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ON MULTIPLICITY-FREE WEIGHT MODULES
OVER QUANTUM AFFINE ALGEBRAS

XINGPENG LIU

Our goal is to construct and study the multiplicity-free weight modules of
quantum affine algebras. For this, we introduce the notion of shiftability
condition with respect to a symmetrizable generalized Cartan matrix, and
investigate its applications on the study of quantum affine algebra struc-
tures and the realizations of the infinite-dimensional multiplicity-free weight
modules. We also compute the highest `-weights of the infinite-dimensional
multiplicity-free weight modules as highest `-weight modules.

1. Introduction

Let Uq.g/ be the quantum affine algebra (without derivation) associated to an affine
Lie algebra g over C in which q is not a root of unity. In this note, we are concerned
with infinite-dimensional multiplicity-free weight representations, i.e., those with
all of their weight subspaces one-dimensional, over Uq.g/. As we shall see, these
representations are the basic representations toward the infinite-dimensional modules
of quantum affine algebras.

In the classical cases, the multiplicity-free weight representations over finite-
dimensional simple Lie algebras, or more generally, the bounded weight repre-
sentations have been extensively studied in [Benkart et al. 1997; Britten et al.
1994; Grantcharov and Serganova 2006; 2010]. These representations play a
crucial role in the classification of simple weight modules of finite-dimensional
simple Lie algebras (see [Mathieu 2000]). For the quantum groups of finite type,
Futorny, Hartwig, and Wilson [Futorny et al. 2015] gave a classification of all
infinite-dimensional irreducible multiplicity-free weight representations of type An.
Recently, the infinite-dimensional multiplicity-free weight representations of the
quantum groups of types An, Bn and Cn were constructed in [Chen et al. 2024].

As an important class of multiplicity-free weight modules, the q-oscillator repre-
sentations over Uq.g/ of types A.1/n , C .1/n , A.2/2n , and D.2/nC1 have been obtained in
the works of T. Hayashi [1990] and A. Kuniba and M. Okado [2018; 2013; 2015].
Our goal is to construct infinite-dimensional multiplicity-free weight representations

MSC2020: primary 17B10, 17B37; secondary 16T20, 20G42.
Keywords: quantum affine algebra, representation theory, multiplicity-free weight modules.

© 2024 MSP (Mathematical Sciences Publishers). Distributed under the Creative Commons Attribution License 4.0 (CC
BY). Open Access made possible by subscribing institutions via Subscribe to Open.

http://msp.org/pjm/
https://doi.org/10.2140/pjm.2024.330-2
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://msp.org/s2o/


252 XINGPENG LIU

of Uq.g/ in a general way. For this, associated to each symmetrizable generalized
Cartan matrix, we introduce a system of equations in a Laurent polynomial ring A
(essentially, the Cartan part of Uq.g/) by the shift operators. We say that the
corresponding generalized Cartan matrix satisfies the shiftability condition if the
system of equations has solutions (see Section 4A). One result of this note is
that an affine Cartan matrix satisfies the shiftability condition if and only if the
relevant Dynkin diagram is one of the types mentioned above (see Theorem 4.2).
The solutions allow us to define Uq.g/-module structures on A, and to relate the
quantum affine algebra structures with the n-fold quantized oscillator algebra. Our
method for the construction is parallel with the earlier work concerning U 0-free
modules [Chen et al. 2024]. Namely, we can get the multiplicity-free weight
modules of Uq.g/ by applying the “weighting” procedure to the above modules
on A. In particular, the q-oscillator representations can also be reconstructed.

For the study of weight representations of quantum affine algebras, the concepts
of `-weights and `-weight vectors have proven especially useful, allowing one to
refine the spectral data properly in weight representations. For example, we have the
classification of irreducible finite-dimensional representations (see [Chari and Press-
ley 1991; 1998]) and infinite-dimensional weight representations of quantum affine
algebras [Hernandez 2005; Mukhin and Young 2014] by highest `-weights (their
highest `-weights are determined by Drinfeld polynomials and rational functions,
respectively). In this note, we shall compute explicitly the highest `-weight of the
q-oscillator representations. For the type A.1/n , the highest `-weights of q-oscillator
representations also were discussed in [Boos et al. 2016; 2017; Kwon and Lee 2023].

The paper is organized as follows. In Section 2, we give some necessary notation,
and review two presentations of quantum affine algebras. In Section 3, we recall
the definition of highest `-weight representations. Then we obtain the classification
of highest `-modules with finite weight multiplicities in general. In Section 4,
we introduce the notion of shiftability condition, and present the solutions to
the corresponding system of equations, which allow us to study the compatible
structures of quantum affine algebras with the n-fold quantized oscillator algebra. In
Section 5, the infinite-dimensional multiplicity-free weight modules are constructed.
In Section 6, we compute the highest `-weight of the q-oscillator representations.

Conventions. Let Z, R, and C be the sets of integers, real numbers and complex
numbers respectively. Denote C n f0g by C� and the set of nonnegative integers
by Z�0. Finally, ıij is the Kronecker symbol.

2. Preliminaries and notation

First, let us recall some necessary notation and two presentations of quantum affine
algebras based on [Beck and Nakajima 2004; Drinfeld 1987; Kac 1990].
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2A. Affine Kac–Moody algebras. Let gD g.X
.r/
N / be an affine Kac–Moody al-

gebra with respect to the generalized Cartan matrix AD .aij /i;j2I of type X .r/N ,
where I D f0; 1; : : : ; ng is an indexed set and X .r/N is a Dynkin diagram from [Kac
1990, Table Aff r], except in the case of X .r/N D A

.2/
2n .n � 1/, where we reverse

the numbering of the simple roots.
Let f˛igi2I � h� (resp. f˛_i gi2I � h) denote the set of simple roots (resp.

simple coroots) such that h j̨ ; ˛_i i D aij . Let Q D
L
i2I Z˛i be the root lattice

of g. Set QC D
L
i2I Z�0˛i . Assume that ı D

P
ai˛i and c D

P
a_i ˛

_
i are the

smallest positive imaginary root and a central element of g, where ai and a_i are
the numerical labels of the Dynkin diagrams of X .r/N and its dual, respectively. Let
f!igi2I denote the fundamental weights of g, i.e., h!i ; ˛_j i D ıij for i; j 2 I .

Let W be the affine Weyl group of g (which is a subgroup of the general linear
group of h�) generated by the simple reflections si .�/ D �� h�; ˛_i i˛i , � 2 h�,
i 2 I . Note that w.ı/ D ı for all w 2 W . Set I0 D I n f0g. Denote by VW the
subgroup of W generated by the simple reflections si for i 2 I0. It is a finite group.

Take the nondegenerate symmetric bilinear form . � ; � / on h� invariant under the
action of W , which is normalized uniquely by .�; ı/D h�; ci for � 2 h�. Define D
as the diagonal matrix diag.d0; : : : ; dn/with diDa�1i a_i . Then .˛i ; j̨ /Ddiaij for
all i; j 2 I . Let4 be the root system of g, 4˙D4\.˙QC/, and let4reD4nZı

be the set of real roots. For each ˛ 24re we set zd˛Dmax
�
1; 1
2
.˛; ˛/

�
. In particular,

write zdi simply for zd˛i
. Then

zdi D

�
1 if r D 1 or X .r/N D A

.2/
2n ;

di otherwise:

Denote by VA D .aij /i;j2I0
the Cartan matrix of finite type, and let Vg be the

associated simple finite-dimensional Lie algebra. Then f˛igi2I0
is a set of simple

roots for Vg. Let VQD
L
i2I0

Z˛i be the root lattice for Vg, and let zP be the weight
lattice of the euclidean space R˝Z

VQ � h� defined as zP D
L
i2I0

Zz!i , where
.z!i ; j̨ / D ıij zdi . Then VQ can be naturally embedded into zP , which provides
a W -invariant action on h� by x.�/D �� .x; �/ı for x 2 zP ; � 2 h�.

Define the extended Weyl group by �W D VW Ë zP . We also have �W DW ËT ,
where T D fw 2 �W j w.4C/ � 4Cg, which is a subgroup of the group of the
Dynkin diagram automorphisms. An expression for w 2 �W is called reduced if
w D �si1 � � � sil , where � 2 T and l is minimal. We call the minimal integer l the
length of w, and denote it by l.w/.

2B. Quantum affine algebras. The quantum affine algebra Uq.g/ in the Drinfeld–
Jimbo realization [Drinfeld 1985; Jimbo 1985] is the unital associative algebra
over C generated by XCi , X�i , K˙1i , i 2 I , with the following relations:

KiK
�1
i DK

�1
i Ki D 1; KiKj DKjKi ;(2-1)
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KiX
˙
j K

�1
i D q

˙aij

i X˙j ;(2-2)

XCi X
�
j �X

�
j X
C
i D ıij

Ki �K
�1
i

qi � q
�1
i

;(2-3)

1�aijX
kD0

.�1/k
�
1� aij

k

�
qi

.X˙i /
kX˙j .X

˙
i /

1�aij�k D 0 for i ¤ j;(2-4)

where q 2C� is not a root of unity and qi Dqdi . We have used the standard notation:

Œm�q D
qm� q�m

q� q�1
; Œm�Šq D Œm�qŒm� 1�q � � � Œ1�q;

�
m

r

�
q

D
Œm�Šq

Œr�ŠqŒm� r�
Š
q

:

In particular, we denote Œm�qi
by Œm�i for simplicity.

Let U 0 be the commutative subalgebra of U WD Uq.g/ generated by Ki ; K�1i ,
i 2 I . It is clear that each element in U 0 is a linear combination of the monomials
Kˇ WD K

b0

0 K
b1

1 � � �K
bn
n for ˇ D

P
i2I bi˛i 2 Q. In particular, Kı is a central

element in U . Let UC (resp. U�) denote the span of monomials in XCi (resp. X�i ).
Recall that U has a canonical triangular decomposition U Š U�˝U 0˝UC. For
later use, we note that UC is graded by QC in the usual way: UC D

L
ˇ2QC

UC
ˇ

.
Let us recall the Hopf algebra structure ofU with the coproduct�, the antipode S ,

and the counit � defined as follows:

�.Ki /DKi ˝Ki ; �.XCi /DX
C
i ˝ 1CKi ˝X

C
i ;

�.X�i /DX
�
i ˝K

�1
i C 1˝X

�
i ;

S.XCi /D�K
�1
i XCi ; S.X�i /D�X

�
i Ki ; S.Ki /DK

�1
i ;

�.XCi /D 0D �.X
�
i /; �.Ki /D 1:

There exists another presentation of U due to Drinfeld [1987]. Just like the
realizations of the affine Kac–Moody algebras g as (twisted) loop algebras, this
presentation of U is generated by the Drinfeld’s “loop-like” generators.

Consider the root datum .XN ; �/ with � a diagram automorphism of XN of
order r . Let AD .xaij /1�i;j�N be the Cartan matrix of the type XN , and let ! be a
fixed primitive r-th root of unity. Note that if r D 1 (i.e., � is an identity) we have
N D n and AD VA; if r > 1, then XN is one of the simply laced types: AN .N � 2/,
DnC1 .n� 2/, or E6. We use Ni 2 I0 to stand for one representative of the � -orbit
of i on f1; 2; : : : ; N g such that Ni � �s.i/ for any s. Take the set of simple roots
fx̨ig1�i�N and the normalized bilinear form . ; / (by abuse of notation) such that
.x̨i ; x̨j /D diaij if r D 1 and otherwise .x̨i ; x̨j /D xaij for 1� i; j �N .

