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Abstract. We propose a method to prove a polyhedral branching formula for Kirillov—
Reshetikhin (KR) modules over an untwisted quantum affine algebra. When the underlying
simple Lie algebra is of exceptional type, such a formula remains conjectural in many cases.
Using a linear recurrence relation satisfied by the characters of KR modules, we convert
the verification of a polyhedral formula into an identity between two rational functions of
a single variable with only simple poles at known locations. It is then sufficient to compare
the residues at those poles, which are explicitly computable quantities. By applying this
strategy, we obtain new, computer-assisted and easily verifiable proofs of known polyhedral
formulas in types F; and G5 within a uniform framework.

Key words: quantum affine algebras; Kirillov—Reshetikhin modules

2020 Mathematics Subject Classification: 17B37; 81R10

1 Introduction

Let g be a complex simple Lie algebra. The Kirillov—Reshetikhin (KR) modules constitute an
important family of finite-dimensional irreducible representations of the quantum affine alge-
bra Uy(g). For each node a of the Dynkin diagram of g and m € Zx(, we use the notation Wy )
for the corresponding Kirillov—Reshetikhin module and res Wéf ) for its restriction to a Uq(9)-
module. An interesting problem is to understand how such a module, or a tensor product of
such modules, decomposes into irreducible U, (g)-modules. Kirillov and Reshetikhin introduced
the fermionic formula [7] to describe such a decomposition; it was originally formulated as a con-
jecture based on insights from the Bethe ansatz in quantum spin chains, and is often interpreted
as a combinatorial completeness of the Bethe ansatz. This conjecture has since been proved
through a series of works including, among others, [4, 5, 6, 12], and it provides an answer to this
question by expressing the multiplicity of each irreducible summand using a certain combinato-
rial rule. Kleber’s algorithm gives an efficient way to compute branching rules from the fermionic
formula for fixed inputs [8]; nevertheless, for a family of single KR modules depending on the
parameter m, it is still desirable to have a closed decomposition formula that is more explicit
and computationally cheaper to use. In this sense, Kleber’s algorithm is complementary to the
present approach: computations based on the fermionic formula, including Kleber’s algorithm,
can provide useful data for guessing closed formulas, while the method of this paper is designed
to verify a proposed closed formula uniformly in the parameter m.

If g is of classical type, there is a well-known explicit formula often called the domino removal
rule, which was proved in [2]. It is a polyhedral formula in the sense that the highest weight of an
irreducible summand with non-zero multiplicity is characterized as a lattice point in a suitable
bounded polyhedron. Even when g is of exceptional type, a polyhedral formula still seems
to exist, although an irreducible summand with a multiplicity greater than one may appear.
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Conjectural polyhedral formulas with multiplicities were proposed in [5] for several exceptional
nodes, and many of these conjectures have since been verified, notably in [14]. However, explicit
polyhedral formulas are still not available for all exceptional nodes. Throughout the paper,
we use the same convention for enumerating the nodes of the Dynkin diagram as in [5]. The
known explicit polyhedral formulas with nontrivial multiplicities are those for type Ga [3], and
the cases (Fy,a = 2), (Eg,a =3), (E7,a =2), and (Eg,a = 2) treated in [14].

In this paper, we propose a general method to prove a polyhedral formula. The key objects in
our approach are the coefficients that appear when the characters of KR modules are written in
some exponential form. They are essentially the residues at the poles of the generating function
of the characters of KR modules. It turns out that it is possible to decompose a polyhedral
formula into a finite list of identities involving these coefficients; see (3.2). Our method is well
suited for a computer-aided mechanical approach. While the difficulty of the actual implemen-
tation varies depending on the type of g, such an approach is well justified in view of our focus
on exceptional types. The method should be viewed as a verification procedure for proposed
polyhedral formulas. Finding a polyhedral formula remains a separate problem: one still has to
express the multiplicities as step-polynomials on suitable polyhedral regions. The method in the
present paper is formulated in the untwisted affine setting, since it uses the untwisted Q-system
and the linear recurrence relation from [9]. We expect the same strategy to apply to twisted
types as well, but in this paper we restrict ourselves to untwisted quantum affine algebras.

After presenting the general strategy, we consider special cases in which g is of type Fy or Ga.
Although the results stated below are already known in the literature, we obtain a computer-
aided and easily verifiable proof of the following two polyhedral formulas conjectured in [5] using
the method introduced in this paper.

