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1. Introduction

The generalized Chebyshev polynomials are polynomial mappings ng :C" — C"
with integer coefficients obtained from the exponential invariants of arbitrary semi-
simple Lie algebras g of rank n. From their definition, they naturally commute

k [ _ l k
Pg oPg—PgoPg

and it is believed that they exhaust all commuting polynomials under certain addi-
tional assumptions [15]. They are orthogonal with respect to a certain measure and
can be extended to a complete set of orthogonal polynomials [7].

The present manuscript has its origin in an attempt to classify (arithmetically)
exceptional polynomial mappings with two or more variables. We recall that a poly-
nomial mapping P € Z[x| in n variables is said to be (arithmetically) exceptional
if the reduced map P : F, — F} is a permutation for infinitely many primes p.
The classification of exceptional polynomials with one variable is finished [5]. They
are the compositions of linear polynomials, power maps and Chebyshev polynomi-
als. The ideas of Fried can be extended to the projective setting by translating
exceptionality to a property of permutation groups [6].

The elementary symmetric polynomials and the power-sum symmetric polynomials
both generate the algebra of symmetric polynomials. Using this basic idea, Lidl
and Wells proved the existence of polynomial mappings of arbitrary rank which are
exceptional [12]. This basic construction of Lidl and Wells can be related to the
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2 ILERI AND KUQUKSAKALLI

simple complex Lie algebras A, [7]. In a previous work of the second author, it
is proved that the generalized Chebyshev polynomials Pé“ are exceptional for any
prime k > e+ 1 where e is the exponent of the Weyl group [10].

We hope to use the theory of Lie algebras to understand the classification problem
of exceptional polynomials by possibly eliminating the need for group theoretical
techniques not available for higher ranks. In that case, we believe that the Jacobian
matrices of generalized Chebyshev polynomials would be a key tool since they
determine the ramification locus.

The main result of this manuscript is a practical method to compute the Jacobian
matrices of ng : C" — C™, see Theorem 5.8. The entries of each Jacobian matrix
can be expressed as a linear combination of characters of irreducible representations
of the underlying Lie algebra with integer coefficients. These integer coefficients can
be obtained by basic computations in the fundamental Weyl chamber.

The organization of the paper is as follows. In the second section, we give some basic
notation and terminology about the root systems together with some basic results
that will be used in further sections. In the third section, we review the theory
of exponential invariants and provide a proof of a theorem of R. Steinberg that we
believe to have remained unpublished. In the fourth section, we give the definition
of generalized Chebyshev polynomials. In the fifth section, we state and prove our
main result. In the last section, we provide some examples of low rank.

2. Notation and terminology

In this section, we give some basic notation and terminology. We will also state
some results that are essential in the rest of the manuscript. The main references
are [8] and [9]. Let E be an n-dimensional (real) Euclidean vector space endowed
with a positive definite symmetric bilinear form. For any nonzero vector o € F,
let H, be the hyperplane through the origin orthogonal to the line L, = Ra. The
reflection in the hyperplane H, is given by

The number 2(5,a)/(c, @) appears frequently and it is abbreviated by (5,«a). A
subset ® of E is called a root system in E if the following axioms are satisfied:

(R1) @ is finite, spans £, and does not contain 0.
(R2)
(R3) If a € @, then the reflection o, leaves ® invariant.
(R4) If o, 8 € ®, then (5,a) € Z.

The elements of ® are called roots because of their historical connection to the
semisimple Lie algebras. Let W be the subgroup of GL(FE) generated by the
reflections o,,a € ®. This subgroup W is called the Weyl group of the root system
® and it is an example of a finite reflection group.

If a € ®, the only multiples of a in & are +a.

There are other examples of finite reflection groups which do not occur as Weyl
groups. The remaining cases become available by removing the axiom (R4) and
allowing non-crystallographic reflection groups. It is not essential to distinguish
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roots as longer or shorter to define a finite reflection group. On the other hand,
the Weyl group of different semisimple Lie algebras B, and C, turn out to be
isomorphic. In this manuscript, we will be focusing on the following finite reflection
groups: An, Bn/Cn, Dn, Eﬁ, E7, Eg, F4, G2 .

The algebra of polynomial functions on £ is the symmetric algebra S(E*) of the dual
space E*. The symmetric algebra S(E*) may be identified with the polynomial ring

R[x] = R[zy,...,x,] where the z; are the coordinate functions. A finite reflection
group W C GL(E) acts naturally on R[x] by the rule

(wf)(y) = flw™y)

where w € W,y € E. We say that a polynomial f € R[x] is W -invariant if wf = f
for all w e W.