The quantum affine algebra U (add the central elements K˙1=2
ı

) is isomorphic
to the algebra generated by x˙

i;k
.1� i �N; k 2 Z/, hi;k .1� i �N; k 2 Zn f0g/,

k˙1i .1� i �N/, and the central elements C˙1=2, subject to the following relations:
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x˙�.i/;k D !
kx˙i;k; h˙�.i/;k D !

kh˙i;k; k˙1�.i/ D k
˙1
i ;

kik
�1
i D k

�1
i ki D 1; kikj D kjki ; kihj;l D hj;lki ;

kix
˙
j;k D qNi

˙aNi Nj x˙j;kki ;

Œhi;k; hj;l �D ık;�l
1

k

� rX
sD1

�
k.x̨i ; x̨�s.j //

dNi

�
Ni

!ks
�
C k �C�k

qNi � qNi
�1

;(2-5)

Œhi;k; x
˙
j;l �D˙

1

k

� rX
sD1

�
k.x̨i ; x̨�s.j //

dNi

�
Ni

!ks
�
C�jkj=2x˙j;kCl ;

ŒxC
i;k
; x�j;l �D

� rX
sD1

ı�s.i/j!
sl

zdNi

�
C .k�l/=2 C

i;kCl
�C�.k�l/=2 �

i;kCl

qNi � qNi
�1

;

where the  ˙
i;k

are the elements determined by the following identity of the formal
power series in z:

1X
kD0

 ˙i;˙kz
˙k
D k˙1i exp

�
˙.qNi � qNi

�1/

1X
lD1

hi;˙lz
˙l

�
;(2-6)

together with the quantum Serre–Drinfeld relations, whose explicit forms will not
be used in this paper. One can refer to [Drinfeld 1987] for more details and to
[Beck 1994; Jing 1998] and [Damiani 2000; 2012; 2015]1 for a proof.

Under the isomorphism, we have X˙i D x˙i;0, K˙1i D k˙1i for i 2 I0, and
Kı D C . Note that  C

i;�k
D  �

i;k
D 0 for any positive integers k, and  ˙i;0 D k

˙1
i

from the identity (2-6).
From the relations in the Drinfeld presentation, U is essentially generated by

x
˙

i; zdik
.i 2 I0; k 2 Z/, hi; zdik .i 2 I0; k 2 Z n f0g/, k˙1i .i 2 I0/, and the central

elements C˙1=2 (see [Damiani 2012, Proposition 4.25]). Moreover, the quantum
affine algebra U has a triangular decomposition [Chari and Pressley 1994; 1998]:

(2-7) U Š U.6/˝U.0/˝U.>/;

where U.>/ (resp. U.6/) is the subalgebra generated by xC
i; zdik

(resp. x�
i; zdik

),
i 2 I0, k 2Z, and U.0/ is the subalgebra generated by C˙1=2 and k˙i , hi;k , i 2 I0,
k 2 Z n f0g.

3. Highest `-weight representations with finite weight multiplicities

In this section, we recall basic notation of representations over quantum affine
algebras: weight modules, `-weights, and highest `-weight modules. Most of the

1The author used the notation zH˙
i;l

, Hi;l , which is related with the notation  ˙
i;l

, hi;l by zH˙
i;l
D

C l=2k�1i  ˙
i;l

and Hi;l D C l=2hi;l .
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definitions and results in this section are well-known; one can refer to [Chari and
Pressley 1991; Mukhin and Young 2014].

3A. Highest `-weight modules. We begin with the notion of highest `-weight
modules. Thanks to the Hopf algebra structure of U 0 (inherited from U ), the set of
all algebra characters of U 0, i.e., all algebra homomorphisms from U 0 to C, has
an abelian group structure. The addition and the inverse are given by

.�C�/.u/D .�˝�/ ı�.u/; .��/.u/D � ıS.u/

for any algebra characters �;�, and u 2 U 0. Denote this group simply by .X ;C/.
Any ˇ 2 h� induces a character in X by assigning Ki to q.ˇ;˛i / for i 2 I , which
is unique up to a constant multiple of ı, so we still denote it by ˇ 2X .

For a U -module V and � 2X , define

V� D fv 2 V j u:v D �.u/v for all u 2 U 0g:

By the defining relations (2-2) we have X˙i :V� � V�˙˛i
. If V� is nonzero, then

we say � is a weight of V , and V� is a weight space of weight �. A nonzero vector
v 2 V� is called a weight vector of weight �. If the weight space V� is finite-
dimensional, then dimV� is called the multiplicity of the weight �. Call V a weight
module if V D

L
� V�. Moreover, a weight module V is said to be multiplicity-free

if dimV� � 1 for all � 2X .
Throughout this note, we assume that the central element C acts trivially on a

U -module. So any weight � of a U -module is level-zero, that is, �.Kı/D 1.
Note that the actions of the  ˙

i;k
on a U -module commute with each other by

(2-5) and (2-6). For a weight � of V with finite multiplicity, we may refine the
weight space V� as

V� D
M

Wwt./D�

V ;

V D fv 2 V� j 81� i �N; k � 0; 9m 2 Z>0; . 
˙
i;˙k � 

˙
i;˙k/

m:v D 0g;

where  D .˙i;˙k/1�i�N;k2Z�0
is any N -tuple of sequences of complex numbers

satisfying that Ci;0
�
i;0 D 1 and ˙�.i/;˙k D !

˙k˙i;˙k for all 1 � i � N , and we
associate  with a level-zero weight wt./2X by setting wt./.Ki /D Ci;0 for all
i 2 I0. Call such a sequence  an `-weight and V the `-weight space of  if V is
not zero.

Given an `-weight  , the defining relations in the Drinfeld presentation imply that
 is completely determined by the tuple of complex numbers .˙i;˙zdik

/i2I0;k2Z�0
.

Note that the ˙i;k for zdi ∤ k are zero. Hence we may write  � .˙i;˙zdik
/i2I0;k2Z�0

directly without any ambiguity.
Now we can define the highest `-weight modules.
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Definition 3.1. We say V is a highest `-weight modules of highest `-weight  if
V DU:v for some nonzero vector v 2 V such that xCi;k :vD 0 for 1� i �N , k 2 Z,
and  ˙i;˙k :v D 

˙
i;˙kv for 1 � i � N , k 2 Z�0. By (2-7), dimV D 1, so v is

unique up to a scalar; we call it the highest `-weight vector of V .

3B. The classification theorem: rationality. In this subsection we give the classi-
fication of simple highest `-weight modules with finite weight multiplicity, which
appeared in [Mukhin and Young 2014] for untwisted cases.

We say an `-weight f D .f ˙i;˙zdik
/i2I0;k2Z�0

is rational if there is a tuple of
complex-valued rational functions .fi .z//i2I0

in a formal variable z such that for
each i 2 I0, fi .z/ is regular at 0 and1, fi .0/fi .1/D 1, and

1X
kD0

f C
i; zdik

zk D fi .z/D

1X
kD0

f �
i;�zdik

z�k

in the sense that the left- and right-hand sides are the Laurent expansions of fi .z/
at 0 and1, respectively.

Let R be the set of all rational `-weights. Then R forms an abelian group with the
group operation .f ;g/ 7! fg being given by componentwise multiplication of the
corresponding tuples of rational functions. We will not always distinguish between
a rational `-weight f and the corresponding tuple .fi .z//i2I0

of rational functions.
Recall from [Chari and Pressley 1991; 1998] that simple finite-dimensional

modules of U are highest `-weight modules, and their highest `-weights f are
parametrized by the tuples of the Drinfeld polynomials. More precisely, there exists
a tuple of polynomials .Pi .z//i2I0

with all Pi .z/ having constant coefficient 1
such that f satisfies that for i 2 I0,

fi .z/D

(
q
2 degPn
n .Pn.q

�4
n z/=Pn.z// if .X .r/N ; i/D .A

.2/
2n ; n/;

q
degPi

i .Pi .q
�2
i z/=Pi .z// otherwise:

Therefore, the highest `-weight of any simple finite-dimensional module is rational.
In general, we have the following theorem.

Theorem 3.2. Let V be an irreducible highest `-weight module. Then all weight
spaces of V are finite-dimensional if and only if its highest `-weight f belongs to R.

Proof. For the nontwisted cases, one can refer to [Mukhin and Young 2014, Theorem
3.7]. The proof of the twisted cases is essentially parallel to that of the untwisted
cases thanks to the triangular decomposition (2-7) of the Drinfeld realization. �

4. Shiftability conditions and algebra homomorphisms

In this section, the notion of the shiftability condition with respect to a generalized
Cartan matrix will be introduced, and the compatible structures of the quantum
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affine algebras with the n-fold q-oscillator algebras are given from the q-shiftability
condition.

4A. Shiftability conditions. Let AD .aij /i;j2I be any symmetrizable generalized
Cartan matrix. Let A be the Laurent polynomial ring over C in the variables xi ,
i 2 I , i.e., AD CŒx˙1i ; i 2 I �. For each i 2 I , consider the algebra automorphism
�i WA!A given by �i .xj /D q�ıij

i xj for j 2 I . For any distinct i; j 2 I , we say
a pair of Laurent polynomials .f; g/ in A is .i; j /-shiftable if f , g satisfy

fg D ��1j .f /��1i .g/:

Set fxgi WD .x� x�1/=.qi � q�1i / for any unit x in A, and for simplicity, write
fxg D .x� x�1/=.q� q�1/. Define the elements yi ; y�1i 2A by

y˙1i D
Y
j2I

x
˙aji

j :

Consider the following system of equations with respect to the variables �i , i 2 I ,
in A:

(4-1)
�
�i .�i /��i D fyigi ;

�i�j D �
�1
j .�i /�

�1
i .�j /;

i; j 2 I; i ¤ j:

In general, this system of equations does not always have a solution. It depends on
the choice of the generalized Cartan matrix A. Therefore, we can say A admits the
q-shiftability condition when the corresponding system (4-1) has a solution.

By a quick computation, we obtain a family of solutions to (4-1) for A of types
A2 and A.1/1 .

Example 4.1. (i) For the type A2, a pair of Laurent polynomials .�1; �2/ where
�1 D fqbx1gfbx

�1
1 x2g and �2 D fqbx�11 x2gfbx

�1
2 g for each scalar b 2 C�

is a solution.

(ii) For the typeA.1/1 , consider the Laurent polynomials �0Dfqbx0x�11 gfbx
�1
0 x1g

and �1 D fqbx�10 x1gfbx0x
�1
1 g for any scalar b 2 C�. It is easy to check that

.�0; �1/ is a solution.

In what follows, the q-shiftability condition for the generalized Cartan matrices
of affine types will be investigated. Now assume that A is an affine Cartan matrix
as in Section 2. Then we have the first main result in this section.

Theorem 4.2. There exists an .nC1/-tuple of Laurent polynomials in A satisfying
the system (4-1) if and only ifA is of the typeA.1/n .n�1/, C .1/n .n�2/, A.2/2n .n�1/
or D.2/nC1 .n� 2/.

The proof of Theorem 4.2 will be given in the Appendix. Here we list all tuples
of Laurent polynomials .�i /i2I satisfying (4-1) for each affine Cartan matrix A in
the theorem above.
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For the type A.1/n .n� 1/:�
fqbAz0gfbAz1g; fqbAz1gfbAz2g; : : : ; fqbAzngfbAz0g

�
:

For the type C .1/n .n� 2/:�
fq0bC z

�1
1 g0fbC z1g0; fq1bC z1g1fbC z2g1; : : : ; fqn�1bC zn�1gn�1fbC zngn�1;

fqnbC zngnfbC z
�1
n gn

�
:

For the type A.2/2n .n� 1/:�
f{q�

3
2 z1g0f{q

� 1
2 z1g0; f{q

1
2 z1g1f{q

� 1
2 z2g1; : : : ; f{q

1
2 zn�1gn�1f{q

� 1
2 zngn�1;

{

qn� q�1n
f{q

1
2 zngn

�
:

For the type D.2/nC1 .n� 2/:�
{

q0� q
�1
0

f{q�1z1g0; f{qz1g1f{q
�1z2g1; : : : ; f{qzn�1gn�1f{q

�1zngn�1;

{

qn� q�1n
f{qzngn

�
:

Here, { D
p
�1. The elements zi 2 A involved in the above solutions and the

relations in our notation are given as follows for each type:
For A.1/n ,

zi D x
�1
i�1xi ; z0 D .z1 � � � zn/

�1; yi D ziz
�1
iC1; yn D znz

�1
0 ; b

A
.1/
n
2 C�:

For C .1/n ,

zi D x
�1
i�1xi ; y0 D z

�2
1 ; yi D ziz

�1
iC1; yn D z

2
n; b

C
.1/
n
D q�1=4 or {q�1=4:

For A.2/2n ,

ziDx
�1
i�1xi ; znDx

�1
n�1x

2
n; y0Dz

�2
1 ; yiDziz

�1
iC1; ynDzn; b

A
.2/
2n

D {q�
1
2 :

For D.2/nC1,

z1Dx
�2
0 x1; zi Dx

�1
i�1xi ; znDx

�1
n�1x

2
n; yi D ziz

�1
iC1; ynD zn; y0D z

�1
1 ;

bD.2/

nC1
D {q�1:

By our convention, the Dynkin diagrams of the above four types and the corre-
sponding qi D qdi are the following:

0

q

1

q

2

q

n� 1

q

n

q
� � �

.A
.1/
n /

0

q

1

q
1
2

n� 1

q
1
2

n

q
� � �

.C
.1/
n /
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0

q2

1

q

n� 1

q

n

q
1
2

� � �

.A
.2/
2n /

0

q

1

q2

n� 1

q2

n

q
� � �

.D
.2/
nC1/

Remark 4.3. One can also consider the shiftability condition for a generalized
Cartan matrix A in the classical sense. More precisely, consider the polynomial
ring AC D CŒxi ; i 2 I �, and the algebra automorphisms �i WAC!AC defined by
�i .xj /D xj � ıij for all j 2 I . Write yi D

P
j2I aijxj . Then a similar system of

equations in AC (replace fyigi in (4-1) by yi ) can be obtained.