Theorem 1.1 ([14]). Let g be of type Fy. For every m € Zx>q, the following holds:

res W% = @ p(j1, 2, 33, jas m) L (ix1 + jada + 733 + jada) (1.1)
J1+2j2+j3+ja<m
J1,52,33,J4€Z >0

where
p(j1, 2,73, jasm) = min (1 4 53,1 +m — j1 — 2j2 — j3 — ja) (Ja + 1)
and (A1, A2, A3, A1) = (2wy, 2ws, wa, w1).

Theorem 1.2 ([3]). Let g be of type Ga. For every m € Z>q, the following holds:

res W7 = GB p(Jos J1, j2s m) L(jiwr + jaw2), (1.2)

Jo+3j1+j2=m
J0:J1,J2€Z>0

where

plio o) = {min | 2| 2250 [ 2 ]) 1} G+ ) (13

This paper is organized as follows. In Section 2, we review the necessary background for our
approach such as the Q)-system, and linear recurrence relations satisfied by the characters of KR
modules. In Section 3, we explain the steps for proving a polyhedral formula for KR modules.
In Section 4, we follow the procedures described in Section 3 to give a proof of Theorem 1.1. In
Section 5, we follow the same procedures to give a proof of Theorem 1.2.
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2 Background

Notation

We will use the following notation throughout the paper:

2.1

g: simple Lie algebra over C of rank r,

h: Cartan subalgebra of g,

I ={1,...,r}: index set for the Dynkin diagram of g,
Qq, a € I: simple root,

hq, a € I: simple coroot,

wWq, a € I: fundamental weight,

C = (Cap)aper: Cartan matrix with Cyp = ap(hq),

P = @ cr Zw,: weight lattice,

Pt C P: set of dominant integral weights,

Q): root lattice,

P =D acrWa: Weyl vector,

0 € @Q: highest root,

AT set of positive roots,

bk = Baoer Rwa,

(+,-): bg x b = R: R-bilinear form induced from the Killing form with (6, 6) = 2,

Z[P]: integral group ring of P (which is the same as the ring Z[ei“’i]j c

polynomials in €*3),

s of Laurent

K := C(e“7)jer: field of rational functions in e/ with coefficients in C,

ta = (0,0)/(ca, @) €{1,2,3},

[a]q € Z(a € Q,a € I): coefficients in the sum o = ) ;[o]ac,

sq: simple reflection acting on by by sq(A) = XA — A(hq) e,

W: Weyl group generated by {s, | a € I},

Wy, A € P: isotropy subgroup of W fixing A,

Wy, J C I: standard parabolic subgroup of W generated by {s, | a € J},
L(X\), A € P*: irreducible highest weight representation of Uy(g),

x(V) € Z[P]: character of a finite-dimensional U,(g)-module V' = € V) with weight
spaces Vy, i.e., X(V) =3, cp(dim Vy)er

Some properties of characters of KR modules

KR modules form a family of irreducible finite-dimensional representations of the quantum
affine algebra U,(g), where ¢ € C is not a root of unity. For every (a,m,u) € I x Z>g x C*,
there exists a corresponding KR module W,Sf )(u) By restriction, we obtain a finite-dimensional
U,(g)-module res W(a)( ), which can be denoted by res Wy,” since its isomorphism class as
a Uy(g)- module does not depend on the spectral parameter u.

Let Q = X(res W( )). The @Q-system

abl

(Q ) - Qm+1Q£§ 1 + H H Q( Cbam Ic I ac I7 m 2 17 (21>

b:Cap<0 k=0



4 C.-h. Lee

is a difference equation satisfied by the characters of KR modules. Nakajima [12] and Hernan-
dez [6] proved that the g-characters of KR modules satisfy the T-system, from which we obtain
the @Q-system (2.1) by ignoring the spectral parameter.

In [9], we studied a linear recurrence relation with constant coefficients satisfied by the se-
quence (Q&‘;))fnozo. We can summarize its main properties in terms of its generating func-
tion Q@ (¢) := Y °_, Q@M as follows.

Theorem 2.1 ([9, Theorem 1.1]). Let g be a simple Lie algebra and a € I. Assume that (g, a)
is not one of the following exceptional cases: node 4 in type E7, and nodes 3, 4, 5, 8 in type Eg.
There exist W -invariant finite subsets A, and Al, of P with the following properties:

(i) If we set D\ (z) := [Dea, (1 —€*2) [Then, (1 —e*z'e), then
N@(2) := QW (2)D(2) (2.2)
is a polynomial in z with coefficients in Z[P] and deg N@) < deg D@,
(i7) toAa NAL = &, where taAg = {to A | X € Ao}
(ii1) wq € Aq.