Theorem 2.1. (Chevalley’s Theorem [4]) The subalgebra R[x]Y of W -invariants
is generated as an R-algebra by n homogeneous, algebraically independent elements
of positive degree (together with 1).

Even though a set of generators {fi,..., f.} for R[x]" is not unique, the degrees
{di,...,d,} are independent of the choice of generators. It is well known that the
size of the Weyl group is obtained by the product of degrees d;. See Table 1.

Type di,...,d, |W| = Ild;
A, 2.3,4,...,n+1 (n+1)!

B,/C, 2,4,6...,2n 2""n!
D, 2,4,6....2n—2,n 20=Dpl
Eg 2,5,6,8,9,12 27345
E; 2,6,8,10,12,14, 18 2103557
Es [2,8,12,14,18,20,24,30 | 2'13°5%7
Fy 2,6,8,12 2732
G 2,6 12

Table 1: The degrees of polynomial invariants.

Another important quantity that is independent of the choice of generators is the
Jacobian determinant. For this purpose we need the notion of positive roots. A
subset A of a root system ® is called a base if A is a vector space basis of F
and each root can be written as »_ k.o, € A with integral coefficients k, all
nonnegative or all nonpositive.The roots in A are called simple. A base always
exists and the root system can be partitioned into two subsets, namely the positive
roots and the negative roots. The positive roots are denoted by &7 .

Theorem 2.2.  Fir a set of generators {fi,..., fu} for the algebra R[x]" . For
each o € @, let l, be a linear polynomial whose zero set is the hyperplane H,. Then

detqujzb —c ] t

for some constant ¢ € R, depending on the choices of f; and I, .
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Let g be a complex finite semisimple Lie algebra. It is well known that g is a
direct sum of simple Lie algebras: A, B,,,C,, D,, Es, Er, Eg, Fy, G5. The root space
decomposition of g comes with a natural root system ® attached to g. The axiom
(R4) can be stated in a simpler fashion by introducing coroots. For any root « in
® | the associated coroot is defined by

Vo 2c
~ (aa)”
The axiom (R4) is equivalent to (8,a") € Z for all o, € ®.
Fix an ordering (ai,...,ay) of simple roots. The matrix [(a;, aj)] = [(ay, a))] is

called the Cartan matriz of ®. Its entries are called the Cartan integers. The
Dynkin diagram is an alternative object which includes the same information as the
Cartan matrix. We will be using the Cartan matrices and Dynkin diagrams of [8].
For example, the rank two simple Lie algebras are listed as follows:

A2 B2 G2
aq 9 aq %] aq Q9

I ATl B

The representation theory of Lie algebras has a central theme, namely the highest
weight. We will be using the Weyl character formula, Theorem 3.7, as a main tool.
Thus the fundamental weights w; are essential for us. They are defined by the
equation (wj, a]V) = 0;;. Here 9;; is the Kronecker delta function and 1 <14,j < n.
Note that the Cartan matrix transforms the fundamental weights into the simple
roots. The following basic fact will be used several times to manage some important
matrix multiplications.

Lemma 2.3.  The inner product (\,7) can be computed by the identity

n

(A7) =D (A an) (@, 7).

m=1
Proof.  We write A = " aw; and v = Y77 bja]. Using (w;,a)) = dij, we
see that a,, = (A, o) and b, = (W, ). Therefore (A\,7) =>"" _| amby,. [

The hyperplanes H, partition E into finitely many regions. One of them has a
special name. The fundamental Weyl chamber, relative to A, denoted €, is the open
convex set consisting of all 7 € F which satisfy the inequalities (v,a) > 0,a € A.

Let s; be the size of the orbit W (w;). Since (w;, ) = d;;, the stabilizer group
Stab(w;) is given by W; = (04, | a; € A\ {as}). Tt turns out that W; is the Weyl
group of the root system with base A\ {«;}. The orbit-stabilizer formula implies

The length of w (relative to A) is the smallest integer r for which w can be expressed

as w = oy - - -0, with simple reflections o,, with a; € A. The number of positive
roots sent to the negative roots by w € W is equal to the length of w.

There is a special weight p = wy+. . . 4w, that appears frequently. It turns out that p
is equal to the half of the sum of positive roots. We observe that Stab(p) = {1} since
it can contain only elements of length zero. Similarly Stab(p —w;) can contain only
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elements of length less than or equal to one. On the other hand o,,(p—w;) = p—w;.
Thus we conclude that Stab(p — w;) = {1,04,}.

The following fact enables us to realize the Weyl group as a subgroup of matrices
with integer entries.