4B. Quantized oscillator algebra and algebra homomorphisms. One interesting
application of the q-shiftability condition is to study the compatible structures of
quantum affine algebras of types X .r/

N
with the n-fold quantized oscillator algebra.

Fix � 2 C�. The (symmetric) quantized oscillator algebra B� is the unital
associative algebra over C generated by four elements aC, a, k˙1 subject to the
relations:

Œa; aC�� D k; Œa; aC���1 D k�1; kk�1 D k�1kD 1;

kak�1 D ��1a; kaCk�1 D �aC;

where Œx; y�� WDxy���1yx. Then aCaDfkg, aaCDf�kg and fkgaCDaCf�kg,
afkg D f�kga in B� . Here we define fxg D fxg� D .x � x�1/=.� � ��1/ for
x D k or �k.

One can easily check the following results.

Lemma 4.4. (i) There exists a unique C-algebra automorphism (an involution)
# WB�!B� such that #.aC/D�a, #.a/D aC and #.k/D ��1k�1.

(ii) For any b 2 C� and m 2 Z, there exists a family of C-algebra automorphisms
�b;m W B� ! B� such that �b;m.a/ D bkma, �b;m.aC/ D b�1aCk�m and
�b;m.k

˙1/D k˙1.

Consider the algebra B˝n� of the n-fold tensor product of B� . Denote the
generators of its i-th component by aCi , ai and k˙1i , which satisfy the above
relations. Let Uq.X

.r/
N / be the quantum affine algebra U of the type X .r/N in

Theorem 4.2. For convenience, if X is of the type A then we shall deal with
A.1/n�1.n� 2/ instead of A.1/n .n� 1/ from now on.

Fix a solution .�i /i2I in Section 4A. We define the algebra homomorphism
�X.r/

N
WUq.X

.r/
N /!B˝n� as follows: regard �i and �i .�i / as the images of X�i X

C
i

andXCi X
�
i respectively under �X.r/

N
by setting ki Dq�1b�1A z�1i for the typeA.1/n�1,

and ki D {��1=2z�1i otherwise (here we consider the solution with bC D {q�1=4 for
the typeC .1/n ), where � is defined as in the following proposition for each type. Then
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the relations (2-3) for i D j hold under �X.r/
N

since �i satisfies �i .�i /��i D fyigi .
In this sense, A0 WD CŒk˙11 ; : : : ;k˙1n � is a subalgebra of A, and �X.r/

N
.Ki /D yi

for i 2 I . On the other hand, we choose �X.r/
N
.X˙i / 2B˝n� satisfying

�
X

.r/
N

.X˙i /f D �
˙1
i .f /�

X
.r/
N

.X˙i /

for any f 2A0. The above choice yields that the relations (2-1)–(2-4) hold. Then
we get the following algebra homomorphisms, which were obtained in [Hayashi
1990; Kuniba et al. 2015].

Proposition 4.5 [Hayashi 1990; Kuniba et al. 2015]. For a parameter z, there exist
algebra homomorphisms from Uq.X

.r/
N / to B˝n� Œz; z�1� defined as follows.

For the type A.1/n�1 and � D q:

�
A

.1/
n�1;z

W Uq.A
.1/
n�1/!B˝n� Œz; z�1�;

XCi 7! zıi;0aia
C
iC1; X�i 7! z�ıi;0aCi aiC1; Ki 7! k�1i kiC1:

For this type, we always read the index i as i modulo n.
For the type C .1/n and � D q

1
2 :

�
C

.1/
n ;z
W Uq.C

.1/
n /!B˝n� Œz; z�1�;

XC0 7! z.aC1 /
2=Œ2�� ; X�0 7! z�1a21=Œ2�� ; K0 7! ��k

2
1;

XCi 7! aia
C
iC1; X�i 7! aCi aiC1; Ki 7! k�1i kiC1;

XCn 7! a2n=Œ2�� ; X�n 7! .aCn /
2=Œ2�� ; Kn 7! ��

�1k�2n :

For the type A.2/2n and � D q:

�
A

.2/
2n ;z
W Uq.A

.2/
2n /!B˝n� Œz; z�1�;

XC0 7! z.aC1 /
2=Œ2�� ; X�0 7! z�1a21=Œ2�� ; K0 7! ��k

2
1;

XCi 7! aia
C
iC1; X�i 7! aCi aiC1; Ki 7! k�1i kiC1;

XCn 7! {��an; X�n 7! aCn ; Kn 7! {��
1
2k�1n ;

For the type D.2/nC1 and � D q2:

�
D

.2/
nC1

;z
W Uq.D

.2/
nC1/!B˝n� Œz; z�1�;

XC0 7! zaC1 ; X�0 7! {��z
�1a1; K0 7! �{�

1
2k1;

XCi 7! aia
C
iC1; X�i 7! aCi aiC1; Ki 7! k�1i kiC1;

XCn 7! {��an; X�n 7! aCn ; Kn 7! {��
1
2k�1n :

Here, �� D .�C 1/=.� � 1/. �
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5. Multiplicity-free weight modules

In this section, we construct the multiplicity-free weight representations overU from
the solutions and the algebra homomorphisms in the previous section. Throughout,
we assume that U is the quantum affine algebra of type X .r/N in Proposition 4.5.

5A. Module structures on A0. In order to construct the multiplicity-free weight
representations, we first consider the auxiliary U -module structures on A0 D
CŒz˙11 ; z˙12 ; : : : ; z˙1n �.

Let us fix some notation here. Note that ˛0 and ˛n are long roots in the type C .1/n ,
while both of them are short roots in D.2/nC1. In addition, by our assumption, ˛0
is long and ˛n is short in A.2/2n . We define a pair � WD .�1; �2/ of signs such that
�1, �2 are equal to 0 or 1, depending on the length of the roots ˛0 and ˛n for each
type, that is,

.�1; �2/D .1; 1/ for C .1/n ;

.�1; �2/D .1; 0/ for A.2/2n ;

.�1; �2/D .0; 0/ for D.2/nC1:

Fix a solution .�i /i2I of (4-1), and recall the units zi for each type, and the shift
operators �i defined in Section 4A. Put b D bX.r/

N
. Then we have:

Theorem 5.1. Let z be a parameter valued in C�. For an n-tuple f D .fi /1�i�n
such that fi is equal either to 1 or to bzi � b�1z�1i for 1� i � n, there exists a
U -module structure on the algebra A0 for each type defined in the following:

For the type A.1/n�1,

XCi :uD z
ıi;0fi�i

�
fbziC1g

fiC1

�
�i .u/; X�i :uD z

�ıi;0��1i

�
fbzig

fi

�
fiC1�

�1
i .u/;

and K˙1i :uD y˙1i u, for any u 2A0.
For other types,

XC0 :uD z
�0.�0/�0.u/

��11 .f1/�1�0.f1/
; X�0 :uD z

�1f1�1.f1/
�1��10 .u/;

XCi :uD fi�i

�
fbziC1gi

fiC1

�
�i .u/; X�i :uD �

�1
i

�
fbzigi

fi

�
fiC1�

�1
i .u/;

XCn :uD fn�
�1
n�1.fn/

�2�n.u/; X�n :uD
�n�
�1
n .u/

��1n .fn/�n�1.fn/�2
;

and K˙1i :uD y˙1i u, for any u 2A0.

Proof. Taking uD 1 in the above construction we have the precise expressions of
the actions X˙i :1. In addition, for any u 2A0 we have X˙i :uD �

˙1
i .u/X˙i :1. We
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can check each defining relation directly. For the relations (2-2), we have

.KiX
˙
j K

�1
i /:uD yi .X

˙
j :.y

�1
i u//

D yi�
˙1
j .y�1i u/X˙j :1D yi�

˙1
j .y�1i /X˙j :uD q

˙aij

i X˙j :u:

For the relations (2-3), we consider three cases:

(1) If i D j , then we have

.XCi X
�
i �X

�
i X
C
i /:uD u

�
�i .X

�
i :1/X

C
i :1� �

�1
i .XCi :1/X

�
i :1

�
D u.�i .�i /��i /:

Here, �i WD ��1i .XCi :1/X
�
i :1, i 2 I , is just a solution to the system (4-1), by

construction, which implies (2-3) for i D j , as desired.

(2) If ji � j j > 1, then we have �i .fk/ D fk and �i .fbzkgk/ D fbzkgk for k D
j; jC1. Similarly, �j .fk/Dfk and �j .fbzkgk/Dfbzkgk for kD i; iC1. Therefore

XCi X
�
j :uD �i�

�1
j .u/�i .X

�
j :1/X

C
i :1D �i�

�1
j .u/.X�j :1/.X

C
i :1/DX

�
j X
C
i :u:

(3) If ji � j j D 1, we need to do more detailed calculations for each type. First
assume aijaj i D 1. Then we have to show

�i�
�1
j

�
fbzj gj

fj

�
�i .fjC1/fi�i

�
fbziC1gi

fiC1

�
D ��1j

�
fbzj gj

fj

�
fjC1�

�1
j .fi /�i�

�1
j

�
fbziC1gi

fiC1

�
:

If j D i C 1, then �i .fjC1/D fjC1, ��1j .fi /D fi , and �i .fj /D ��1j .fj /, while
for iD jC1, we have ��1j .fiC1/DfiC1, �i .fj /Dfj , and �i .fi /D ��1j .fi /. Both
cases imply the above equality holds. When X .r/N ¤ A

.1/
n�1, a direct computation

yields the following equalities:

fbz1g1�1�0 D �0�
�1
0 fbz1g1; f

�1

1 �˙10 �˙11 .f1/D f1�
�1
1 .f1/

�1 ;

fbzngn�1�n D �
�1

n .fbzngn�1/�
�1

n�1.�n/; f �2
n �˙1n�1�

˙1
n .fn/D fn�

�1
n�1.fn/

�2 :

Then similar arguments for the case that aijaj i D 2 are true. Any tuple .�i /i
satisfying (4-1) and the choice of .fi /i also guarantee that these actions hold under
the quantum Serre relations (2-4). �

Denote by Sz.f / the U -module on A0 related to z and f given by Theorem 5.1.
Recall �X.r/

N
.Ki /D yi in the construction in Section 4B. Then

�
X

.r/
N

.Kı/D
Y
i2I

y
ai

i D

Y
i2I

Y
j2I

x
ajiai

j D

Y
j2I

x
P

i2I ajiai

j D 1:(5-1)

In particular,Kı acts trivially on Sz.f /. Therefore, Sz.f / is finitely U 0-generated
instead of U 0-diagonalizable when restricted as a U 0-module.
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Now let us explain the “weighting” procedure mentioned in the introduction.
That is, to a U -module Sz.f /, we associate a weight module W.Sz.f // in the
following way. Consider the algebra homomorphism from U 0 to A0 that assignsKi
to yi for i 2 I0, which induces a natural group homomorphism from the group of
characters of A0 to X . For any character ' of A0, denote by m' .WD ker'/ the
corresponding maximal ideal of A0. Extending j̨ 2X to a character of A0 by
setting j̨ .yi /D q

aji
j

(still denoting it by j̨ ), we have

Ki :m'Sz.f /�m'Sz.f /; X˙i :m'Sz.f /�m'˙˛i
Sz.f /:

Define
W.Sz.f //D

M
'

Sz.f /=m'Sz.f /;

where ' is taken over all characters of A0.

