < (a1 —ag) —d < a,—1 — 2d,

clearly a contradiction. This proves the proposition. U

8.2. Proof for D, E. The proof of the proposition is easiest for the root systems of
type D, E since there are more than two corner roots. We first observe a simple fact
about polynomial rings R[z] in one variable over an integral domain R: the degree
of a polynomial is the sum of the degrees of it’s factors. Applying this to the ring
C[P]", since A has maximal degree in the cofactor expansion along any root a € A,

amongst all the weights occurring in S(\), we have:

Lemma 8.1. Suppose S(A\) = UV S(d(\)p) where U and V' are W -invariant. Assume
that there are weights p € P(U), v € P(V) such that

A—dN)p=p+r.

Then p (resp. v) has mazimal degree in P(U) (resp. P(V')) with respect to any corner
root in A.

In particular, if U is monic along «, then p is the unique weight in P(U) having
maximal degree along a and p = uw, for some integer u.

Corollary 8.1. Suppose U is an invariant factor of S(\) which is monic along a

corner root a. Then U cannot be monic along a different corner root [3.
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Indeed, the unique ‘highest weight’ u € P(U) cannot simultaneously be a multiple
of w, and wg. This corollary expresses the fact used in the proof of Proposition 8.1,
that if a symmetric homogeneous polynomial in at least two variables is monic con-

sidered as a polynomial in one variable, then its constant term cannot be a monomial.

Corollary 8.2. Proposition 5.2 is true for the simple root systems of type D and E.

Proof. Since there are three corner roots for the root systems of type D, FE, this

implies that there is at least one corner root at which both U and V' are not monic. [

8.3. Non-simply laced root systems. From now onwards we consider a non-

simply laced based root systems R = (E,®, A). By Corollary 8.1, we have

Corollary 8.3. Suppose S(A) = UV S(d(X)p) where U and V' are W-invariant. As-
sume further that U is monic along one of the corner roots o and V' is monic along
the other corner root 3 in the Dynkin diagram associated to R. Then,

(8.11) A = uw, + vwg + d(X)p,

with d(X) = (u+ d(X),v +d(N)).

Proof. 1If U is symmetric and monic along a corner root «, by Corollary 8.1, U can-
not be monic along the other corner root, say (. If V is also monic along «, then
Proposition 5.2 is true. Hence we can assume that V' is monic along 5. Assume that
U (resp. V) has an unique maximal weight uw, (resp. vwg). This implies that the
weight A\ can be written as A = uw, + vwg + d(A)p. O

We recall the following fact [H, Exercise 5, Section 13, page 72|, and it’s conse-
quences of relevance to us:

Lemma 8.2. Let R = (E,®,A) be a simple based root system.

(1) Suppose R is of type Ay, By, C,, Fy, Go. Then —1 is an element of the Weyl
group of R.

(2) Suppose R is of type Ba, Cy, Fy, Go and « be any corner root in the Dynkin
diagram associated to R. Then —1 is an element of the Weyl group of R.

(3) If r > 3, then there is a corner root in the Dynkin diagram associated to
R = B, (resp. C,) such that R, is again of type B (resp. C). In particular
—1 is an element of the Weyl group of R.
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For a, B € A, let
(8.12) Wap =< Wy, wg > .

This quantity is independent of the W-invariant inner product on E. The consequence
of the first part of the foregoing lemma is that the weights occurring in S(\) are
invariant with respect to the map p — —p, p € E. An application of the proof of
Eisenstein’s criterion yields the trivial estimate:

Lemma 8.3. With notation as in Corollary 8.3, the following holds:

(8.13) uwg, +1 > < BN >

Proof. We have the cofactor expansion of U along f:

2uwge

(8.14) U= Y etmws oy . ;.

j=0
Here we have used the symmetry of U, the fact that —1 belongs to the Weyl group,
to obtain that the degree along [ of the weights in U varies from wwg, to —uwg,,
since the weight with maximum degree along 3 is given by uwgs. From the proof of
the Eisenstein criterion, we get that Ugyu,, divides the terms