Lemma 2.4. Set T,, = [(ws, w(aj))] for each weW . Then the map w — T,, is an
injective group homomorphism from W into GL(n,Z). Moreover det(w) = det(T},).

Proof. The map w +— T, is a group homomorphism because

TwTw = [(wi, w(e))][(wi, w'(a))] = [(w™ (ws), o )][(wi, w'(@7)]

= [(w™ (wi), w' ()] = [(wi, ww'(af)] = Topur-

Here, the second and the fourth equalities hold since w is an isometry. The third
equality is obtained by applying Lemma 2.3. If T, = [(w;,w(a}))] = [d;;] then
w(a]V) = Ozjv for each j. Since coroots span E, we must have w = 1. The Cartan
matrix transforms the fundamental weights into the simple roots, and o,,(w;) =
w; — 004 for each a; € A. Thus, the matrix T, for w = o,, is obtained by
subtracting the ith row of the Cartan matrix from the identity matrix. Such a
matrix has integer entries and has determinant minus one. The Weyl group is

generated by o,,, and therefore T, has integer entries for each w € W. [ ]

Example 2.5.  Suppose that the root system has type G5 with the Cartan matrix
above. In this case, the inverse of Cartan matrix has integer entries. We have

ap = 2w — W, and w1 = 201 + ao,
Qo = —3w1—|—2w2, Wy = 30&1+2052.

The Weyl group W is generated by the reflections o,, and o0,, and it has 12
elements. It can be realized as a subgroup of GL(2,Z) with the following generators:

-1 1 1 0
O I PR A

wap'
,"wl

aq

Figure 1: The root system for Gs.
The orbits of w; and ws, both with six elements, are
W(wl) = {wla —Wi, W1 — Wy, —Wq + w2, 2W1 — Wa, _20.11 + w2}7

W(w2> = {WQ, —Wa, 3&)1 — Wo, —3002 —+ Wa, 3&]1 — 2&)2, —3W1 + 2&]2}.
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Note that Stab(w;) = {1,005} and Stab(ws) = {1,0:}.
The fundamental Weyl chamber € relative to A = {ay, as} is highlighted with gray
color in Figure 1.

3. Exponential invariants

The main reference for this section is Bourbaki [2, Ch.6, §3]. Let A be the free
abelian group generated by the fundamental weights. The group algebra of A over
a unique factorization domain A is denoted by A[A]. It consists of formal sums

a= E ae

AEA
with coefficients ay € A. The exponential notation is used to distinguish two
different additive structures. We have

I / _ _
eAeA — eA—i—)\ (6)‘) 1 _ e >\7 60 - 1.

Y

The Weyl group acts on A and therefore on the group algebra by w(e) = e*™.

A fixed ordering of simple roots a; € A provides a partial order on E. If A\, N € A,
then A > X if and only if A — X is a linear combination of «; with nonnegative
coefficients. Let a = >, , axe* be an element of A[A]. The set S of A € A such
that ay # 0 is called the support of a and the set M of maximal terms of S is called
the maximal support of a. A term aye* with A € M is called a maximal term of a.

Lemma 3.1. Let a be an element of A[A] with mazimal terms M,={aye* | A\€ X'}.
If b is an element of A[A] with unique maximal term e, then the product ab has
mazimal terms {axe*™ | X € X}.

Recall that W is a subgroup of GL(E). We have det(w) = +1 for each w in W,
since W is generated by reflections.

Definition 3.2.  An element a € A[A] is said to be anti-invariant under W if
w(a) = det(w)a for all w e W.

The anti-invariant elements of A[A] form a submodule. For any a € A[A], put
J(a) = Z det(w)w(a).

If |W] is invertible in A, then ﬁ(] is a projection from A[A] onto the submodule of
anti-invariant elements. The fundamental Weyl chamber &, relative to A, enables
us to write a natural basis for the submodule of anti-invariant elements of A[A].

Lemma 3.3. If A€ ANE, then w(\) < X for all w # 1 and €* is the unique
mazimal term of J(e). Moreover, the elements J(e) form a basis of the submodule
of anti-invariant elements of A[A].

Recall that p = w; + ... + w,. The element J(e”) is a common divisor of anti-
invariant elements. Conversely, the multiplication by J(e”) is a bijection from the
submodule of invariant elements A[A]" to the submodule of anti-invariant elements.

In particular, J(ef**)/J(e?) is a W -invariant element with unique maximal term e*.

Alternatively, define S(et) = Z e,
REW(X)
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The element S(e*) is also a W-invariant element with unique maximal term e*.

Both families form a basis for the submodule A[A]".