Corollary 5.2. For any U -module Sz.f /, we have that W.Sz.f // is a weight
module, and all its simple subquotients are multiplicity-free.

Proof. It is clear that Sz.f /=m'Sz.f / is 1-dimensional and Ki acts diagonally.
In particular, Kı acts by 1. The first assertion follows from the previous statements,
and the �-weight space W.Sz.f //� D

L
x'D� Sz.f /=m'Sz.f /, where x' means

the image of ' in X . Since we have

X˙i :Sz.f /=m'Sz.f /� Sz.f /=m'˙˛i
Sz.f /;

the second assertion follows. �

Remark 5.3. In fact, the U -module W.Sz.f // is a q-analog of the coherent family
in the sense of [Nilsson 2016]. This “weighting” procedure was first suggested by
O. Mathieu [2000].

Now let us study the possible highest weights of W.Sz.f // when restricted as
a Uq.Vg/-module. Assume that the weight vector 1Cm'Sz.f / of W.Sz.f // is
a highest weight vector for some '. Then we have XCi :.1Cm'Sz.f // D 0 for
i 2 I0, which implies that

(5-2) .'C˛i /.�i .�i //D 0 for i 2 I0:

The weight �D x' is level-zero and is determined uniquely by the values �.Ki /,
i 2 I0. Therefore, all level-zero weights can be seen automatically as weights
over Uq.Vg/. As a result, we can obtain the following result.

Corollary 5.4. Let � 2X be a weight of W.Sz.f // for some f . If � is a highest
Uq.Vg/-weight, then up to twistings by the automorphisms of Uq.Vg/, we have

(1) for the type A.1/n�1, the weight � is of the form !0C a!s � .aC 1/!sC1 for
some a 2 C and s 2 I up to a constant multiple of ı;
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(2) for the type C .1/n , the weight � has the form 1
2
!0C!n�1�

3
2
!n or 1

2
.!0�!n/,

up to a constant multiple of ı;

(3) for the type A.2/2n (resp. D.2/nC1), the weight �D .�.K0/; : : : ; �.Kn// is defined
as

.�q; 1; : : : ; 1; {q�1=2/ .resp. .�{q; 1; : : : ; 1; {q�1//:

Proof. The result can be deduced directly from (5-2). For example, in the type
A.1/n�1, the equations (5-2) become

(5-3)
�
m0m1 � � �mn�1 D 1;

fqbmigfbmiC1g D 0; 1� i � n� 1;

where we denote '.zi / by mi for i 2 I . Let � D x'. Then �.Ki / D mim
�1
iC1.

To solve the equations (5-3), we consider two cases: if fqbm1g is not zero, then
fbmig D 0 for i � 2; if fqbm1g is zero, then we assume that s is the maximal
index such that fqbmsg is zero, and then fqbmig D 0 for i � s and fbmj g D 0 for
j � sC2. In the first case, the possible solutions are m1D˙bn�1 and mi D˙b�1

for i ¤ 1. Then, up to twistings by sign automorphisms of Uq.Vg/, the weight � is
given by

�.K0/D b
�n; �.K1/D b

n; �.Ki /D 1 for i � 2;

which is of the form .aC 1/!0 � .aC 1/!1 for some a 2 C. In the second case,
mi D˙q

�1b�1 for 0 � i � s, msC1 D˙qsC1bn�1, and mj D˙b�1 otherwise.
Then, up to signs, the weight � is the following:

�.Ks/D q
�s�2b�n; �.KsC1/D q

sC1bn; �.Ki /D 1 for i ¤ s; sC 1;

which is exactly of the form in (1). So assertion (1) follows. �

All simple subquotients obtained in Corollary 5.4 can be realized as q-oscillator
representations by using the Fock space representations of B� and the algebra
homomorphisms in Proposition 4.5 (see, e.g., [Kuniba 2018]). In the following
subsection, we shall recall the q-oscillator representations.

5B. Realization of multiplicity-free weight modules. Let F D
L
m2Z�0

Cjmi be
the Fock space representation of B� on which the generators aC and a act as
the creation and annihilation operators, respectively, and the element aCaD fkg�
corresponds to the number operator; more precisely, for any m 2 Z�0,

aC:jmi D jmC 1i; a:jmi D Œm�� jm� 1i; k˙1:jmi D �˙mjmi:

In particular, a:j0i D 0.
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Denote this representation by � WB�! EndC.F /. For any b 2C� and "2 f0; 1g,
we denote by �";b the composition � ı#" ı �b;0 (see Lemma 4.4). Then F has a
new B�-module structure via �";b .

Definition 5.5. Let z be a parameter valued in C�. We define the representation
Fz
";b

of U on the space F˝n via the composition of the algebra homomorphisms
�z WD �X.r/

N ;z
defined in Proposition 4.5 and

B˝n� Œz; z�1�
�"1;b1

˝���˝�"n;bn
�������������! EndC.F

˝n/;

where "D ."i /i 2 f0; 1gn, and bD .bi /i 2 .C�/n.

For any n-tuple .mi /i 2 .Z�0/n, we use jmi WD jm1i˝ � � �˝ jmni for the basis
vector of Fz";b. Let ej be the j -th standard vector in Zn with 1 at the j -th term
and 0 otherwise for 1� j � n. Moreover, set 0 for .0; : : : ; 0/ 2 Zn.

For n � 2, note that U -module actions of X˙1i , Ki for 1 � i � n� 1 on Fz";b,
by Definition 5.5, can be written down uniformly as follows:

XCi :jmi(5-4)
D .�1/"ibib

�1
iC1Œmi=m

"i

i �� Œm
"iC1

iC1 �� jm� .�1/
"iei C .�1/

"iC1eiC1i;

X�i :jmi(5-5)

D .�1/"iC1b�1i biC1Œm
"i

i �� ŒmiC1=m
"iC1

iC1 �� jmC .�1/
"iei � .�1/

"iC1eiC1i;

Ki :jmi D �
�.�1/"i .miC"i /C.�1/

"iC1 .miC1C"iC1/jmi;(5-6)

for m 2 .Z�0/n, where � is defined in Proposition 4.5 for each type, and jmi for
m … .Z�0/

n can be read as 0. Here we remark that the Uq.A
.1/
n�1/-module actions

of X˙0 ; K0 on jmi also have the above forms, where we understand the indices
i; i C 1 as n; 1 .mod n/, respectively.

Regard Uq.An�1/ as the subalgebra of Uq.g/ .n� 2/ via forgetting the actions
of the Drinfeld–Jimbo generators indexed by 0 and n. One can check that Fz";b
as a Uq.An�1/-module is a multiplicity-free weight module. In fact, Fz";b has the
following direct sum decomposition:

Fz";b D
1M

lD�1

Fz;.l/
";b

; Fz;.l/
";b
D

M
jmj"Dl

Cjmi:

For each m 2 Zn, write jmj" D
P
i .�1/

"imi . Each Fz;.l/
";b

is an irreducible,
multiplicity-free weight Uq.An�1/-module by formulae (5-4)–(5-6) as q (or �)
is not a root of unity.

Fix 1� i � n. Define the algebra homomorphism ıi WA0! C by kj 7! �ıij for
1� j � n. It induces an algebra character zıi 2X by

zıi W U
0 �j

U 0
����!A0

ıi
��! C:
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Then we have:

Proposition 5.6. For " 2 f0; 1gn and b 2 .C�/n, we have:

(i) Fz";b is a weight module with dim.Fz";b/� � 1 for any � 2X .

(ii) If dim.Fz";b/� D 1, then there exists m 2 .Z�0/n such that .Fz";b/� D Cjmi

with

(5-7) �D

nX
iD1

.�1/"i .mi C "i /zıi :

Proof. Clearly, Fz";b is a weight module. By (5-6) and the actions of K0 and Kn,
which are defined for X .r/N ¤ A

.1/
n�1 by

K0:jmi D �{
1��1�.�1/

"1 .�1C1/.m1C1=2/jmi;(5-8)

Kn:jmi D {
1C�2��.�1/

"n .�2C1/.mnC1=2/jmi;(5-9)

where �1 and �2 are defined in Section 5A, the relative weight of jmi is given by
the right-hand side of the equality (5-7). By the above statement, dim.Fz";b/� � 1
for any � 2X . �

Consider the following decomposition of Fz";b:

Fz";bDFz;C
";b
˚Fz;�

";b
; Fz;C

";b
D

M
jmj"�0 .mod2/

Cjmi; Fz;�
";b
D

M
jmj"�1 .mod2/

Cjmi:

For 0� s � n, let ">s 2 f0; 1gn satisfy

"1 D � � � D "s D 0; "sC1 D � � � D "n D 1:

For example, ">0 D .1; : : : ; 1/ and ">n D .0; : : : ; 0/.
Then we have:

Proposition 5.7. For any " 2 f0; 1gn and b 2 .C�/n, we have:

(i) As a Uq.A
.1/
n�1/-module, Fz;.l/

";b
is irreducible for any admissible l 2 Z (defined

in (5-10)); it is a highest `-weight module with a highest `-weight vector vl;s if
and only if "D ">s for some 0� s � n, where

(5-10) vl;s D

�
jlesi if l � 0 and 0 < s � n;
j�lesC1i if l < 0 and 0� s < n:

(ii) As Uq.C
.1/
n /-modules, Fz;C";b and Fz;�";b are irreducible; they are highest `-

weight modules with highest `-weight vector vC D j0i and v� D jeni respec-
tively whenever "D ">n.

(iii) As a Uq.A
.2/
2n / or Uq.D

.2/
nC1/-module, Fz";b is irreducible; it is a highest `-

weight module with a highest `-weight vector v D j0i whenever "D ">n.
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Proof. Note Kı acts trivially on Fz";b by (5-1). The defining relations (2-5) imply
that the actions of hi;k , 1� i �N , k 2 Z n f0g on Fz";b commute pairwise. Hence
Fz";b is an `-weight U -module. It is clear that Fz;.l/

";b
is closed under the action of

Uq.A
.1/
n�1/. The irreducibility of Fz;.l/

";b
can be checked by the actions (5-4)–(5-6).

Note that for " D ">0 (resp. " D ">n), Fz;.l/
";b

is finite-dimensional for l < 0

(resp. l � 0). As a Uq.An�1/-module (ignore the actions of X˙0 ; K0), Fz;.l/
";b

is a
highest weight module if and only if "1 � � � � � "n, and the corresponding highest
weight vector can be chosen as (5-10), which is also a highest `-weight vector by
weight consideration.

For X .r/N ¤ A
.1/
n�1, the actions of XC0 and XCn are given by

XC0 :jmi D z
b
��1�1
1

Œ�1C 1��

�1Y
jD0

Œ.m1� j /
"1 �� jmC .�1/

"1.�1C 1/e1i;

and XCn :jmi D xjm� .�1/
"n.�2C 1/eni, where a 2 C� is defined by

x D .�1/"n.1��2/b�2C1
n

{1��2

Œ�2C 1��
��;�2

�2Y
jD0

Œ.mn� j /=.mn� j /
"n �� ;

and ��;�2
D .� � �2C 1/=.�C �2� 1/. Similarly, we can obtain the actions of X�0

and X�n . Assertions (ii) and (iii) can be deduced directly from the above actions. �

6. Highest `-weights

In this section, we focus on the irreducible highest `-weight representations con-
structed in the previous section, and compute their highest `-weights explicitly.