The same form of the linear recurrence is expected to hold for the excluded exceptional nodes
as well, although those cases are not needed for the applications considered in this paper. Let
us fix A, and Al as in the Appendix of [9]. When g is simply-laced, A, is simply the set of
weights of the fundamental representation L(wg).

Note that (ii) shows that 1/D(®)(t) has only simple poles. Then, from the partial fraction

decomposition of Q@ (t) = N (¢)/D@(t), we deduce that for each (X,(,1) € P x C* x Zsg
there exists C’(Q(“), MGl e K(e“’j/t@)jel such that

QW =" C(QW ¢ N)Cmem™M m e Zy, (2.3)
ey
and the coefficient C(Q(“), A G, l) is zero unless either
e (A C 1) =(\1,1) with A € Ag; or,
o (¢ 1) = ()N ty) with A € AL and (le = 1.
Due to the W-symmetry of Q%), we have
w(C(QW, N, ¢,1) =C(QW, w(\), (1),  weW. (2.4)
Let O\ := C(Q@, A, 1,1) for A € A, and C\) := C(Q@, A, ¢, t,) for A € Al, and ¢t = 1.

<

We can rewrite (2.3) as

Qgg) - Z C/(\a)em’\+ Z Z Ci‘fgcmem)‘/t“. (2.5)

AEAq AeA, ¢: Cta=1
For ng), we have an explicit product formula.
Theorem 2.2. For each a € 1,
1
cl = (2.6)

[oear (1 - e_a)[a]a
Here, [a]q € Z>o denotes the coefficient in the sum o = ) ;lae0q.

We call (2.6) the Mukhin—Young formula, which was originally conjectured in [11]. It was
proved in [10] except for two nodes in type Eg; these remaining cases are covered in the more
general setting of [13]. We note that, in general, coefficients other than C (Q(a), Al 1) do not
seem to admit an expression as compact as (2.6).
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2.2 Fermionic formula

The fermionic formula, proposed by Kirillov and Reshetikhin [7], concerns the decomposi-
tion of a tensor product of Kirillov-Reshetikhin modules into irreducible U,(g)-modules. Let
(l/ﬁr?))aeLle be a family of non-negative integers such that 1/7(7? is zero for all but finitely
many (a,m). Consider

W = ® (res Wr(,f))(gyw,
(a,;m)

a tensor product of Kirillov—Reshetikhin modules, and its decomposition into irreducible Ug(g)-
representations

W= P m(W,NL),  m(W,\) € Zs,
AeP+

where L()) denotes an irreducible Ug(g)-representation with highest weight A\. The fermionic
formula provides an explicit combinatorial description of the multiplicity m(W,\) in terms
of (1/7(,? ))a cr.m>1 and A. Since this formula is somewhat complicated and not essentially used in
this paper, we refer the reader, for example, to [5] for its precise statement.

2.3 Polyhedral formula

Recall that a (rational) polyhedron P C R? is the set of solutions of a finite number, say I,
of linear inequalities with integer coefficients P = {x € R? | (a;,x) < f; fori = 1,...,1} for
some a; € Z% and f3; € Z. Here (-,-) denotes the standard inner product on RY. We may include
linear equalities because (a;,x) < f; and (—a;,x) < —f; imply (a;, x) = .

Let 0 = Zael CaQq,Cq € Z~o be the highest root of g. Fix a € I such that ¢, < 2. For
example, this condition holds for all classical types. It is shown in [2] (see also [3]) that there
exist positive integers (bj);jec,, and dominant integral weights (\;) e, for some finite set J,
such that

res W% = EB L(Xx)

XGF'r(na)

where F\®) = {(z;)jer | djes, bitg =m,x; € Z>o0}, and Ay = > jes, TjAj for each x € B
Hence, Fy,” is the integer lattice points of a rational polyhedron. When ¢, > 2, we still expect
to have a similar formula, but now with multiplicity, of the form

2

res W) = @ p(x;m)L(Ax). (2.7)
XEF'r(rfL)

We further expect that p(x;m) is Z>o-valued for m € Z>g, x € F,(rfb), and can be written as
step-polynomials defined piecewise on polyhedral regions. A step-polynomial is a Q-linear com-
bination of products of functions of the form |(a,-) + b| for some a € Q%, b € Q. A polyhedral
formula for the decomposition of KR modules will mean a formula of the form (2.7).