U,B,uwﬁaa ) U,B,uwga7<ﬁ*,/\>+1-

Consequently, if 2uwg, + 1 is less than < 5%, A >, then Up ., divides all the coef-
ficients of U along 3, and hence all the coefficients of S()) along 3. Since Up yu,, is
not a unit, this contradicts the corpimality of S(M) and S((ss\)?). Hence the lemma
follows. O

We can prove a sharper estimate, assuming that —1 belongs to the Weyl group of
Ra:

Lemma 8.4. With notation as above, assume that the corner root o is such that the

automorphism x — —x is an element of the Weyl group of the root system R.. Then

VWep > <, A >

Proof. The hypothesis that —1 belongs to the Weyl group of R,, implies that the
leading coefficient S(A*) of S(A) along « is mapped to itself by the inverse map
p — —p of R,. We have the cofactor expansion of V' along a:

2vwag

(8.15) V=) eI,
j=0
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Since V is invariant by W(R) and —1 € W(R), the term e/'V,, ; goes to the term
eV, _; by the map p +— —p on P. Since U is monic along «, the top degree term
Vaowas 18 equal to S(A*)/S(d(A)p®). By our hypothesis that —1 belongs to the Weyl
group of R, we find that Vi, yuw,; = Va,—vw,,- From the proof of Eisenstein’s criterion,

we have that V, .y, , divides

Voaowags = 5 Vawwag—<ar A>+1-
Similarly, since S(A) is symmetric (—1 € W), we find that V,, ,.,, divides the coeffi-
cients
Vo, —vwags = s Vo,—owapt<ar A>—1-
If vwyp is less that < a*, A >, this implies that V; ,u,, divides all the coefficients of
V' and hence of S(A) in the cofactor expansion of S(\) along «. But this contradicts
the corpimality of S(A*)S(d(A)p® and S((saA)*)/S(d(X)p®). This establishes the

lemma. O

We compute the numbers w,s explicitly:

Lemma 8.5. Let R = (E,®,A) be a non-simply laced simple based root system. Let

a, B be corner roots in the Dynkin diagram associated to E. Then the following holds:

(1) Wap > 0.
(2) Let R be of type B or C. Then
1
(816) WapWpa = 5

(3) Let R = Fy. or Gy. Let v (resp. ) be a short (resp. long) corner root of the
Dynkin diagram associated to R. Then,

> ifR=F,
(8.17) oy = m(@) =42 7 !
(8.18) Woe = 1.

Proof. The proof is explicit and case by case. We use the classification of the root
systems as given in [H, Section 12.1]. For the root systems of type C,, take as a base

Q=€ —€, ", 61— €, 267“:/6'

The fundamental weights and coweights corresponding to the corner roots are given

by,

r

wy =€, and wj= (Z €)/2.

=1
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Further w, = wy, and wg = 2wj. Thus,

WaBWea =< WZ,WQ >< w;,wa >

For F,, we take as a base,
B =€ —€3, €3— €4, €4, (€1 — €3 — €3 —€4)/2 = av.
Then the fundamental coweights are given by,
w, =2¢, and wj =€ + €.
The fundamental weights are given by w, = w},/2 and wg = wj. Hence,
Wap =< Wy, wg >= 2,
Who =< W, W >= 1.
For GG9, a base is given by,
a=¢€ —€, f=—2¢+e+es.

The fundamental coweights are given by,

w,=—6+e, and wj= %(—61 — €9 + 2€3).
The fundamental weights are given by w, = w}, and wg = 3wj. Hence,
Wop =< Wi, wg >= 3,
W =< wg,wa >=1.

This proves the lemma.

41

8.3.1. Proof of Proposition 5.2 for B and C. We now prove Proposition 5.2 for the
simple root systems R of type B, and C,.. We stick to the above notation. We choose

« as in Part (3) of Lemma 8.2, and let § be the other corner root of the Dynkin

diagram attached to R. Write A = uw, + vwg + d(\)p as given by Corollary 8.3. By

Lemmas 8.3 and 8.4 we obtain the inequalities,

(8.19) uwg, +1 > <A > = v+d(N)
(8.20) VWap > < & A > = u+d(N).
Consequently,

2uWgaWap > (V+d(N) — 1wags
u~+ d(X) + wag(d(N) — 1).

V
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By Part (2) of Lemma 8.5, we have 2wg,w,.3 = 1. Hence,
0 > d(A) + was(d(N) —1).