6A. Multiplicity-free highest `-weight modules. Fix 0 < s < n. Let Ws WD F
˝n

be the Uq.A
.1/
n�1/-module defined as follows (see also [Kwon and Lee 2023]):

XC0 :jmi D jmC e1C eni; X�0 :jmi D �Œm1�Œmn�jm� e1� eni;

XCs :jmi D �Œms�ŒmsC1�jm� es � esC1i; X�s :jmi D jmC esC esC1i;

XCi :jmi D Œmi �jm� ei C eiC1i; X�i :jmi D ŒmiC1�jmC ei � eiC1i;

XCj :jmi D ŒmjC1�jmC ej � ejC1i; X�j :jmi D Œmj �jm� ej C ejC1i;

and

K0:jmi D q
m1CmnC1jmi; Ks:jmi D q

�ms�msC1�1jmi;

Ki :jmi D q
miC1�mi jmi; Kj :jmi D q

mj�mjC1 jmi;

where 1 � i < s < j � n� 1 and m 2 .Z�0/n. From the actions (5-4)–(5-6), Ws

is just the twisting of the module F1";b, where "D ">s and bD .1; : : : ; 1/, by the
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automorphism of Uq.A
.1/
n�1/ sending X˙

k
to �X˙

k
for s � k � n along with other

Drinfeld–Jimbo generators fixed. Let W.l/
s denote the l-th irreducible component

of Ws , i.e., W.l/
s D

L
jmj"Dl

Cjmi.
Let .X .r/

N
; �/ be one of the types in Proposition 4.5 except .A.1/n�1; q/. Let

W D F˝n be the U q.X
.r/
N /-module defined as (see [Kuniba and Okado 2015]):

XC0 :jmi D
1

Œ�1C 1��
jmC .�1C 1/e1i;

X�0 :jmi D �.�1/
j�j {1��1

Œ�1C 1��
��;�1

�1Y
jD0

Œm1� j �� jm� .�1C 1/e1i,

K0:jmi D .�1/
j�j{1��1�.�1C1/.m1C1=2/jmi;

XCi :jmi D Œmi �� jm� ei C eiC1i .1� i � n� 1/;

X�i :jmi D ŒmiC1�� jmC ei � eiC1i .1� i � n� 1/;

Ki :jmi D �
�miCmiC1 jmi .1� i � n� 1/;

XCn :jmi D
{1C�2

Œ�2C 1��
��;�2

�2Y
jD0

Œmn� j �� jm� .�2C 1/eni;

X�n :jmi D
1

Œ�2C 1��
jmC .�2C 1/eni;

Kn:jmi D {
1��2��.�2C1/.mnC1=2/jmi;

where m 2 .Z�0/n, j�j D �1C �2, and ��;�i
D .� � �i C 1/=.�C �i � 1/. Here

the �i are defined in Section 5A. This module can be obtained from F1";b with
"D ">n and bD .1; : : : ; 1/ by the automorphism of Uq.X

.r/
N / defined by

X�0 7! .�1/j�jC1X�0 ; K0 7! .�1/j�jC1K0;

XCn 7! .�1/�2XCn ; Kn 7! .�1/�2Kn;

with other generators fixed. For the type C .1/n , denote the irreducible components
F1;˙
";b

of the Uq.C
.1/
n /-module W by W˙, for convenience.

Lemma 6.1. Let L.f / be an irreducible highest `-weight U -module with f D
.fi .z//i2I0

2R. If dimL.f /wt.f /�˛i
D 1 for some i 2 I0 then fi .z/ satisfies

(6-1) fi .z/D f
C
i;0

1�.a�b/z

1�az
;

where a; b 2 C satisfy f C
i;2 zdi
D af

C

i; zdi
and f C

i; zdi
D bf Ci;0.

Proof. Suppose that v 2 L.f / is a nonzero `-weight vector of f . Note that
fx�i;k :v; k 2 Zg spans the weight space L.f /wt.f /�˛i

. If dim.L.f /wt.f /�˛i
/D 1,
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then there exist j 2 Z such that x�
i; zdij

:v is nonzero, and a 2 C such that

(6-2) x�
i; zdi .jC1/

:v D ax�
i; zdij

:v:

Consider the actions of xC
i; zdik

, k 2 Z, on (6-2). The defining relations (2-5) imply

f
C

i; zdi .kCjC1/
�f

�

i; zdi .kCjC1/
D a.f

C

i; zdi .kCj /
�f

�

i; zdi .kCj /
/

for any k 2 Z. Because f �i;k D f
C
i;�k D 0 for k > 0, we have f C

i; zdi .kC1/
D af C

i; zdik
for any k > 0. Taking the series fi .z/D

P1
kD0 z

kf
C

i; zdik
, we have

fi .z/.1� az/D

1X
kD0

zkf C
i; zdik
� a

1X
kD0

zkC1f C
i; zdik

Œ�3pt�D f Ci;0C

1X
kD1

zk.f C
i; zdik
� af C

i; zdi .k�1/
/

D f Ci;0C .f
C

i; zdi

� af Ci;0/z:

Hence fi .z/ has the rational form (6-1). �

6B. Highest `-weights. Let us first study some properties of the Weyl group and
the description of the root vectors of quantum affine algebras, which will enable us
to compute the highest `-weight explicitly.

Lemma 6.2. Let i; j 2 I , and i ¤ j .

(1) If aijaj i D 1, then sj si j̨ D ˛i .

(2) If aijaj i D 2, then sisj si j̨ D j̨ .

Proof. Both (1) and (2) are easy to deduce from sj si j̨ D .aijaj i�1/ j̨ �aij˛i and

sisj si j̨ D .aijaj i � 1/ j̨ C .2� aijaj i /aij˛i ;

respectively. �

Recall the braid group operators associated to �W introduced by Lusztig [1990].
For each simple reflection si , there is an algebra automorphism Ti D Tsi of U
defined by

TiX
C
i D�X

�
i Ki ; TiX

�
i D�K

�1
i XCi ; TiKˇ DKsiˇ ;

TiX
C
j D

�aijX
kD0

.�1/k�aij q�ki .XCi /
.�aij�k/XCj .X

C
i /

.k/ .i ¤ j /;

TiX
�
j D

�aijX
kD0

.�1/k�aij qki .X
�
i /
.k/X�j .X

�
i /
.�aij�k/ .i ¤ j /;

where ˇ 2 Q and .X˙i /
.k/ D .X˙i /

k=Œk�Ši . Then ˆTi D T �1i ˆ, where ˆ is the
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C-linear anti-automorphism of U sending X˙i to X˙i , Ki to K�1i for i 2 I . For
any � 2 T , define T� by T� .X˙i /DX

˙
�.i/

and T� .Ki /DK�.i/.
For later use, we list some well-known properties of braid group operators (see

[Lusztig 1993; Beck 1994]). Choose one element w 2 �W . If �si1si2 � � � sim is a
reduced expression of w, then the automorphism Tw D T�Ti1Ti2 � � �Tim of U is
independent on the choice of the reduced expression ofw. In particular, one reduced
expression can be transformed to another by a finite sequence of braid relations.
If w.˛i /D j̨ then Tw.XCi /D X

C
j . Moreover, if w D si1si2 � � � sim is a reduced

expression and l.wsi /D l.w/C 1, then we have TwXCi 2 U
C.

Remark 6.3. For i � j , put s.i;j / D sisiC1 � � � sj .

(i) In the type A.1/n�1, a reduced expression of z!i for 1� i � n�1 can be chosen as

z!i D �
is�1.1;n�i/s

�1
.2;n�iC1/ � � � s

�1
.i;n�1/;

where � is the diagram automorphism of A.1/n�1 sending j to j C 1 .mod n/ for
j 2 I (see [Jang et al. 2023, Section 3.3]).

(ii) In the type A.2/2n , the reduced expression of z!n can be chosen (see [Damiani
2000, Corollary 4.2.4]) as

z!n D .s0s1 � � � sn/
n:

(iii) In the type C .1/n (resp. D.2/nC1), the reduced expressions of z!n�1 and z!n can
be chosen as

z!n�1 D .s.0;n/sn�1/
n�1 and z!n D �sns.n�1;n/s.n�2;n/ � � � s.1;n/;

respectively, where � is the diagram automorphism of C .1/n (resp. D.2/nC1) sending i
to n� i for i 2 I .

Now, let us define the root vectors in U . We refer the reader to [Beck and
Nakajima 2004] for the construction of root vectorsXC

ˇ
, ˇ 24 (i.e., theEˇ defined

therein). In particular, the real root vectors XC
k zdiı˙˛i

are described explicitly by

XC
k zdiıC˛i

D T �k
z!i
XCi .k � 0/; XC

k zdiı�˛i

D T k
z!i
T �1i XCi .k > 0/:

Then XC
k zdiı˙˛i

2 UC. The imaginary root vectors are defined by

(6-3) z 
i;k zdi
DXC

k zdiı�˛i

XCi � q
�2
i XCi X

C

k zdiı�˛i

.k > 0/;

and define the elements XC
i;k zdiı

by the following formal series in z:

(6-4) exp
�
.qi � q

�1
i /

X
k�1

XC
i;k zdiı

zk
�
D 1C

X
k�1

.qi � q
�1
i / z 

i;k zdi
zk :
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Under the isomorphism of two presentations of Uq.g/, the generators  Ci;k zdi
and

the imaginary root vectors z i;k zdi
are related (see [Beck 1994; Damiani 2012]);

more precisely, for k > 0 and i 2 I0, we have

(6-5)  C
i;k zdi
D o.i/k.qi � q

�1
i /C�k

zdi=2ki z i;k zdi
;

where o W I0! f˙1g is a map such that o.i/D�o.j / whenever

(i) aij � 0 implies that o.i/o.j /D�1,

(ii) in the twisted cases different from A.2/2n , if aij D�2 then o.i/D 1.

Note that o.n/D 1 in the type D.2/nC1 as an;n�1 D�2. Thus, we can deduce that
the map o W I0! f˙1g is uniquely determined in the type D.2/nC1.

In Lemma 6.1, the scalars a and b can be described by the root vectors according
to the above relations, which will become more computable in our case. Let
v 2 L.f / be a nonzero `-weight vector of f . Since C 1=2 acts trivially on L.f /
and ki commutes with z i;k zdi

, this implies that

(6-6) XC
2 zdiı�˛i

:v D o.i/aXC
zdiı�˛i

:v and z 
i; zdi
:v D o.i/

b

qi � q
�1
i

v:

Lemma 6.4. For any i 2 I0 and k 2 Z>0, the root vectors XC
k zdiı�˛i

in Uq.X
.r/
N /

have the following relations:

XC
.kC1/ zdiı�˛i

D

8<:
1

Œ3�Šn
ŒXC
kı�˛n

; ŒXC
ı�˛n

; XCn �q� if .X .r/N ; i/D .A
.2/
2n ; n/;

1
Œ2�i
ŒXC
k zdiı�˛i

; ŒXC
zdiı�˛i

; XCi �q2
i
� otherwise:

Proof. We may use the following relations [Damiani 2000, Proposition 2.2.4,
Corollary 3.2.4] (see [Beck 1994]): for k 2 Z>0,

(6-7)

(
ŒXC
kı�˛n

; XC
n;ı
�D Œ3�ŠnX

C

.kC1/ı�˛n
if .X .r/N ; i/D .A

.2/
2n ; n/;

ŒXC
k zdiı�˛i

; XC
i; zdiı

�D Œ2�iX
C
.kC1/ zdiı�˛i

otherwise:

Note that XC
i; zdiı

2 U is defined by the formal series (6-4). Because, in (6-3),
z i;k zdi

DŒXC
k zdiı�˛i

; XCi �q2
i
, by comparing the coefficients of z in (6-4), we can get

(6-8) XC
i; zdiı
D z 

i; zdi
D ŒXC

zdiı�˛i

; XCi �q2
i
;

which implies the lemma by (6-7) and (6-8). �

Let ˛ 2 QC. We introduce the height ht˛ of ˛ as ht˛ D
P
i2I mi if ˛ DP

i2I mi˛i . Define a subset QC.˛/ of QC as follows:

QC.˛/D fˇ 2QC j ht˛� htˇ D 1; ˛�ˇ ¤ ˛0g:

Let UC.˛/ be the subspace of UC˛ defined as UC.˛/D
P
ˇ2QC.˛/

UC
ˇ
XC
˛�ˇ

.
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Lemma 6.5. (1) For i 2 I0, the root vector XC
ı�˛i

in Uq.A
.1/
n�1/ has the following

form:

XC
ı�˛i
� .�q�1/n�2.XCiC1 � � �X

C
n�1/.X

C
i�1 � � �X

C
2 X
C
1 /X

C
0 .mod UC.ı�˛i //:

(2) In Uq.C
.1/
n /,

XC
ı�˛n�1

� q�n.XCn X
C
n�2 � � �X

C
1 /.X

C
n�1X

C
n�2 � � �X

C
1 /X

C
0 .mod UC.ı�˛n�1//;

XC
ı�˛n
�

�
q�1

Œ2�1

�n�1
.XCn�1/

2.XCn�2/
2
� � �.XC1 /

2XC0 .mod UC.ı�˛n//:

(3) In Uq.A
.2/
2n /,

XC
ı�˛n
� q�2n.XCn�1X

C
n�2 � � �X

C
1 /.X

C
n X
C
n�1 � � �X

C
1 /X

C
0 .mod UC.ı�˛n//:

(4) In Uq.D
.2/
nC1/,

XC
ı�˛n
� q�2nC2XCn�1X

C
n�2 � � �X

C
1 X
C
0 .mod UC.ı�˛n//:

Proof. Thanks to the reduced expressions of z!i in Remark 6.3, the lemma can be
deduced directly by the definition. One can refer to [Jang et al. 2023, Lemma 4.7] for
assertion (1). To see the remaining assertions we define the operators D.1/i and D.2/i
of U for i 2 I0 by D.1/i .X/D ŒX;XCi �qi

and D.2/i .X/D ŒŒX;XCi �; X
C
i �q for any

X 2U , respectively. In the type C .1/n , we note that T�D.s/i DD.s/n�iT� and TjD.s/i D
D.s/i Tj for ji � j j> 1 and s D 1; 2. Write Ts.i;j /

D T.i;j / for simplicity. Then

T.0;n/Tn�1D.s/n D D.s/n T.0;n/Tn�1;

since s.0;n/sn�1˛nD˛n, and for any 0< i <n�1, we have .s.0;n/sn�1/i�1˛1D˛i
and s.iC1;n�1/s.i;n�2/˛n�2 D ˛i by using Lemma 6.2, so we get

.T.0;n/Tn�1/
iT.0;n�2/X

C
n�1 D .T.0;n/Tn�1/

i�1T.0;n/T.0;n�3/X
C
n�2

D .T.0;n/Tn�1/
i�1T.0;n�2/T.0;n�3/Tn�1X

C
n�2

D�.T.0;n/Tn�1/
i�1ŒT.0;n�2/X

C
n�1; X

C
1 �qn�1

D�D.1/i .T.0;n/Tn�1/
i�1T.0;n�2/X

C
n�1;

and
T.iC1;n/T.i;n�1/X

C
n D T.iC1;n�1/T.i;n�2/TnTn�1X

C
n

D T.iC1;n�1/T.i;n�2/T
�1
n�1X

C
n

D
1

Œ2�n�1
ŒŒT.iC1;n�1/X

C
n ; X

C
i �; X

C
i �q

D
1

Œ2�1
D.2/i T.iC1;n�1/X

C
n :
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Finally, the definition of the root vectors and Remark 6.3 imply that

XC
ı�˛n�1

D .T.0;n/Tn�1/
n�2T.0;n/X

C
n�1

D�.T.0;n/Tn�1/
n�2T.0;n�2/D.1/n XCn�1

D�D.1/n .T.0;n/Tn�1/
n�2T.0;n�2/X

C
n�1

D D.1/n D.1/n�2.T.0;n/Tn�1/
n�3T.0;n�2/X

C
n�1

:::

D .�1/n�1D.1/n D.1/n�2 � � �D
.1/
1 T.0;n�2/X

C
n�1

D D.1/n D.1/n�2 � � �D
.1/
1 D.1/n�1 � � �D

.1/
1;qX

C
0 ;

where D.1/i;q .X/D ŒX;X
C
i �q for X 2 U , and

XC
ı�˛n

D T�TnT.n�1;n/ � � �T.2;n/T.1;n�1/X
C
n

D
1

Œ2�1
T�TnT.n�1;n/ � � �T.3;n/D

.2/
1 T.2;n�1/X

C
n

D
1

Œ2�1
D.2/n�1T�TnT.n�1;n/ � � �T.3;n/T.2;n�1/X

C
n

:::

D

�
1

Œ2�1

�n�1
D.2/n�1D

.2/
n�2 � � �D

.2/
1 XC0 ;

which implies assertion (2). Similarly, we can prove that

XC
ı�˛n

D�D.1/n�1 � � �D
.1/
1 D.1/n;q1

D.1/n�1 � � �D
.1/
2 D.1/1;q0

.XC0 / in Uq.A
.2/
2n /;(6-9)

XC
ı�˛n

D .�1/n�1D.1/n�1 � � �D
.1/
1 .XC0 / in Uq.D

.2/
nC1/;(6-10)

which imply (3) and (4). �

Remark 6.6. In order to simplify computations in the following theorem for the
type A.2/2n .n� 2/, we actually only need two terms of XC

ı�˛n
,

(6-11) q�2n.XCn�1X
C
n�2 � � �X

C
1 /.X

C
n X
C
n�1 � � �X

C
1 /X

C
0

� q�2nC1.XCn�1 � � �X
C
1 /

2XC0 X
C
n ;

which can be deduced directly from formula (6-9).

Now we compute the highest `-weights of the q-oscillator representations defined
in Section 6A.
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Theorem 6.7. (1) Fix 0<s <n and l 2Z. The Uq.A
.1/
n�1/-module W.l/

s has highest
`-weight f D .fi .z//i2I0

given by

fi .z/D
ci;l Cu

1C ci;lu
with ci;l D

�
qıi;s�1l�ıi;s.lC1/ if l � 0;
qıi;s.l�1/�ıi;sC1l if l < 0

for 1� i � n� 1, where uD o.s/.�q�1/nz.

(2) The highest `-weight of the Uq.C
.1/
n /-module WC (resp. W�) is given by�

1; : : : ; 1;
q�1=2Cu

1C q�1=2u

� �
resp.

�
1; : : : ; 1;

q1=2Cu

1C q1=2u
;
q�3=2Cu

1C q�3=2u

��
;

where uD o.n/q�n�1z.

(3) The highest `-weight of the Uq.A
.2/
2n /-module (resp. Uq.D

.2/
nC1/-module) W is

given by �
1; : : : ; 1;

{q�1n Cu

1C {q�1n u

�
;

where uD o.n/{�qq�2n�1z (resp. uD q�2nz).

Proof. The proof of the first assertion can be found in [Kwon and Lee 2023, Theorem
4.10]. For (2), we have verified in Proposition 5.7 that vC D j0i and v� D jeni are
highest `-weight vectors ofUq.C .1/n /-modules WC and W� respectively. Therefore,
it follows from Lemma 6.1 and formulae (6-6) that we only need to compute the
actions of XC

2 zdiı�˛i

and z 
i; zdi

on v˙.

Note that XCj :v
˙ D 0 for all j 2 I0. By using Lemma 6.5 we have

XC
ı�˛n

:vC D
q�nC1

Œ2�1
j2eni; XC

ı�˛n
:v� D

q�nC1

Œ2�1
j3eni;

and then

z n;1:v
C
D
q�n�1

Œ2�1
vC; z n;1:v

�
D
q�n�1

Œ2�1
Œ3�1v

�:

Therefore, we have

XC
2ı�˛n

:vC D
1

Œ2�
ŒXC
ı�˛n

; z n;1�:v
C

D
1

Œ2�

�
q�n�1

Œ2�1
XC
ı�˛n

:vC�
q�nC1

Œ2�1
z n;1:j2eni

�
D
q�nC1

Œ2�Œ2�1

�
q�2C1�q�2

Œ4�1Œ3�1

Œ2�1

�
XC
ı�˛n

:vC

D�q�n�3=2XC
ı�˛n

:vC;
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and

XC
2ı�˛n

:v� D
1

Œ2�
ŒXC
ı�˛n

; z n;1�:v
�
D
q�nC1

Œ2�Œ2�1
.q�2Œ3�1X

C

ı�˛n
:v�� z n;1:j3eni/

D
q�nC1

Œ2�Œ2�1

�
q�2Œ3�1C Œ3�1� q

�2 Œ5�1Œ4�1

Œ2�1

�
XC
ı�˛n

:v�

D�q�n�5=2XC
ı�˛n

:v�:

On the other hand,

XC
ı�˛n�1

:v� D�q�njen�1i; z n�1;1:v
�
D q�n�1v�;

and then

XC
2ı�˛n�1

:v� D
1

Œ2�n�1
ŒXC
ı�˛n�1

; z n�1;1�:v
�

D
q�n

Œ2�n�1
.q�1XC

ı�˛n�1
:v�C z n�1;1:jen�1i/

D
q�n

Œ2�n�1
.q�1C 1/XC

ı�˛n�1
:v�

D q�n�1=2XC
ı�˛n�1

:v�:

In other cases, we can check that XC
ı�˛i

:v D 0, so z i;1:v D 0 and XC
2ı�˛i

:v D 0.
Thus, we get (2) as desired.

To get (3), let v WD j0i. We first focus on the type D.2/nC1. By Lemma 6.5(4),

XC
ı�˛n

:v D q�2nC2j2eni; z n;1:v D�q
�2XCn X

C

ı�˛n
:v D�{��q

�2nv;

and then

XC
2ı�˛n

:v D
1

Œ2�
ŒXC
ı�˛n

; z n;1�:v D
1

Œ2�
.�{��q

�2nXC
ı�˛n

:v� q�2nC2 z n;1:jeni/;

D
q�2nC2

Œ2�
.�{��q

�2
� {�� C {�� Œ2��q

�2/XC
ı�˛n

:v

D�{q�2n�1XC
ı�˛n

:v:

For i ¤ n, we have XCzdiı�˛i
:vD 0, and then z i; zdi

:vD 0 and XC
2 zdiı�˛i

:vD 0. This
proves assertion (3) for the type D.2/nC1. For the type A.2/2n , Lemma 6.5(3) yields

XC
ı�˛n

:v D q�2n{�qjeni; z n;1:v D�q
�1XCn X

C

ı�˛n
:v D �2q q

�2n�1v:

Note that all terms in the expression of XC
ı�˛n

vanish on the vector jeni except for
the two terms in (6-11). We can compute the following action by using (6-11):

XC
ı�˛n

:jeni D {�qq
�2n�1

j2eni:
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Therefore,

XC
2ı�˛n

:v D
1

Œ3�Šn
ŒXC
ı�˛n

; z n;1�:v

D
1

Œ3�Šn
.�2q q

�2n�1XC
ı�˛n

:v� {�qq
�2n z n;1:jeni/;

D
q�2n�q

Œ3�Šn
.q�1C 1� q�2Œ2�/XC

ı�˛n
:v

D q�2n�3=2�qX
C

ı�˛n
:v:

Then a D o.n/�qq�2n�3=2 and b D o.n/�qq�2n.q�1=2C q�3=2/. Assertion (3)
for the type A.2/2n follows from Lemma 6.1 and Corollary 5.4(3). �

Appendix: Proof of Theorem 4.2

Proof of Theorem 4.2. For generalized Cartan matrices of finite types, the corre-
sponding system of equations (4-1) has been solved in [Chen et al. 2024]. The
method followed in this appendix is parallel with the one there.

Given an affine Cartan matrix A. Fix one i 2 I and denote by Axi
the subalgebra

of A generated by all x˙1j for j ¤ i . Then there is a natural isomorphism A Š
Axi

Œx˙1i �. Suppose that .�i /i2I is any solution to the system (4-1).
We have the following two crucial lemmas.

Lemma A.1. Any � 2A satisfying �i .�/�� D fyigi has the form

� D ˇCi yi C�0Cˇ
�
i y
�1
i ;

where �0 2Axi
, ˇCi D�qi .qi � q

�1
i /�2 and ˇ�i D�q

�1
i .qi � q

�1
i /�2.