For example, consider p(ji, j2,j3,ja;m) from Theorem 1.1. Then p = g; on Q; (i = 1,2),
where

Q1 ={(j1,- - jasm) € Z¢ | j1 + 242 + 2jj3 + ju < m}, g1 = (14 73)(ja + 1),
Qa2 ={(j1,.--,jam) € Z20 | j1 + 252 + js + ja < m < ji + 22 + 2j3 + ja},
g2 = (14+m—ji1—2jo—j3—ja)(ja +1).



6 C.-h. Lee

In the a = 2 case of type Gg, the multiplicity function in (1.3) demonstrates the necessity of the
notion of step-polynomials.

As mentioned in the introduction, computations based on the fermionic formula can provide
useful data for guessing the multiplicity function p(x;m) in (2.7). However, a candidate formula
for p(x;m) still has to be guessed in advance; the method developed below is designed to verify
such a proposed formula for all m € Z>(. In the next section, we explain an approach for a proof

of (2.7).

3 Framework for proving polyhedral formula

Let P% denote the character of the right-hand side of (2.7), i.e.,

P = 3" p(x;m)x(L(Ax)).

XEFr(r;I)

The letter P is chosen from the word ‘polyhedron’. When there is such a polyhedral formula,

consider its generating function P(®)(t) := >7°°_, P9¢m Once we combine the discussion from

Section 2.3 and the Weyl character formula, we can obtain P(®)(t) as a rational function in ¢.
Then, (2.7) is equivalent to the following identity between two rational functions

P () = Q@ (1) (3.1)
We can state the steps necessary to prove (3.1) as follows:

(i) Prove that P(@) has at most simple poles, and the set of poles of P(@ is a subset of the
set of poles of Q@ . Also make sure that the degree of the denominator of P(@ is greater
than that of its numerator.

(ii) Prove the equality of the coefficients
C(P N ¢ 1) =C(Q™, N ¢,10) (3:2)
when (A, (,1) belongs to one of the following cases:

o (\G 1) =(\1,1) with A € Ag;
o (NG 1) = (N ( te) with A € A, and (' = 1.

As P@ is a rational function in ¢, we can effectively attack step (i), for example, using the
partial fraction decomposition method as we do in Section 4.1.

Recall that we already know explicitly where the poles of Q@ are located and that these
poles are always simple. After settling step (i), we can deduce that P#f ) can be written in the
form

P =" C(P, A, ¢ 1)¢mem™!
(AGD

with C' (’P(a), A G, l)E K(ewﬂ' /ta )j er which vanishes unless the non-vanishing conditions for C (Q(“),
A ¢, l), stated after (2.3), are satisfied.

Step (ii) is equivalent to showing that P and Q@ have the same residues at their poles,
which are simple at most. Since P(® is W-invariant as each P,(,f ) is W-invariant, the coef-
ficients C’(P(a),)\,c,l) follow the same W-symmetry as C(Q(a),)\,c,l) in (2.4). Hence, it is
enough to consider weights in P because every element of P has a unique element in P in its
W -orbit.
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Once P,n(,ff ) is explicitly given as in (2.7), it is more or less straightforward to compute P(®
and C’(P(a),)\,g,l). For computing C’(Q(a),)\,g,l), we can use the @Q-system (2.1) to derive
a system of equations among such coefficients, and find its solution, usually in a recursive way
from known ones.

Suppose that we already have proved (i). Then another way to finish the proof of P(@(t) =
Q) (t) is by showing Qgﬁ) =P form =0,1,..., |Aa| + ta|AL] — 1 since now we know that
both sequences satisfy the same linear recurrence relation of order |A4| + t4|A/|. Although it is
a purely mechanical task to check Q,(g) = P,Sf ) for given m using the fermionic formula, we have
found that it is still computationally challenging for large m.

By considering C(P(“), A, l) and C(Q(a), A l), we localize the problem in the sense that
we are looking at a single pole at a time, and thus obtain further simplifications. Another
advantage is that we are able to break the original problem into smaller and more tractable
pieces.

In a nutshell, it is possible to check both (i) and (ii) algorithmically. In the following sections,
we follow this strategy to prove polyhedral formulas in type Fy and in type G2 where we discuss
some practical issues in our method in detail.

Remark 3.1. In carrying out step (ii), we are eventually led to the problem of showing that
a sum of many multivariate rational functions actually vanishes. After removing the common
denominator, this is essentially a problem about multivariate polynomials.