But this contradicts the positivity of d(\) and wag. Hence this proves Proposition
5.2 for the simple root systems of type B or C.

8.3.2. Proof for Fy and G5. For these simple root systems R, by Lemma 8.2, the
element —1 belongs to the Weyl group of R as well as to that of R, for any corner
root a. Let « denote the short corner root and [ the long corner root. Write
A = uw, + vws + dp, and we assume the factorization S(\) = UV S(d()N)p) is such
that U is monic along o« and V is monic along 3. Applying the sharper estimates

given by Lemma 8.4, and from Part (3) of Lemma 8.5, we get
(8.21) m(@)v = vwag > <o A>= u+d,
(8.22) U = uWgy > <A >= v+d

If X as above does not satisfy the above equations, then any invariant factorization is

non-monic. This proves Proposition 5.2.

Remark 8.1. Unfortunately, this proof develops a gap out here. If we try to look for
cofactor expansions (say for Gy) along any other linear form, we require that the top
degree term for S(A) is not monic. This would require that the linear form is invariant
under a subgroup of the Weyl group as above, and thus upto a Weyl translate is either
w,, or wj. Hence we cannot do better.

9. PROOF OF THE UNIQUENESS PROPERTY

In this section, we give a proof of Theorem 2.4 and deduce some consequences. We
begin with a couple of preliminary lemmas.

Lemma 9.1. Suppose A\, p are weights associated to a simple based root system
R = (E,®,A), such that for two distinct corner roots o, [ in the Dynkin diagram of
R,

A= and N =P
Then X\ = p.

Proof. The hypothesis for a particular corner root v implies an equality of the mul-
tiplicities m,(X) = m,(p) for all ¥ € A not equal to a. Since this happens at two

corner roots, the lemma follows. O
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We now give the proof of Theorem 2.4. We first reformulate the hypothesis. By
clearing the denominators, the hypothesis can be reformulated as an equality of prod-

ucts of Schur-Weyl elements,
(9.1) S(A)S(p2) = S(A2)S ().

We want to show that A\; = Ay or p;. Assuming that A; # p; (or equivalently,
Ao # pi2), this will show that A\; = Ay and p; = pe. The proof is by induction on the
rank of the root system. Assume first that ® is of rank one isomorphic to the root
system associated to sl(2). The hypothesis indicates,

(¢ =27 (@ —27%) = (@' —a7")(@! —a7T),

for some positive integers a, b, e, f, and a # f. The proposition follows immediately
by comparing the roots on both sides.

Now assume that R is of rank r, and the theorem has been proved for all simple
root systems of rank less than r. By Lemma 9.1 and the inductive hypothesis, we

can conclude the following:

(i) Since there are three corner roots for the simple root systems of type D and F,

the theorem follows for them.

(ii) We can assume that there is a corner root, say « at which
(9.2) A=A and pf = pg,
and another corner root 3 where
(9.3) N =P and N = .
Suppose mq (A1) < ma(A2). We have,
(9:4) ma(M) = mapn) < ma(A2) = malpa).

Comparing the coefficients of the second leading term on both sides in the cofactor

expansion along «, we get
S((sar1)*)S(py) = S(AF)S((sak1)?).

By induction, if Ay = g, coupled with Equation 9.3, this implies Ay = 9 contradict-
ing our hypothesis that they are not equal. The other equality gives,

(8aA1) = A9 = AT.

But since )\ is regular,
T = (8aA1)" = AT + awy
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for some positive integer ¢, where «,, is the unique root in the Dynkin diagram
connected to . This yields a contradiction and proves Theorem 2.4.

9.1. A coprimality property.

Lemma 9.2. Let X be a finitely generated free abelian group and ay, ay € X. Then
e —1 and e* —1 are coprime elements in the group algebra C[X], unless there exists
integers k, | different from zero such that ka,; = las.