Lemma 3.4. If A € ANC, then w(\) < X for all w € W, and e is the
unique mazimal term of S(e*) (or J(e?™)/J(e”)). Moreover, the elements S(e*)
(or J(er*)/J(e?)) for X € ANE form a basis of the submodule A[A]V .

The finite sets {S(e*) | 1 <i <n} or {J(e’t*)/J(e”) | 1 < i < n} both generate
A[A]" as an algebra. We refer to the following theorem as the exponential form of
Theorem 2.1.

Theorem 3.5. [2, Ch.6, §3, Th.1] Let wq,...,w, be the fundamental weights
corresponding to the chamber €, and, for 1 <i <n, let z; be an element of A[A]"
with e“ as its unique maximal term. Let

o A[Xy, . X, = AA)Y

be the homomorphism from the polynomial algebra A[X,...,X,] to A[A]W that
takes X; to x;. Then, the map ¢ is an isomorphism.

An exponential analogue of Theorem 2.2 also exists. In order to express this theorem,
we define a linear map on A[A] by the formula

D; < Z aAe’\> = Z()\, af)are.

It can be directly verified that D; is a derivation of A[A] for each 1 < j <n. On the
other hand, we can consider a formal exponential sum as a complex-valued function
by putting e*(7y) = e 2™ as in [7, Lemma 4.1]. In this regard, the operator D
becomes a partial derivative with respect to a certain coordinate function.

The following theorem was communicated to Bourbaki by R. Steinberg as it is stated
as a footnote for [2, Ch. 6, §3, Ex. 1]. To our knowledge, it has remained unpublished.

Theorem 3.6.  Let 1,...,7, be a family of elements of A[A]Y satisfying the
condition of Theorem 3.5. Then det ([D;(x;)]) = J(e”).

Proof. Let z; =), ., aie*. Then w(Dj(x;)) = Z al (), ozjv)ew(’\).

AEA
Each w € W is an isometry. Replacing (), o) with (w()\),w(ay)) and applying
Lemma 2.3, we obtain

w([Dj(x:)]) = [Z (Z a?(w(k)ﬂé)ew(”) (wm,w(ai))] :

m=1 \)\€EA

We want to express the right-hand side of the above equation as a product of two
matrices. If

A:

(S| a5~ [t
AEA

then the entries of the product AB = C are given by C;; = 2221 AimBpj. We
recall that B =T, as in Lemma 2.4. Thus, we have

w([D;j(x:)]) = AB = [Dj(w(x:))] To-
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We have w(x;) = z; by the hypothesis. The determinant function is multiplicative,
and det(w) = det(T},) by Lemma 2.4. It follows that det(D;(x;)) is anti-invariant.

Secondly, we show that det(D;(x;)) has unique maximal term e”. We first note that
Dj(x;) has maximal terms less than or equal to e*. Moreover, the derivation D;
satisfies the property D;(e**) = §;;". It follows that D,;(z;) has unique maximal
term e* if and only if ¢ = j. Thus the diagonal summand [[ D,(x;) of det(D;(x;))
has unique maximal term e = e“'*t“» by Lemma 3.1. The other summands of the
determinant come with maximal terms strictly less than e” since they are products
of n terms in which there is at least one term D;(x;) with ¢ # j.

The elements J(e*), with A € ANE, form a basis of the submodule of anti-invariant
elements. Thus we must have det ([D;(x;)]) = J(e”). ]

A well known identity for J(e?), which is true in A[3A], is the following

J(ef) = H (e2/? — e=/2),

acdt

Note that e*(y) = e 277 = 1 if and only if (a,v) € Z. It follows that the
zero locus of €*/? — e=*/2 regarded as a complex-valued function, is a union of the
hyperplanes of the affine Weyl group. This can be regarded as a generalization of
Theorem 2.2. The analogy between the polynomial and the exponential invariants
is proved to be beneficial. For example, the exponents of a reflection group based
on the height of roots in the crystallographic root systems can be computed in this
fashion [3, Chap. 10].

The generating sets {S(e*') | 1 < i < n} and {J(e’™)/J(e?) | 1 < i < n} of
A[A]" both have computational advantages. The S-type elements have simpler
expressions and they are used to define the generalized Chebyshev polynomials. On
the other hand the J-type quotients are the characters of irreducible representations.
We have the following celebrated theorem:

Theorem 3.7.  (Weyl character formula) Let x, be the character of an irreducible
representation of g with highest weight X. Then x» = J(eP™)/J(e?).

We finish this section by giving an example that illustrates the connection between
the polynomial and the exponential invariants.