Polynomial identity testing (PIT) is one of the important problems at the intersection of
algebra and computer science. It might be useful to add a few words about a well-known
result in the area. Let F' be a field, P € Flxi,x9,...,2,] a non-zero polynomial, S a finite
non-empty subset of F'. The Schwartz—Zippel lemma gives an explicit upper bound on the size
of {(r1,...,rn) € S™ | P(r1,...,m) = 0} in terms of |S| and the degree of P. We refer the reader
to [1] and the references therein for a precise statement.

Remark 3.2. We know that C’(Q(a), A, l) is invariant under W) from (2.4). When we explic-
itly compute C (73(“), A, ¢, 1), it is given as a sum over Wy; see (4.8) for an example. Thus we
can regard (3.2) as a summation formula over W), for C’(Q(“), A, l).

The accompanying MATHEMATICA notebook file for some computer calculations in this paper
is available at https://github.com/chlee-0/KR-polyhedral-formula.

4 Proof of Theorem 1.1 for type F}

Let g be a simple Lie algebra of type Fy. When a = 1 or 4, there is a known polyhedral formula
for res W,\"). The formula for a = 1 is given in (4.7) and will be used later. The main goal of
this section is to prove Theorem 1.1, namely, the polyhedral formula for a = 2.

For m € Zx>o, let P? be the character of the right-hand side of (1.1) and P®)(t) =
Yoo o qu Jym, By following the strategy outlined in Section 3, we will show that

QR = p?), (4.1)

that is, Q@) (t) = P3)(t) as rational functions in ¢.

Before turning to proofs, we present Table 1 for A, and A/ from [9]. Since they are
W-invariant, they are given as a disjoint union of W-orbits of elements of P*. Through-
out the section, A = Zwew(—l)e(w)ew(p) denotes the Weyl denominator and (A1, A2, A3, Ag) =
(2wy, 2ws, wa,w1). We often need to explicitly deal with W or its subgroups. One may refer
to [15] for an algorithm to find the Weyl orbit of a weight or a minimal coset representative for
a coset of a standard parabolic subgroup of a Weyl group.
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a A, NPT AN NPt

1 0, wy

2 10, wi, wa, 2wy

3 ws 0, w1, 2w1, wa, 2wyq, w1 + 2wy
4 Wy 0, w1

Table 1. The sets A, and A/ in type Fj.

4.1 Step (i)

From (2.2), it is clear that Q(®)(t) can have only poles of order at most 1 and they can only be
found at t = e}, A € Ay. Let us find the poles of P®3)(t). To write P (t) explicitly, define
a sequence {am 127, by

= 1 y ) - J1,.J2,.33,.J4
Om = z : p(j15927j3)347 )3:1 Ty T3 Ty,
J1+2j2+j3+ja<m
J1,32,33,J4€2L >0

whose generating function is

m 1
mZ::oamt (-t - ml)(l - t29?2)(1 - tﬂ?g)(l - t2x3)(1 —txy)?

We note that this sum can be found using only elementary facts about geometric series.
By combining this with the Weyl character formula, P(®)(t) can be written as

_ 1)) gw(p)
< Z - (=)™ S (42)
waw (L=1)(1 = ewAt) (1 — ew(2)§2) (1 — ew(s)t) (1 — ew(3)¢2) (1 — ew(Ma)t)

At this point, it is not entirely clear whether P(?)(¢) has only simple poles at t = e™*, X\ € Ay
or not. For example, P()(t) may have a double pole at t = e=%(A),
Consider the partial fraction decomposition of a summand in (4.2)
1
(1— 0)(1— evOng) (1 — ew0a)2) (1 — ev0alg) (1 — ewOa)g2) (1 - evOr)?

w(d) | w(d)  wdy) | w(d)

-t 1—ew@t 1 —ewa)p 1 — ewlh)¢

w(ey) w(ey) w(es)

1 — ew(X2)¢2 1 — ew(A3)¢2 (1 _ ew()“l)t)z’

where dg\Z), egi) € K, and eg\2), eg\s) € K[t] are polynomials of degree at most 1, uniquely deter-
mined by this form of decomposition in the case w = 1. For example,

@) _ 1
dO - 2 2°
(1= M) (1= ) (1 - %) (1 - eN)

Because these expressions are long but easy to find, we do not write them here; one can refer to
the accompanying file for an explicit description.