Proof. Consider the subspace generated by a;, as in the rational vector space Xq =
X ® Q. Suppose they generate a two dimensional vector subspace. Expand aq, as to
a basis {ay, a9, -+ ,a,} of Xg. Writing z; = €%, i =1,--- ,n, we can identify C[Xg)]
with the ring of fractional Laurent series in the variables zq,--- ,x,. We claim that
the elements x; —1 and xo —1 are coprime in C[Xg|. This follows from considering the
degrees of elements along each variable z;, where the degree of an element U € C[Xg)
along x; is defined as the difference between the maximum and minimum degrees in
x; of the various monomials occurring in U. It is clear that the degree of UV is the
sum of the degrees of U and V. From this it follows that any element dividing both
z1 — 1 and 25 — 1 has to be a monomial. O

Corollary 9.1. Let R = (E,®,A) be a simple based root system, and o # £ be
two roots in ®. Then for any non-zero integers k, 1, the elements e** —1 and e'” — 1

are coprime in the group algebra C[P].

In particular, the element S(dp) is a separable element in the ring C[P] (see Part
(¢) of Proposition 2.1).

Proof. This follows from the previous lemma and the fact that if o and 3 are rational
multiples of each other in P ® QQ precisely when o = £0. O

In the following corollary, if the root system is simply laced, the notation p will
denote p.

Corollary 9.2. Suppose e, [ are natural numbers with (e, f) = d. Assume further
that the multiplicity with which m(®) divides e is not greater than the multiplicity with
which it divides f. Then the elements S(ep)/S(dp) and S(fp)/S(dp) are coprime in
the ring C[P].

Proof. By hypothesis, since (e, f) = d, it follows that (e, m(®)f) = d. By the previous
corollary, we need to bother only with the individual factors associated to a root «.
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It is clear that the elements (e2°® — 1)/(e?® — 1) and (e2/™® — 1)/(e?¥™ — 1) are
coprime in C[P]. O

The above corollary combined with the uniqueness Theorem 2.4 gives us the fol-

lowing:

Corollary 9.3. Let R = (E,®,A) be a simple based root system, and assume that
Theorem 2.3 holds for R. Suppose X # u are dominant reqular weights belonging to
m(®)'P such that at most one of them is in the space m(®)" ™1 P*. Let d be the greatest
common divisor of d(\) and d(p). Then S(X\)/S(dp) and S(w)/S(dp) are coprime.

Proof. By Theorem 2.3, the factors C'(A\) and C(u) if non-trivial are irreducible. If
they coincide, then by the uniqueness Theorem 2.4, A = u. Hence we are left with
showing the Weyl denominator type of S(\)/S(dp) and S(u)/S(dp) are coprime.
Suppose A € m(®)'P\m(®)"*'P*. Then d(\) = m(®)'d'(\) with d'()\) coprime to
m(®). The corollary follows from Corollary 9.2. O

Finally, we deduce a coprimality result needed in the proof of Proposition 5.2:

Proposition 9.1. Let R = (E,®,A) be a simple based root system of rank | and
assume that Theorem 2.3 holds for any simple root system of rank less than 1. Suppose
n € m(®) P\m(®)™P*. Let  be a corner root in the Dynkin diagram associated to
R. Then the elements S(n®)/S(d(n)p®) and S((san)*)/S(d(n)p*) are coprime in the
ring C[P,].

Proof. The multiplicity at a simple root v € A, of a weight p® differs from that of
w only at the root a, connected to « in the Dynkin diagram. Suppose n* or (s,1)*
belongs to m(®)"' P* where we have assumed R, is not simply laced. From the

hypothesis this can happen only when both «,, and « are short roots. Hence,
(sam)™ = 0" +ma(A).

The hypothesis on 1 implies that at most one of n® or (s,1)* belongs to m(®) ' Px.
The proposition now follows from Corollary 9.3. O

9.2. Unique decomposition of tensor products. We now indicate a proof of
Theorem 1.1 stated in the introductory section, and our original motivation for es-
tablishing an irreducibility result. Unfortunately as the proof of Theorem 2.3 that we
have presented out here has a gap, we need to assume Assumption NMFG.
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Suppose we have an isomorphism of tensor products
Vig- @V, =2W®: - @ Wy,

as in the hypothesis of Theorem 1.1. Let (\;) (resp. p;) denote the highest weight of
the irreducible representation V; (resp. W;). The above hypothesis translates to an
equality of products of characters:

n m

LTS +0)/S(0) =] S+ 0)/S(p).

i=1 j=1
By the uniqueness Theorem 2.4 and the irreducibility Theorem 2.3, if one of the
factors, say A; +p is not a multiple of p, then there exists a j such that A\ +p = p,; +p.
Cancelling these factors, we are left with an equality involving fewer characters and

we are done.