Example 3.8. Consider the G5 case. We use the coordinate functions a and b
attached to the coroots in the symmetric algebra S(E*). More precisely, we define
a and b by v = aay + bay . The Weyl group is generated by the transformations

Oay ¢ (a,0) = (—a+b,0) and o, : (a,b) — (a,3a —b).
The following polynomials are invariant under the action of W = (04,, 04,):

fi = 3a® — 3ab + 17,
fo = 4a® — 12ba” + 13b%a* — 6b°a® + b'a®.

Moreover, the polynomials f; and f, generate Rla,b]" as a polynomial algebra.
The degrees of f; and fy form the set {dy,d>} = {2,6} as it is stated in Table 1.
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Now let us consider the exponential analogue. The functions S(e**)(y) and S(e*?)(7)
obtained by e*(vy) — e are also invariant under the action of the Weyl group
(the term —27ri is omitted for simplicity). Their series expansions come with homo-
geneous polynomials that can be written in terms of f; and fo. We give the first
few terms of these infinite series:

S(em)(,y) — (ewl LeTWl g eWiTwe g pmwitw2 e2w1—w2 + 6—2w1+w2)(,y)

_ R
—6+2f1+ 5 +180+120+“"

S(€w2>(,}/) — (€w2 + efwg + 63w17w2 + ef3w2+w2 + 63w172w2 + 673w1+2w2>(7>

_ 3p 1R 9
=6+6f + 5 + 0 40—|—....

Similar expansions can be written for x,, = S(e“*)+1 and x,, = S(e**)+S(e“?)+2.

4. Generalized Chebyshev polynomials

The main reference for this section is [7]. The formal exponential sums are considered
as complex-valued functions by putting e*(y) — e 2™ as in [7, Lemma 4.1].
Moreover, the generalized cosine function is defined as

yi(y) = S(e“)(y) = Z e 2milp)

HEW (wi)

Set y = (y1,--.,Yn). The exponential form of Chevalley’s theorem has the following
consequence.

Theorem 4.1. ([7], [14]) With each semisimple complex Lie algebra g of rank
n, there is an associated infinite sequence of polynomial mappings ng, k € N
determined from the conditions

y(ky) = Py (y(7))-
All coefficients of the polynomials defining ng are integers.

Proof.  Apply Theorem 3.5, with A = Z, and x; = S(e“"). [

Recall that the Chebyshev polynomials T}, act on cosine values in a manner that is
very similar to the statement of the above theorem. For compatibility with the Lie
algebra constructions, we consider a normalized version of Chebyshev polynomials
that satisfy the following functional equation T (2 cos(f)) = 2 cos(kf). We call the
polynomials Pé“ of Theorem 4.1 as generalized Chebyshev polynomials because they
coincide with T} if g is the unique simple Lie algebra of rank n = 1. More precisely,
we have P§ = T, for each nonnegative integer k. We note that W (w;) = {wi, —wi}
and yi(y) = 2cos(2mu;) where v = ujay. The Chebyshev polynomials can be
computed by the recurrence relation Ty(x) = aTy_1(z) — Tp_2(x) for k > 2.
There are similar recurrence relations for the generalized Chebyshev polynomials
[16]. There is an explicit formula for the coefficients of T}:

A
Ty(z) = Z T ( ; J) (—1)izh%,
=0
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This formula can be proved by using Waring’s formula [11, Equation (7.5)]. More-
over, this idea can be generalized to write the coefficients of Pé“. The computations
for the rank two cases, namely Ay, By, and G, are done in [1].

Example 4.2.  Consider the Gy case. We set y; = S(e*') and yo = S(e*?). The
exponential invariants S(e*') and S(e%*?) can be written as polynomials in y; and
y2 by Theorem 4.1. A lengthy but straightforward computation gives that

S(€2wl) = g1(y1,y2) = ZJ% —2ys — 251 — 6,

S(€*2) = ga(y1, ¥2) = ¥5 — 2y7 + 6yry2 + 102 + 18y, + 18,

The Jacobian matrix of PZ, = (g1, ¢2) is given by

9g1,92) _ 21 — 2 -2
(1, y2) —6yi + 6ys + 18 6y; + 22 + 10 |

Our main result, namely Theorem 5.8, gives a practical method to write this matrix
in the following form

2y _ | 2Xwr — 4Xo —2X0
J(PGQ) B [ —6x 20, 4Xwr T 2Xws +2X0 :| .
without finding the polynomials g;. Recall that x, is the character of an irreducible
representation with highest weight A. It can be computed with the help of the
Weyl character formula. For instance xo =1, xo, = 1 + 1, X, = 1 + 2 + 2,
Xow, = Y2 — yo — 3. The determinant of the above matrix then turns out to be
AX 4wy = 4(11ya + 2y1 + 2y, +4). This is a special case of Theorem 5.2.