(4.3)

Proposition 4.1. We have

7)(2 A Z (w) w(p <w(d(()2)) + w(dgi)) w(dg\?) w(dgi)) )

1—t 1—ewM)t 1 —ews)t 1 —ewa)t
weW
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Proof. It is sufficient to show that for A € {A2, A3, A4},

Z (*l)g(w)ew(’))w(ef)) =0. (4.4)

weWy

We may use computers to verify this directly. Below, we will explain how to reduce the amount
of calculation to check (4.4). While this reduction is not essential as long as we focus on type Fy
whose Weyl group is manageable in size, it might be useful for treating a similar vanishing sum
over bigger groups in other types.

For A = Ay = 2ws, W) = Wyy 5 4y. The parabolic subgroup Wy gy of Wy 5 4y satisfies

Z (—1)£(w)ew(p)w(ef\22)) =0,
wEW{l,Q}

which implies the vanishing of the sum over Wy 54y since (4.4) can be written as

Z (_1)Z(w/)w/ Z (_1)Z(w)ew(p)w(€g\22)) ’

w' eWw’ 'UJEW{I,Q}

where W' is the set of minimal coset representatives for cosets in Wit 2,43/ Wii23-
Similarly, when A = A3 = w9, we have W = W(y 34y and the following sum over the parabolic
subgroup Wy 3; vanishes:

Z (_1)@(w)ew(p)w(e&23) —0.
wEW{L;;}

When A = Ay = wi, we have not found any proper parabolic subgroup of Wy = W3 3 43, over
which the sum vanishes. However, if we let

2 w) w 2
E§\4) = Z (71)6( Je (p)w(eg\:),
TUGW{QA}

then the left-hand side of (4.4) becomes

3 () @u(ED),

weWw"”

where W is the set of minimal coset representatives for cosets in Wi2343/ Wiy The size
of W” is 12, and it is possible to partition this set into 6 pairs of distinct elements so that the
contribution from each pair to the above sum is zero. In other words, for each w; € W”, there
exists wy € W, wy # wy such that

(—1) @Dy (BY) 4 (—1) @Dy (EY) = 0. ]
This proposition immediately implies the following.

Proposition 4.2. The rational function 73(2)(15) has only simple poles, possibly at t = e,

A € Ay and no other poles.

Now we know that the poles of Q) (t) and P (t) can only appear at t ==, A € As.
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4.2 Step (ii)

It remains to carry out the second step of our strategy from Section 3 to prove (4.1). As
shown in Table 1, Af is empty. Hence we have to show C(P(Q),)\, 1, 1) = C(Q(Q),)\, 1, 1) for
A€ AyN Pt = {0,wy,ws,2ws}. We first explain how to compute both sides, and then check
their equality. Let us write C/(\ ) = C’(Q(Q), Al 1) and Dg\Q) = 0(73(2)7 AL 1).

How to compute C(z)

Let us explaln how to compute C’( ). Recall the Q-system relation (2.1) (2) (Qm)
Qg 1Qm ‘1 for a = 1. By rewriting this relation using (2.5), we obtain an expression for Cy
in terms of C},”7, p € Ay

(2)

o= 3 cWeda - ermy, (4.5)
(V,,U)GS)\
where Sy := {(v,p) € A1 x Ay | v # pu, v+ p = A}. To handle (4. 5% explicitly, we need a way to

compute C(l) and ijl). And these are all we need to find C/S , 1 € Ay because C’( ) with
non-zero A € Wwj is given by ! () = w(C’L(ull)).

Lemma 4.3. We have

Zwew<_1)f(W)eW(p)/(1 - ew(wl))

1
Cé): A ’

and

w1_1/H 1—6 04]1

acAt

Proof. Note that Cé,ll) is given by Theorem 2.2, the Mukhin—Young formula. To find C(l), we
can exploit the known polyhedral formula from [2]

= x(L(kwr)) (4.7)

k=0

By the Weyl character formula,

L(w) jw (1) (1
oW (p) = Z (—1)“wew(e) _ 1 Z (1)) (o) w(dy’) n w(dw)
A S, =) (1 —tevln) A & 1—t 11— tewlwn) |’
where d((]l) = ﬁ and d((ull) = 1—‘3%% Therefore,
w w 1
o) _ Suwew (=D e Wu(dy) .
0o - A .