Hence, we are reduced to the case that each of these weights \; + p and p; + p
(t=1,---,n, j=1,---,m) is a multiple of either p or p. By the coprimality result
Corollary 9.1, we have the following equalities for any root a:

n edi/zﬂé _ e—dz‘/QOé m eej/2o¢ _ e—e]-/2a

e/2 _ p—a/2 - e/2 _ p—af2
i=1 j=1

for some natural numbers d;, e; (depending also on the relative length of the root).
An easy argument using roots of these expressions, establishes Theorem 1.1.

10. REDUCTION TO THE INVARIANT CASE FOR GL(r)

In this section our aim is to extend the irreducibility result for C'(A) in the ring
C[P]" given by Theorem 2.3 to the larger ring C[P], when we are working with
GL(r),.i.e., to show the irreducibility of C'(\) in the polynomial ring Clzy,--- ,x,],
as claimed in Theorem 1.2.

Suppose A is a dominant integral weight for G L(r) which is not a multiple of p. By
Lemma 9.1, there is at least one corner root, say «, such that the leading coefficient of
C'(A) along « is not a unit (for GL(r), this is clear: if C'(\) is monic as a polynomial in
x1, then being symmetric the constant term is of the form a:g“”“) +---+ :cffl*rd(’\)).

Suppose A% is not a multiple of p® Then there exists a smallest factor U of
C(A) in the ring C[zq,--- ,z,], such that its leading coefficient along « is divisible
by the irreducible component C'(A)® of the leading coefficient of C'(\) along o. By
construction, U is irreducible, and since the polynomials S(u) are separable for any

regular weight p, U will also be W,-invariant.
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If V.= C(\)/U is monic, then by Lemma 10.1 proved below, both U and V will be
symmetric, and the irreducibility result follows by Theorem 2.3.

On the other hand, if the leading coefficient of V' along « is not a unit, then just
as in reduction part of the proof of Theorem 2.3 to that of Proposition 5.1, we have

reduced the irreducibility statement to Proposition 5.1 for lower rank.

Hence, we have reduced to the case that A® is a multiple of p* for any corner root a.
If r > 4, the rank is at least 3, and this implies that A is a multiple of p contradicting
our hypthesis on \.

Thus we are in the G L(3) situation: if the factor U is irreducible and the quotient V/
as above is monic, then we are through by Lemma 10.1 as argued above. Otherwise,
the leading coefficients of both U and V along « are not units. But in this case,
we observe that Proposition 6.1 or Corollary 6.1 is valid without any assumptions of
symmetry, and hence the irreduciblity follows as in the reduction of the proof of the
main Theorem 2.3 to Proposition 5.1.

This proves Theorem 1.2, modulo the following lemma:

Lemma 10.1. With the above notation, let C(\) = UV be a factorization of C'(\) in
the ring Clzy, - -+ ,x.]. Assume further the following: U is irreducible, and V is either
monic or the constant coeffecient Viy of V' is a monomial (considered as a polynomial
inxy). Then U and V' are symmetric polynomials.

Proof. We first observe that if both the leading and constant coeffecients of C'(\, d(\))
are trivial. then A\ = A=Y = dp. This implies A = dp and so C(\,d()\)) = 1. Hence
assume that the leading coeffecient of C'(\, d()\)) is not monic, and that V' is monic.

From the proof of Proposition 8.1, we get
U > a; — as.

Since the leading coeffecients of U and C'(), d(\)) match, and U is irreducible, we see
that U is fixed by the subgroup S,(1) of the symmetric group S, of permutations of
the set 1,--- ,r fixing the element 1. Let o be the transposition in S, interchaning 1
and 2. If ¢ fixes U, then since the group generated by ¢ and S,.(1) is .S,,, we conclude
that U is symmetric. If U is not symmetric, then since U is irreducible, U? must
divide V. Now the degree in x5 variable of U is at least as — d. Hence,

v > deg, U? > deg, U > ay — d.
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This yields,
degzl(s(/\)) = :U+U+2d2a1—a2+a2—d+2d>a1,

a contradiction. ]
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