5. Main results

Let ng = (91,--.,9,) be the generalized Chebyshev polynomials defined in the
previous section. Our purpose is to understand the Jacobian matrix
991 991
ayl ayn
k (g1, ---+9n) . .
J<Pg):3(yi...y): ' '
o Ogn 9gn
ayl ayn

Recall that the derivation D, can be regarded as a multiple of Ju; by using the
coordinates u; = (v,)) and putting e*(y) — e 2" Applying the chain rule,

we get

Oyr(ky), - yn(k7)) _ OW1(kY),- - yn(KY)) 91(0), - yn(7))

AUty ..., up) A1 (Y)s--sun(y))  O(ury...,upn)
The following matrix appears frequently in our computations.

Definition 5.1.  We define Jac(k) = D;(S(e*)) for each k € N.

According to the chain rule above, we have Jac(k) = J(Py)Jac(1). It follows that

the Jacobian matrix for P¥ = (g1, ..., gs) is given by

J(Pé“) = Jac(k)Jac(1)~".

The Weyl character formula has the following consequence.
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(Py)) = k"

Theorem 5.2.  We have det(J
Proof. Recall that det(Jac(1)) = J(e”) by Theorem 3.6. Applying the chain
rule, we see that det(Jac(k)) = k™.J(e"). Finally, we have J(e**)/J(e’) = X(r-1)p
by Theorem 3.7. [ |

Example 5.3. The Chebyshev polynomials of the first kind, denoted 7} and of
the second kind, denoted by U}, can be defined by the following equations:

Ti(2cos(f)) = 2cos(kf), and Ug_1(2cos(f)) = 2sin(kd)/2sin(0).

Recall that we have the equality Pﬁl = T}.. The Chebyshev polynomials of different
kinds are related to each other by the identity

2 (T(x)) = kU1 ().

Thus Theorem 5.2 can be thought as a generalization of this identity, to the higher
ranks. |

The adjugate matrix is the transpose of the cofactor matrix by definition. The
product of a matrix with its adjugate gives a diagonal matrix whose diagonal entries
are the determinant of the original matrix. For instance, we have

Jac(1)Adj(Jac(1)) = J(e”)I

where [ is the n x n identity matrix. The computation of the cofactor matrix, and
therefore the adjugate matrix, is difficult in general. In our context, the adjugate
matrix Adj(Jac(1)) is rather easy to find. For this purpose, we start with writing
Jac(1) explicity.

Theorem 5.4.  The Jacobian matriz Jac(l) = D;(S(e*)) is given by

Jac(1) = 1 Z(w(wi),a;)ew(“’i)

S
where s; is the size of the stabilizer group Stab(w;).

Proof. The result follows immediately, once the derivation D; is applied to
1
S(e¥i) = T w(wi)
@)= ¥ e=ly -
HEW (w;) weW
Our next step is the computation of the adjugate matrix Adj(Jac(1)) which is crucial

for the main result, Theorem 5.8. In the proof, we will need the following lemma.

Lemma 5.5.  Let A = wy(w;) +wa(p —wj) for some wy, we € W. The element X
is in the fundamental Weyl chamber € if and only if X = p. This is possible if only
if wi =wj, wy € Stab(w;), and w, € Stab(p — w;).

Proof. Recall that p = w; + ... 4+ w,. The element A\ = w;(w;) + wa(p — wj) is
integral by definition. If A € €, then we have p < \.
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On the other hand, we have w(u) < p for u € €, w € W. Thus
p<A=wi(w;)+wap—w;) <w; +p—wj.

Using the inequalities p < A < w; + p — w; and the fact that A € €, we conclude
that w; = w; and A = p.

If p=w(w;)+ws(p—w;), then wy(w;) < w; implies that wy(p —w;) > p—w;. This
is possible only if wy leaves p — w; unchanged. It follows that ws € Stab(p — w;).
Moreover, we must have w;(w;) = w;. This means that w; € Stab(w;). ]

Theorem 5.6.  The adjugate matriz of Jac(1) is given by

Proof. Let A = Jac(1l) and let B be the matrix in the hypothesis. We rewrite
the indices of their entries in a suitable way for the matrix multiplication

A = S% Z (w1 (w;), a)e® @) and
w1 EW
1 (oo
By,j = 3 Z det(ws) (Wi, wa(ay))e 2(p=wj)
wo €W