Proof. Let � D
P
k �kx

k
i with �k 2Axi

. Then �i .�/�� D fyigi implies thatX
k

.q�ki � 1/�kx
k
i D

1

qi � q
�1
i

x2i

Y
j¤i

x
aji

j �
1

qi � q
�1
i

x�2i

Y
j¤i

x
�aji

j :

Hence �k is zero unless k D 0;˙2 and

�2 D ˇ
C
i

Y
j¤i

x
aji

j ; ��2 D ˇ
�
i

Y
j¤i

x
�aji

j :

So the lemma is proved. �
Therefore, we may always assume that �i in the system (4-1) satisfies �i D

ˇCi yi C�i;0Cˇ
�
i y
�1
i , where �i;0 2Axi

.
Note that any pair .�i ; �j / is .i; j /-shiftable. This condition can further restrict

the choices of �i;0 and �j;0 when the nodes i and j are not connected in the Dynkin
diagram of A, namely, aij D 0. More precisely, we have:
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Lemma A.2. If aij D 0, then both �i;0 and �j;0 lie in Axi
\Axj

.

Proof. Since aij D 0, we have aj i D 0, and yi 2 Axj
and yj 2 Axi

. If �i;0 D 0,
there is nothing to do. Assume that �i;0 is not zero. We rewrite �i;0 uniquely as
the Laurent polynomial in xj , i.e., a unique form in Axj

Œx˙1j �. Take the nonzero
term in this form of �i;0 such that xj has the highest (resp. lowest) power, denoted
by �i;max (resp. �i;min). Then the shiftability of .�i ; �j / implies that

qmj ˇ
C
j �i;maxyj D ˇ

C
j �i;maxyj ; qljˇ

�
j �i;miny

�1
j D ˇ

�
j �i;miny

�1
j ;

where m D degxj
�i;max and l D degxj

�i;max. Hence m D 0 D l . Then we can
conclude that �i;0 2Axi

\Axj
as desired. Similarly, we have �j;0 2Axi

\Axj
. �

Let us first focus on the rank-two cases. Fix i ¤ j in I and J D fi; j g. Due to
Lemma A.2 we may assume that the nodes i and j are connected. Without loss of
generality, we set �D aij ; �D aj i and j�j � j�j. Then

AJ D

�
2 �

� 2

�
where 1� ��� 4:

Then yi D x2i x
�
j and yj D x�i x

2
j in this case. Assume that 'i and 'j have the

forms as in Lemma A.1, i.e.,

'l D ˇ
C

l
yl C�l;0Cˇ

�
l y
�1
l ;

where 'l;0 2Axl
; l 2 J , and let 'i and 'j satisfy the equality

'i'j D �
�1
j .'i /�

�1
i .'j /: .�/

Record the .xi ; xj /-degrees of a monomial u in A by a degree vector�
degxi

u

degxj
u

�
:

Then a Laurent polynomial f corresponds to a matrix with each column vector
representing for the .xi ; xj /-degrees of certain term of f . Moreover, if 'i;0 is not
zero (resp. 'j;0 is not zero), then we use one vector with a parameter s (resp. t ),�

0

s

� �
resp.

�
t

0

��
;

to stand for the possible .xi ; xj /-degrees of 'i;0 (resp. 'j;0). For example, by
Lemma A.2, if aij D 0, then s and t always equal 0. Therefore, we obtain the
following matrix with possible .xi ; xj /-degrees of terms of 'i'j :0B@ q

�
i q
�
j qti q

�
j 1 q�i q

s
j qti q

s
j q��i qsj 1 qti q

��
j q��i q

��
j

2C� 2C t 2�� � t �� �� 2 t � 2 ��� 2

�C 2 � �� 2 sC 2 s s� 2 2�� �� �2��

1CA ;
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where the first row contains the corresponding shifted coefficients in ��1i .'j /�
�1
j .'i /.

The terms with shifted coefficient 1 can be canceled on the left- and right-hand
sides of the equality .�/, so we may omit such terms. Therefore, we have the matrix0B@ q

2�
j qti q

�
j q�i q

s
j qti q

s
j q��i qsj qti q

��
j q

�2�
j

2C� 2C t � t �� t � 2 ��� 2

�C 2 � sC 2 s s� 2 �� �2��

1CA : .M1/

One useful statement is that if a shifted coefficient is not 1, then the corresponding
degree vector has to be equal to another one in the matrix .M1/ by the equality .�/.
Therefore, we can determine all possible .xi ; xj /-degrees of 'i;0 and 'j;0 as follows:

types .�; �/ possible values of s and t

A2 .�1;�1/ s; t 2 f1;�1g

B2 .D C2/ .�2;�1/ 'i;0 D 0, t D˙2 or s D˙1, t D 0

G2 .�3;�1/ none

A
.1/
1 .�2;�2/ s D 0D t

A
.2/
2 .�4;�1/ 'i;0 D 0, t D 0

Note that there is no .xi ; xj /-degree vector for the type G2 satisfying the above
statement, so neither for the types G.1/2 and D.3/4 . We have obtained all solutions
for the type A.1/1 in Example 4.1. For type A.2/2 , we substitute the reduced forms of
'i;0 and 'j;0, i.e., 'i;0 D 0, 'j;0 2 C�, into (4-1), and then get

'i D
{

qi � q
�1
i

f{q
1
2x2i x

�1
j gi ; 'j D f{q

� 1
2x2i x

�1
j gj f{q

3
2x�2i xj gj :

By our assumption in Section 2, we have i D 1, j D 0 and �0 D 'j , �1 D 'i for
the type A.2/2 .

Let us turn to the higher-rank cases. The next result tells us how to “glue” the
rank-two cases together.

Lemma A.3. Let j 2 I be a node which connects to the other two distinct nodes i
and l in the Dynkin diagram. Assume that �j;0¤ 0 and the pair of integers .m; t/ is
the .xi ; xl/-degree of any nonzero (monomial) term of �j;0. Then we have mt � 0.

Proof. Otherwise, assume that mt > 0 and the corresponding nonzero term of �j;0
is �.1/j;0 . Without loss of generality, we may let m> 0 and t > 0. Consider the term
ˇ�i y

�1
i �.1/j;0 of �i�j which has the factor xm�2i x�aji

j xt�ali
l . So we have that the

shifted coefficient qmi q
�aji
j D qm�aij

i in ��1j �i�
�1
i �j is not 1. However, there is

no other term in �i�j whose .xi ; xj ; xl/-degree vector equals .m�2;�aj i ; t�ali /.
This is a contradiction. Hence mt � 0. �
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Lemma A.3 implies that there is no solution to the system (4-1) for A whose
Dynkin diagram contains D4 or F4 as a subdiagram.

Up to this point, we have ruled out all affine Cartan matrices except those of types
A.1/n .n� 1/, C .1/n .n� 2/, A.2/2n .n� 1/ or D.2/nC1 .n� 2/. Now we can substitute
the reduced forms of the �i;0 into the system (4-1) to determine the coefficients
of the possible terms. Then we obtain all solutions as listed below Theorem 4.2.
Therefore, Theorem 4.2 is proved, as desired.

Acknowledgements

This paper was partially supported by the China Postdoctoral Science Foundation
under grant number 2024M751285 and the NSF of China (11931009, 12161141001,
12171132 and 11771410). The author would like to thank Professor Yun Gao and
Professor Hongjia Chen for discussions and encouragement. The author would also
like to thank the referee for helpful suggestions which improved the exposition of
this paper.

References

[Beck 1994] J. Beck, “Braid group action and quantum affine algebras”, Comm. Math. Phys. 165:3
(1994), 555–568. MR Zbl

[Beck and Nakajima 2004] J. Beck and H. Nakajima, “Crystal bases and two-sided cells of quantum
affine algebras”, Duke Math. J. 123:2 (2004), 335–402. MR Zbl

[Benkart et al. 1997] G. Benkart, D. Britten, and F. Lemire, “Modules with bounded weight multi-
plicities for simple Lie algebras”, Math. Z. 225:2 (1997), 333–353. MR Zbl

[Boos et al. 2016] H. Boos, F. Göhmann, A. Klümper, K. S. Nirov, and A. V. Razumov, “Oscillator
versus prefundamental representations”, J. Math. Phys. 57:11 (2016), art. id. 111702. MR Zbl

[Boos et al. 2017] H. Boos, F. Göhmann, A. Klümper, K. S. Nirov, and A. V. Razumov, “Oscillator
versus prefundamental representations, II: Arbitrary higher ranks”, Journal of Mathematical Physics
58:9 (2017), art. id. 093504. MR Zbl

[Britten et al. 1994] D. J. Britten, J. Hooper, and F. W. Lemire, “SimpleCn modules with multiplicities
1 and applications”, Canad. J. Phys. 72:7-8 (1994), 326–335. MR Zbl

[Chari and Pressley 1991] V. Chari and A. Pressley, “Quantum affine algebras”, Comm. Math. Phys.
142:2 (1991), 261–283. MR Zbl

[Chari and Pressley 1994] V. Chari and A. Pressley, A guide to quantum groups, Cambridge Univ.
Press, 1994. MR Zbl

[Chari and Pressley 1998] V. Chari and A. Pressley, “Twisted quantum affine algebras”, Comm. Math.
Phys. 196:2 (1998), 461–476. MR Zbl

[Chen et al. 2024] H. Chen, Y. Gao, X. Liu, and L. Wang, “U 0-free quantum group representations”,
J. Algebra 642 (2024), 330–366. MR Zbl

[Damiani 2000] I. Damiani, “The R-matrix for (twisted) affine quantum algebras”, pp. 89–144 in
Representations and quantizations (Shanghai, 1998), edited by J. Wang and Z. Lin, China High.
Educ. Press, Beijing, 2000. MR Zbl

https://doi.org/10.1007/BF02099423
http://msp.org/idx/mr/1301623
http://msp.org/idx/zbl/0807.17013
https://doi.org/10.1215/S0012-7094-04-12325-2X
https://doi.org/10.1215/S0012-7094-04-12325-2X
http://msp.org/idx/mr/2066942
http://msp.org/idx/zbl/1062.17006
https://doi.org/10.1007/PL00004314
https://doi.org/10.1007/PL00004314
http://msp.org/idx/mr/1464935
http://msp.org/idx/zbl/0884.17004
https://doi.org/10.1063/1.4966925
https://doi.org/10.1063/1.4966925
http://msp.org/idx/mr/3569252
http://msp.org/idx/zbl/1388.17007
https://doi.org/10.1063/1.5001336
https://doi.org/10.1063/1.5001336
http://msp.org/idx/mr/3703897
http://msp.org/idx/zbl/1388.17008
https://doi.org/10.1139/p94-048
https://doi.org/10.1139/p94-048
http://msp.org/idx/mr/1297597
http://msp.org/idx/zbl/0846.17005
https://doi.org/10.1007/BF02102063
http://msp.org/idx/mr/1137064
http://msp.org/idx/zbl/0739.17004
http://msp.org/idx/mr/1300632
http://msp.org/idx/zbl/0839.17009
https://doi.org/10.1007/s002200050431
http://msp.org/idx/mr/1645027
http://msp.org/idx/zbl/0915.17013
https://doi.org/10.1016/j.jalgebra.2023.11.037
http://msp.org/idx/mr/4685184
http://msp.org/idx/zbl/07791769
http://msp.org/idx/mr/1802170
http://msp.org/idx/zbl/1007.17012


ON MULTIPLICITY-FREE WEIGHT MODULES OVER QUANTUM AFFINE ALGEBRAS 281

[Damiani 2012] I. Damiani, “Drinfeld realization of affine quantum algebras: the relations”, Publ.
Res. Inst. Math. Sci. 48:3 (2012), 661–733. MR Zbl

[Damiani 2015] I. Damiani, “From the Drinfeld realization to the Drinfeld–Jimbo presentation of
affine quantum algebras: injectivity”, Publ. Res. Inst. Math. Sci. 51:1 (2015), 131–171. MR Zbl

[Drinfeld 1985] V. G. Drinfeld, “Hopf algebras and the quantum Yang–Baxter equation”, Dokl. Akad.
Nauk SSSR 283:5 (1985), 1060–1064. In Russian. MR Zbl

[Drinfeld 1987] V. G. Drinfeld, “A new realization of Yangians and of quantum affine algebras”,
Dokl. Akad. Nauk SSSR 296:1 (1987), 13–17. In Russian. MR Zbl

[Futorny et al. 2015] V. Futorny, J. Hartwig, and E. Wilson, “Irreducible completely pointed modules
of quantum groups of type A”, J. Algebra 432 (2015), 252–279. MR Zbl

[Grantcharov and Serganova 2006] D. Grantcharov and V. Serganova, “Category of sp.2n/-modules
with bounded weight multiplicities”, Mosc. Math. J. 6:1 (2006), 119–134, 222. MR Zbl