How to compute Dg\z)

Recall that we have P7(n2 ) = Yo Ao D§\2)em)‘. We only need to consider A € A, PT. By Proposi-
tion 4.1, we can write Df as

L(w) jw (2)
o — Zoe D) s
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For a dominant weight A\, W) is a standard parabolic subgroup of W. Once we enumerate the
elements of W), it is straightforward to compute Dg\Q). Of course, it becomes computationally
easier to manipulate (4.8) when W) is a proper subgroup of W. In this sense, the most difficult
case arises when A = 0.

Now we can compute both (4.5) and (4.8) and thus, are ready to check C’§\2) = Dgz) for
A € {0,wi,w2,2ws}. To use (4.5), we need Sy = {(v,1n) € A1 Xx A1 | v # p,v+p = A}, as

described below. The cases of A € {w1,ws,2ws} do not bring much difficulty, and a computer

can easily simplify C’/(\Q) - D§\2) and return zero. We give further comments on the A = 0 case,

which is the most difficult one.
4.2.1 A\ = w; case
In this case,
Swl = {(0,0)1), (wl,()), (20)1 — W2,wW2 — wl), (UJQ — Wi, 2w1 — WQ), (wl + wo — QW3, 2w3 — CL)Q),

(2w3 — wa, w1 + wo — 2w3), (W2 — 2wy, w1 — w2 + 2wy4), (W1 — wa + 2wy, w2 — 2wy),
(w1 — wa + 2ws — 2wy, wo — 2w3 + 2wy), (W2 — 2ws + 2wy, w1 — wa + 2ws — 2wy) }.

4.2.2 A\ = wsy case

In this case, S, = {(w1,w2 — w1), (w2 —wi,w1)}. Thus (4.5) gives

0(2) — C(I)C(l) (2 - ele—wz o ew2—2w1>'

w2 w1 w2 —Ww1

In fact, this identity is a special case of [10, Corollary 3.5].

4.2.3 A\ = 2w, case
In this case,

Sows = {(w1,2ws —w1), (2ws — w1, w1), (W2 — w1, w1 —wa + 2wy), (W1 — w2 + 2wg, w2 — wy),

(2w — wa, ws — 2wz + 2wy), (we2 — 2ws + 2wy, 2w3 — wa)}.

4.2.4 X\ = 0 case

Our goal is to check whether Cé2) — D(()Q) is actually zero, but this calculation is not quite
straightforward as before, since it is a sum of many rational functions. (4.5) can be rewritten as

c? = Y el (1 - e,
AeWwy

and |[Wwi| = 24. On the other hand, D(()2) involves an alternating sum of orbits of (4.3) over
the entire Weyl group W and hence, it is obtained by adding |[W| = 1152 rational functions
in et ... e¥4,

It is slightly better to work with AC(?) and AD(()2) to simplify their denominators. Let us
consider

ADY = 37 (—1)! ey (dP).
weWw
We can rewrite the above as

ADY = 3 (—)! I (f,),

w' eW{1,3,4}
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where W134} denotes the set of minimal coset representatives of cosets in W/Wi1 3.4y, and

fur = (71)€(w/)w/ Z (71)€(w)ew(p)w(d(()2)) : W e W{1’3’4}.
wEW{1’3,4}

Note that the size of W34} is 96.

In actual calculations, we treat the above expressmns as rational functions of variables
r; = e% with coefficients in Q. Hence AC(Q) and AD( ) produce 24 + 96 = 120 rational
functions in z;, and we can simply try to sum them up to get zero. On a standard desktop
computer, it took about 500 seconds to complete this calculation. When we computed with
120 polynomials, after multiplying a suitable common factor to these rational functions, it took
about 1400 seconds to get zero.

5 Proof of Theorem 1.2 for type G2

Let g be of type Ga. We record the sets A, and A/, as given in [9, Appendix B]

a | AN PT| A NPT
1 0, wi
2 w2 0,&)1

(a)

Throughout this section, we assume that the polyhedral formula for res Wp,” is unknown
in both cases ¢ = 1 and @ = 2, in order to illustrate our method. The argument in this
section gives a proof for both cases simultaneously. Let us first consider the case a = 1.
Set P (1) =3 P{Ptm. Then since the decomposition of res Wi agrees with (4.7), we
can reuse the computation in Lemma 4.3 to write P(1(t) as