The entries of the product AB = C are given by C;; = > | AiynBnj. By
Lemma 2.3, we have

n

Z(wmwi),a;)(wm,wz(a;)) = (wl(wi)awﬂ%v))'

m=1

Therefore, the entries of the matrix C' are given by

1 w1 (w;)Fwa(p—w;
Cyj = 5 DD det(ws)(wi(wi), wa(a)))er @ tlomes),

w1 EW waeW

We claim that each Cj; is anti-invariant. To see this, we set w] = ww; and wh = ww,

for w € W. We have

1 ’UJ/ (9573 ’LU, —wj
w(C’Z]) = T& Z Z det(wg)(wl(wi)7w2(a}/))e 1(wi)+wsy(p )

wiEW wheW

We observe two things. Firstly, the element w € W is an isometry, and we have

(w1 (wi), wa(af)) = (wws(wi), wws(e)) = (w)(wi), wh(a)).

Secondly, det(w) is either one or minus one. Thus
det(wq) = det(w))/ det(w) = det(wy) det(w).

It follows that w(C};;) = det(w)C;;. This finishes the proof of the fact that Cj; is
anti-invariant.
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The elements J(e*) with A € ANE form a basis for the submodule of anti-invariant
elements. The element A = w; (w;) +w2(p—w;) is in the fundamental Weyl chamber
¢ if and only if A = p and w; = w; by Lemma 5.5. It follows immediately that
Cy=01ifi#j.

The significance of the division by s; and 2 comes from the fact that A = p if only
if w; = wj, wy € Stab(w;), and we € Stab(p — w;). Recall that s; = |Stab(w;)|
and 2 = [Stab(p — w;)|. It follows that Cj; is an anti-invariant element with unique
maximal term e”. We must have C;; = J(e”). [

We want to express our main result for the entries dg;/dy; of the matrix J(Py) in
a simple form. For this purpose, we make the following definition.
Definition 5.7.  For each pair (wy,wy) € W2, we define
. det(wsq)(wy (kw;), wa(aY)) if wy(kw;) + wa(p —w;) € ANE,
dij<w1’w2) = { ’ .
0 otherwise.
If £ =1, the integer dfj(wl, wy) is rather well understood by Lemma 5.5. We have
dij(wy,wy) = 1 if and only if w; = w;, wy € Stab(w;), and wy € Stab(p — w;).
Moreover, dilj (wy,ws) = 0, otherwise. The situation changes dramatically if £ > 1.
In that case, the linear combination ws (kw;) + w2(p — w;) may take place in € for
various (wy,wy) € W2, thanks to a wider gap in between kw; and p — w;. See
Example 5.9 for an illustration of this phenomenon. Note that the computation of
dfj can be done practically with the help of a computer by using the matrices T, of
Lemma 2.4.
We now state our main result.

Theorem 5.8.  The entries of the Jacobian matrix J(ng) are given by

agi o d?j(wlaw2)
dy; Z Z T g5, Xwilkwi)twa(p—w;)—p:
w1 EW wa €W

Proof. Recall that J(P})=Jac(k)Jac(1)~". Moreover, Jac(1)Adj(Jac(1))=J(e”)I.

It follows that J(P, gk ) = ﬁ

Jac(k)Adj(Jac(1)).

All entries of the matrix J (Pg’“) are invariant under W since they can be expressed
in terms of the invariant elements y1,...,y,. On the other hand, each entry of the
matrix Jac(k)Adj(Jac(1)) is anti-invariant since it is obtained by multiplying the
matrix J(Py) with the anti-invariant element J(e”).

We want to understand the entries of the matrix Jac(k)Adj(Jac(1)) in terms of the
anti-invariant basis elements J(e*), with A € ANE€. We have an explicit description
for Jac(1) by Theorem 5.4. Moreover, the chain rule implies that

Jac(k) = = Z(w(l{;wi)7a}/>ew(kwi)

Si
weW
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On the other hand, by Theorem 5.6, we have
Adj(Jac(1)) = |2 Y det(w)(w;, w(a))e o)

The rest of the proof follows closely the pattern of the proof of Theorem 5.6.
Applying Lemma 2.3 to the product of these two matrices, we see that the ij-th
entry of the product is given by

1
282'

S S det(wa) i) ws(ay e ),

w1 EW woeW

Each entry is anti-invariant and can be expressed as a linear combination of J-
type basis elements J(e*), with A € AN €. The coefficients are captured by using
the function dfj We finally divide everything by J(e?), a common divisor of anti-
invariant elements. Using the Weyl character formula, i.e. Theorem 3.7, we get the
desired expression. [ ]

The appearance of the determinant in Definition 5.7 is essential. It occurs as a
balancing factor between the action of the Weyl group on weights and coroots. If

(71, 72) € wiStab(w;) x weStab(p — w;),

then wy (kw;) +wz(p—w;) = 71(kw;) +72(p—w;). Recall that Stab(p—w;) = {1, 04,}.
If we pick 7 = wy0,,, then m(aj) = —ws(a)). On the other hand we have
det(my) = —det(wz). The minus signs cancel each other and there are 2s; pairs
(w1, ws) in W2 which give the same quantity. We illustrate this situation with the

following example.