[Grantcharov and Serganova 2010] D. Grantcharov and V. Serganova, “Cuspidal representations of
sl.nC 1/”, Adv. Math. 224:4 (2010), 1517–1547. MR Zbl

[Hayashi 1990] T. Hayashi, “q-analogues of Clifford and Weyl algebras—spinor and oscillator
representations of quantum enveloping algebras”, Comm. Math. Phys. 127:1 (1990), 129–144. MR
Zbl

[Hernandez 2005] D. Hernandez, “Representations of quantum affinizations and fusion product”,
Transform. Groups 10:2 (2005), 163–200. MR Zbl

[Jang et al. 2023] I.-S. Jang, J.-H. Kwon, and E. Park, “Unipotent quantum coordinate ring and
prefundamental representations for types A.1/n and D.1/n ”, Int. Math. Res. Not. 2023:2 (2023),
1119–1172. MR Zbl

[Jimbo 1985] M. Jimbo, “A q-difference analogue of U.g/ and the Yang–Baxter equation”, Lett.
Math. Phys. 10:1 (1985), 63–69. MR Zbl

[Jing 1998] N. Jing, “On Drinfeld realization of quantum affine algebras”, pp. 195–206 in The
Monster and Lie algebras (Columbus, OH, 1996), edited by J. Ferrar and K. Harada, Ohio State
Univ. Math. Res. Inst. Publ. 7, de Gruyter, Berlin, 1998. MR Zbl

[Kac 1990] V. G. Kac, Infinite-dimensional Lie algebras, 3rd ed., Cambridge Univ. Press, 1990. MR
Zbl

[Kuniba 2018] A. Kuniba, “Tetrahedron equation and quantum R matrices for q-oscillator represen-
tations mixing particles and holes”, Symm. Integr. Geom. Methods Appl. 14 (2018), art. id. 067. MR
Zbl

[Kuniba and Okado 2013] A. Kuniba and M. Okado, “Tetrahedron equation and quantum R matrices
for infinite-dimensional modules of Uq.A.1/1 / and Uq.A.2/2 /”, J. Phys. A 46:48 (2013), art. id.
485203. MR Zbl

[Kuniba and Okado 2015] A. Kuniba and M. Okado, “Tetrahedron equation and quantum R matrices
for q-oscillator representations of Uq.A.2/2n /, Uq.C

.1/
n / and Uq.D.2/nC1/”, Comm. Math. Phys. 334:3

(2015), 1219–1244. MR Zbl

[Kuniba et al. 2015] A. Kuniba, M. Okado, and S. Sergeev, “Tetrahedron equation and quantum
R matrices for modular double of Uq.D.2/nC1/, Uq.A

.2/
2n / and Uq.C .1/n /”, Lett. Math. Phys. 105:3

(2015), 447–461. MR Zbl

[Kwon and Lee 2023] J.-H. Kwon and S.-M. Lee, “Affinization of q-oscillator representations of
Uq.gln/”, Lett. Math. Phys. 113:3 (2023), art. id. 58. MR Zbl

[Lusztig 1990] G. Lusztig, “Quantum groups at roots of 1”, Geom. Dedicata 35:1-3 (1990), 89–113.
MR Zbl

https://doi.org/10.2977/PRIMS/86
http://msp.org/idx/mr/2973398
http://msp.org/idx/zbl/1297.17009
https://doi.org/10.4171/PRIMS/150
https://doi.org/10.4171/PRIMS/150
http://msp.org/idx/mr/3367090
http://msp.org/idx/zbl/1394.17036
https://www.mathnet.ru/eng/dan/v283/i5/p1060
http://msp.org/idx/mr/802128
http://msp.org/idx/zbl/0588.17015
https://www.mathnet.ru/eng/dan/v296/i1/p13
http://msp.org/idx/mr/914215
http://msp.org/idx/zbl/0667.16004
https://doi.org/10.1016/j.jalgebra.2015.03.006
https://doi.org/10.1016/j.jalgebra.2015.03.006
http://msp.org/idx/mr/3334148
http://msp.org/idx/zbl/1369.17009
https://doi.org/10.17323/1609-4514-2006-6-1-119-134
https://doi.org/10.17323/1609-4514-2006-6-1-119-134
http://msp.org/idx/mr/2265951
http://msp.org/idx/zbl/1127.17006
https://doi.org/10.1016/j.aim.2009.12.024
https://doi.org/10.1016/j.aim.2009.12.024
http://msp.org/idx/mr/2646303
http://msp.org/idx/zbl/1210.17011
https://doi.org/10.1007/BF02096497
https://doi.org/10.1007/BF02096497
http://msp.org/idx/mr/1036118
http://msp.org/idx/zbl/0701.17008
https://doi.org/10.1007/s00031-005-1005-9
http://msp.org/idx/mr/2195598
http://msp.org/idx/zbl/1102.17009
https://doi.org/10.1093/imrn/rnab283
https://doi.org/10.1093/imrn/rnab283
http://msp.org/idx/mr/4537322
http://msp.org/idx/zbl/1529.17024
https://doi.org/10.1007/BF00704588
http://msp.org/idx/mr/797001
http://msp.org/idx/zbl/0587.17004
http://msp.org/idx/mr/1650669
http://msp.org/idx/zbl/0983.17013
https://doi.org/10.1017/CBO9780511626234
http://msp.org/idx/mr/1104219
http://msp.org/idx/zbl/0716.17022
https://doi.org/10.3842/SIGMA.2018.067
https://doi.org/10.3842/SIGMA.2018.067
http://msp.org/idx/mr/3820395
http://msp.org/idx/zbl/1395.81127
https://doi.org/10.1088/1751-8113/46/48/485203
https://doi.org/10.1088/1751-8113/46/48/485203
http://msp.org/idx/mr/3138389
http://msp.org/idx/zbl/1280.81072
https://doi.org/10.1007/s00220-014-2147-1
https://doi.org/10.1007/s00220-014-2147-1
http://msp.org/idx/mr/3312435
http://msp.org/idx/zbl/1394.16043
https://doi.org/10.1007/s11005-015-0747-0
https://doi.org/10.1007/s11005-015-0747-0
http://msp.org/idx/mr/3312513
http://msp.org/idx/zbl/1394.16043
https://doi.org/10.1007/s11005-023-01675-x
https://doi.org/10.1007/s11005-023-01675-x
http://msp.org/idx/mr/4597691
http://msp.org/idx/zbl/1528.17010
https://doi.org/10.1007/BF00147341
http://msp.org/idx/mr/1066560
http://msp.org/idx/zbl/0714.17013


282 XINGPENG LIU

[Lusztig 1993] G. Lusztig, Introduction to quantum groups, Progress in Mathematics 110, Birkhäuser,
Boston, 1993. MR Zbl

[Mathieu 2000] O. Mathieu, “Classification of irreducible weight modules”, Ann. Inst. Fourier
.Grenoble/ 50:2 (2000), 537–592. MR Zbl

[Mukhin and Young 2014] E. Mukhin and C. A. S. Young, “Affinization of category O for quantum
groups”, Trans. Amer. Math. Soc. 366:9 (2014), 4815–4847. MR Zbl

[Nilsson 2016] J. Nilsson, “U.h/-free modules and coherent families”, J. Pure Appl. Algebra 220:4
(2016), 1475–1488. MR Zbl

Received February 27, 2023. Revised December 15, 2023.

XINGPENG LIU

SHENZHEN INTERNATIONAL CENTER FOR MATHEMATICS

SOUTHERN UNIVERSITY OF SCIENCE AND TECHNOLOGY

SHENZHEN

CHINA

xpliu127@ustc.edu.cn

http://msp.org/idx/mr/1227098
http://msp.org/idx/zbl/0788.17010
https://doi.org/10.5802/aif.1765
http://msp.org/idx/mr/1775361
http://msp.org/idx/zbl/0962.17002
https://doi.org/10.1090/S0002-9947-2014-06039-X
https://doi.org/10.1090/S0002-9947-2014-06039-X
http://msp.org/idx/mr/3217701
http://msp.org/idx/zbl/1306.17005
https://doi.org/10.1016/j.jpaa.2015.09.013
http://msp.org/idx/mr/3423459
http://msp.org/idx/zbl/1334.17009
mailto:xpliu127@ustc.edu.cn


PACIFIC JOURNAL OF MATHEMATICS
Founded in 1951 by E. F. Beckenbach (1906–1982) and F. Wolf (1904–1989)

msp.org/pjm

EDITORS

Don Blasius (Managing Editor)
Department of Mathematics

University of California
Los Angeles, CA 90095-1555

blasius@math.ucla.edu

Matthias Aschenbrenner
Fakultät für Mathematik

Universität Wien
Vienna, Austria

matthias.aschenbrenner@univie.ac.at

Vyjayanthi Chari
Department of Mathematics

University of California
Riverside, CA 92521-0135

chari@math.ucr.edu

Atsushi Ichino
Department of Mathematics

Kyoto University
Kyoto 606-8502, Japan

atsushi.ichino@gmail.com

Robert Lipshitz
Department of Mathematics

University of Oregon
Eugene, OR 97403

lipshitz@uoregon.edu

Kefeng Liu
Department of Mathematics

University of California
Los Angeles, CA 90095-1555

liu@math.ucla.edu

Dimitri Shlyakhtenko
Department of Mathematics

University of California
Los Angeles, CA 90095-1555

shlyakht@ipam.ucla.edu

Ruixiang Zhang
Department of Mathematics

University of California
Berkeley, CA 94720-3840

ruixiang@berkeley.edu

PRODUCTION
Silvio Levy, Scientific Editor, production@msp.org

See inside back cover or msp.org/pjm for submission instructions.

The subscription price for 2024 is US $645/year for the electronic version, and $875/year for print and electronic.
Subscriptions, requests for back issues and changes of subscriber address should be sent to Pacific Journal of Mathematics, P.O. Box
4163, Berkeley, CA 94704-0163, U.S.A. The Pacific Journal of Mathematics is indexed by Mathematical Reviews, Zentralblatt MATH,
PASCAL CNRS Index, Referativnyi Zhurnal, Current Mathematical Publications and Web of Knowledge (Science Citation Index).

The Pacific Journal of Mathematics (ISSN 1945-5844 electronic, 0030-8730 printed) at the University of California, c/o Department
of Mathematics, 798 Evans Hall #3840, Berkeley, CA 94720-3840, is published twelve times a year. Periodical rate postage paid at
Berkeley, CA 94704, and additional mailing offices. POSTMASTER: send address changes to Pacific Journal of Mathematics, P.O.
Box 4163, Berkeley, CA 94704-0163.

PJM peer review and production are managed by EditFLOW® from Mathematical Sciences Publishers.

PUBLISHED BY

mathematical sciences publishers
nonprofit scientific publishing

http://msp.org/
© 2024 Mathematical Sciences Publishers

http://msp.org/pjm/
mailto:blasius@math.ucla.edu
mailto:matthias.aschenbrenner@univie.ac.at
mailto:chari@math.ucr.edu
mailto:atsushi.ichino@gmail.com
mailto:lipshitz@uoregon.edu
mailto:liu@math.ucla.edu
mailto:shlyakht@ipam.ucla.edu
mailto:ruixiang@berkeley.edu
mailto:production@msp.org
http://msp.org/pjm/
http://www.ams.org/mathscinet
http://www.emis.de/ZMATH/
http://www.viniti.ru/math_new.html
http://www.ams.org/bookstore-getitem/item=cmp
http://apps.isiknowledge.com
http://msp.org/
http://msp.org/


PACIFIC JOURNAL OF MATHEMATICS

Volume 330 No. 2 June 2024

199Integrality relations for polygonal dissections
AARON ABRAMS and JAMES POMMERSHEIM

207The h-principle for maps transverse to bracket-generating distributions
ARITRA BHOWMICK

233The restriction of efficient geodesics to the nonseparating complex of
curves

SETH HOVLAND and GREG VINAL

251On multiplicity-free weight modules over quantum affine algebras
XINGPENG LIU

283Differential geometric approach to the deformation of a pair of
complex manifolds and Higgs bundles

TAKASHI ONO

317Uniform extension of definable Cm,ω-Whitney jets
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