£(w) qw(p)
(1 e
F AZ l—t 1—ew(w1))
1 1
Z (w) w(p w(d(() )) + w(db(ul)) (5 1)
T A 1—t 1 —tewln) |~ '
weW
By comparing coefficients of "™ in (5.1), we can rewrite P&l ) in the form
= Z Dg\l)emA> m e ZZO) (52)
AEA

where D((]l) = i Zwew(—l)e(w)ew(p)w(dél))’ and

1
DV = X 2 (D@ Pu(dl)),  Ae W
weW
w(wy)=A

with d( ) — 1w1 and df‘,l) = 1

T—e w1
For m € Z>o, let P be the character of the right-hand side of (1.2) and set P®)(t) =
> o P( J#m We now write P )(t) explicitly. To this end, define a sequence {am }20_y by

o o 1,2

am = > p(jo, 1, jo; m)xy 3’
Jo+3j1+j2=m
J0,J1,J2€ZL>0
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whose generating function is

1
— t3x1)2(1 — tafg)(l — t2$2) ‘

2 =

By combining this with the Weyl character formula, P2 (t) can be written as

1 (—1)Hw)ew(r)
PR (4) = . 5.3
0= FA=1) &, [ o) (- eno) (L~ erond) >3

Then for w € W we have

1
(1 3) (1 — ewl@3)? (1 — ewlwa)p) (1 — ewlea)s2)
_w(d?)  w(@l) L w(el) L w(dd) | w(eld) (5.4)

1 -1 1 —ewln)ss (1- ew(wl)t3)2 1 —ewlw2)t = 1 — ewlw2)$2’

where d(2) dfi), a(u21)> d%), eEJZ) € K[t] are polynomials in ¢ of degrees at most 2, 2, 2, 0, 1, respec-
tively, and are determined by the decomposition in the case w = 1.

Proposition 5.1. We have

Pl =5 30 oy (BB ) v, D

_ 43 _ 3 _
o 1—t 1 — ewlwi)t 1 — ew(w2)¢

(2) (2)

that is, the terms involving w(ewl) and w(ew2) cancel out after the Weyl group summation

n (5.3).

Proof. It is sufficient to show that for A € {w;,ws}, ZweWA(—1)€(w)ew(")w(eg\2)) = 0. The
isotropy subgroup W) has only two elements for each A. It is verified in the accompanying file
using explicit expressions for the partial fraction coefficients in (5.4). |

This completes step (i) of Section 3 for the G2, a = 2 case.
For p € {0,w1, w2} and j € {0,1,2}, define the coefficients a( ) € K by

2 2
- 2) ) 2
Doagt, dE) =3 el dE =al,
:0 j=0
and o . = 0 for j =1,2. For m € Zxo, the coefficients of P2 (¢) = >°>°_, pPym satisfy

w237

P = LS (1000 (a2 4 () 4 (a2,

weW
L w)eW mw(w m
= & 5 (000 o) (a2 4l
weW

3m+2 N Z Z(w) w(ﬂ) ( (()?%) +w(a£)21);2)emw(w1) _|_w( ()0) (3m+2)w(w2))

w23
weWw

This follows by taking coefficients of 3™, ¢3™*1 and t3™+2 in Proposition 5.1 and expanding
each denominator as a geometric series. It can be rewritten in the form

PR =Y DAt 1 ST EZem™ je{0,1,2). (5.5)
AEAs )\EA/
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Here the coefficients Dg\Q) and E§\2]) are given by

1
Dg\Q) = A g (—1)e(w)ew(p)w(a£)22);o), A€ Ao,
weW
w(wz)=A

1
EY) = S ()@@ ), AeWwy, je{0,1,2},

w13j
weW
w(wi)=A
as well as
2 2 .
E(()J) ’ A Z p)w(a(()])) J € {0’ 1a2}'
weW

Let us carry out step (ii) in a shghtly different way from that in Section 4. Instead of
working with C( (a),)\,(,l) in P Z(AU (73( ),/\,C, l)Cm mA/L e just work with Dg\l),

(2) and E( ) in (5.2) and (5.5) to avoid the use of root of unity in the actual computation,
and work w1th rational functions in z; = e“ with coefficients in Q. We first verify that the
family ( 7(;1 )) satisfies the Q)-system by checking the relations among the coefficients appearing
above; this verification is carried out in the accompanying file. Once this is established, it suffices
to check the equality P(a) = Cg,(fi) only for m = 0 and m = 1. Since this condition is satisfied
in the present case (that is, Pm) gives the correct decomp081t10n of the KR modules), it follows
that P(a Q,ff) holds for all m € Z>o. This is because (Qm ) is a solution of the @-system
and Qm # 0, and hence is uniquely determined by the values at m = 0,1. This finishes the
proof of Theorem 1.2.
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