Example 5.9. Consider the Gy case with + = 7 = 1 and k£ = 2. Note that
p=uwi+ws and p —w; = ws. Recall that w; = 207 + a9 and wy = 37 + 2. We
look for elements of the form A = w;(2w;) +wa(ws) in ANE between p = Say + 3
and 2w; + we = Tay + 4a. It turns out that there are precisely two.

We start with A\ = 2wy + wy. In this case (wy,wq) € {1,04,} X {1,04,}. We have
A1 = w1 (2wy) + wa(wy), trivially. We have

43y (w1, we) = det(wq) (2wy, £a) = 2.

Secondly, A2 = wy + wo. In this case, (wi,ws) € {Gay, 00,005} X {Tas, Oay0a, }. For
these pairs (wq,ws), we note that wy(2wy) = —2w; + 2wy and wy(ws) = 3wy — we
whose sum is equal to A\y. We have

d2, (wy, wy) = det(ws)(—2w; + 2wy, F(a) + 3ay)) = —4.

Our main result, namely Theorem 5.8, implies that Jg;/0y; = 2x., — 4x0 as ex-
pected from Example 4.2. This result is obtained without computing the polynomi-
als g1 and gs.
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6. Examples of low rank

We finish this manuscript by giving some examples of low rank for arbitrary k. For
this purpose, we need to use the notion of highest root.

Recall that the matrices T,, of Lemma 2.4 have integer entries. The matrices T,
have a symmetric nature when they act on the coordinate vectors of weights and
coroots due to the following equation

Ty = [(wi, w(ay))] = [(w™ (wi), o )]

If we fix the basis A = {wy,...,w,}, then W acts on the row vector [A] 4 by the right
multiplication [\ 4+ 7T,. On the other hand, if we fix the basis B = {af,...,a)},
then W acts on the column vector [y]s by the left multiplication 7., [v]s.

Type A, B, C, D, Es E; Eg Fi G
mg 1 2 2 2 3 4 6 4 3

Table 2: The highest coefficient of the highest root.

Let my be the maximum of the absolute values of the entries of T,,. The integer
mg turns out to be the highest coefficient of the highest root. These integers can be
found in [13] and are listed in Table 2.

If k> myg, then we claim that the term wy(kw;) in Theorem 5.8 must be of the form
kw; with wy € Stab(w;). To see this, we first note that the row vector [p — wj|a
has entries all one except a single zero. The largest coordinate we can get from the
computation of [p — wj]a - Ty, is the integer (n — 1)mgy. If k > my, the negative
coordinates brought by w; (kw;) cannot be canceled by ws(p—wj;), and the resulting
A = wi(kw;) + we(p — wj) cannot be in the chamber €. Observe that the below
formula for Gy is true for £ > 3 but not for kK = 2.

We use the shorter expressions Xq, Xap, and Xape instead of Xaw,, Xaw+bw,, and
Xaw; +bws+cws t0 save some space. The expressions with negative values of a,b, or ¢
are simply zero. For k = 1, we have the identity matrix.

J(Pﬁl) = ka*la k 2 1.

J(P* ) = | | Xk-10 _kaZ,O’ E> 1
(F4,) |:_X0,k—2 X0,k—1 -

~1,0 T Xk—2,0 —2Xk-2,1
J Pk — k Xk—1,0 , , 7 B>
(P.) [ —X0,k—2 X0,k—1 T X0,k—3 -

1,0 + Xk-1,0 + 2Xk—a1 —Xk—2,0 — Xk-3,0
J Pk — k Xk 170 5 3 5 3 k > 3.
(Fe,) [ —3X2,k—2 — 3X2,k—3 X0k—1 + X0k—2 + 2X1,k—2 -

Xk—1,0,0 —Xk—2,0,0 Xk—3,0,0
k
J(PAB) =k [ X1,k-30 — X0k-21 X0k-1,0 — X0,k—3,0 X0k-31— X1,k—20|, k=1
X0,0,k—3 —X0,0,k—2 X0,0,k—1
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