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ABSTRACT. We prove a precise relation between simple modules in the Borel
category O and the shifted category O for a symmetrizable Kac-Moody Lie

algebra.
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1. INTRODUCTION

1.1. The Borel category O. Consider a symmetrizable Kac-Moody Lie algebra
g, with a set I of simple roots. We write (d;;); jer for the symmetrized generalized
Cartan matrix associated to g, see (15). Fix ¢ € C* not a root of unity and an
enlargement h O C! of the root lattice as in Remark 2.1; the latter is a technical
requirement that ensures the non-degeneracy of the bilinear form on the Cartan
subalgebra. The representation theory of the quantum loop algebra

(1)

U,(Lg) = c<ei,d, Fiuds 0Ty w;d,,na> relations in Def. 2.5, 2.7)

ieI,deZ,d’ZO,aGb/(

has long been studied from various points of view, see for instance [5, 25] and the
many references in [24] for g of finite type, and [22, 33] for g of general symmetrizable
type. The Borel category O (defined by Jimbo and the first-named author) contains
simple modules

(2) (Borel subalgebra of Uq(Lg)) ~ L(v)

which are indexed by so-called highest ¢-weights !
_ _ = wi,d —111x
3) ¥= ()= 2 el
d=0

which are rational, i.e. each v;(z) is the power series expansion 2 of a rational
function in z regular at co.

iel

Let us write r = ord v € Z! for the I-tuple that keeps track of the orders of
the poles of the rational functions ;(z) at z = 0, and call it the order of ). Then
there is ([33, 34]) an isomorphism of vector spaces

(4) L(y) = L" ® L7(3)

which underlies the decomposition of the g-character (long-known in special cases
when g is of finite type [19, 15, 26, 12, 23, 16]) as

(5) Xa(L()) = X xq(L7° (%))

The factor x* is an ordinary character (as opposed from a g-character) that only
depends on r = ord %, and it has been computed in [34], in accordance with
conjectures of [30, 38]. In particular, we recover two limit cases that were already
known for finite type g:

e If L(v) is a finite-dimensional representation of the entire quantum loop
algebra, then there is only one factor x4(L(%)) = x4(L7°(2))) by [19].

e If % is a polynomial in 271, then x,(L7°(3)) = [/] has only one term by
[15], and so x4(L(9)) = X" [¢].

1 we enlarge the Cartan subalgebra as in Remark 2.1, then simple modules are indexed by
(¢, w) as in Remark 2.18 and not merely by 1. However, we choose not to include w in our
notation for brevity.

2We note that our convention is to expand f-weights in z~" as opposed from the more usual
z, in order to ensure uniformity between our z and the variables of shuffle algebras, see (40).
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Our main interest is to calculate the second factor in (5) by gaining an under-
standing of the vector space L7%(4) itself, for any highest /-weight . We treat
general symmetrizable Kac-Moody Lie algebras g, but our results are also new for
g of finite type, as we handle all simple modules in the category O.

1.2. The shifted category O®. By analogy with the Borel category O, the first-
named author introduced the shifted category O%" consisting of modules of the
shifted quantum loop algebra

(6)

Ug(Lg)* = C<€i,d, fid, QDZd/, i ars I{a> /(relations in Definition 3.1)

icl,deZ,d'>0,ach
While the Borel category O is well designed to study quantum integrable models
thanks to the transfer-matrix construction [15, 16], the shifted category O" fits very
well in the framework of cluster categorification [20]. In contrast, it is not known
how to assign transfer-matrices to any module in O°", and there are difficulties to
obtain direct cluster categorification from the whole category O (as tensor products
of simple modules in @ are not always of finite length). In this picture, it is thus
important to understand the precise relation between the two categories of modules.

The algebra (6) was defined in [14] for any integral coweight
(7) p=>_riw)
iel
where r = (1;);er € Z!. Moreover, for g of finite type and for any rational /-weight
1 with r = ord 1), a simple module

(8) Uy(Lg)" ~ L (3))

was constructed in [23] (by loc. cit., Uy(Lg)* has a non-trivial finite-dimensional
module if and only if u is codominant). In the present paper, such simple modules
will be defined for an arbitrary symmetrizable Kac-Moody Lie algebra g.

When g is of finite type and L*"(a)) is finite-dimensional, it was quickly recog-
nized in [23] that y,(L*"(1))) matches the second factor in the right-hand side of
(5). In the present paper, we establish this fact for a general L(v)) by lifting it from
an equality of numbers to an isomorphism of vector spaces.

Theorem 1.1. For any symmetrizable Kac-Moody Lie algebra g and any rational
L-weight 1, we have a vector space isomorphism

(9) L#0(4p) = L"(3p)

which preserves the natural gradings by m € NI and x € (C*)™ on both sides (see
(96) and (134)). Therefore, (9) descends to an equality of q-characters

(10) Xq(L?éO(w)) = Xq(LSh("p))~

The result above not only holds for any symmetrizable Kac-Moody Lie algebra
g, but it is also new for g of finite type, as it is established for any simple module
L () (in particular g is not necessarily codominant). Our methods are also
different from the ones in the literature, see for instance [25, 23].
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The isomorphism of vector spaces (9) lifts to one of modules for

U, (Lg) = (C<fi’d>iel,d€Z/ (relations)

which is a common subalgebras to both (1) and (6). However, since the the gluing
between the positive and negative halves differs between the algebras (1) and (6),
we cannot upgrade the isomorphism (9) any further.

1.3. QQ-systems. Another important application of our results is given by the
simple modules corresponding to @)-variables in QQ-systems [16].

Recall that the ODE/IM correspondence gives a surprising relation between func-
tions associated to Schrodinger differential operators and the spectrum of quantum
systems called “quantum KdV”. Feigin-Frenkel [11] have proposed a large general-
ization of this correspondence in terms of Langlands duality. This open conjecture
is a fruitful source of inspiration. In particular, a remarkable system of relations
(the QQ-system) was observed to be satisfied by spectral determinants of certain
solutions of affine opers [29]. Then, motivated by the general Feigin-Frenkel conjec-
ture, it was proved in [16] that this QQ-system has a solution in the Grothendieck
of the Borel category O (when the underlying Lie algebra is of finite type). The
solution is described in terms of simple classes up to multiplicative constants (the
renormalization factors, which are to be computed).

Our results give the precise renormalization factors to write the Q@-system in
the Grothendieck ring of the Borel category O. Indeed, a solution of the QQ-system
exists in the category O without any renormalization factor by [23]. The relation
between representations of shifted quantum loop algebras and Borel algebras that
we establish here is the missing piece to compute the renormalization factors.

Note that the QQ-systems are closely related to the Bethe Ansatz relations in
quantum integrable systems [29] and to exchange relations in certain monoidal
categorifications of cluster algebras [20]. Hence, the precise QQ-system in the
Grothendieck group of category O established in the present paper opens the way
to new developments in these directions as well.

More generally, we establish a ring isomorphism between the Grothendieck rings
of O and O}, This allows to formulate the conjectures in [17] on generalized
QQ-systems in terms of the Borel category O.

With this in mind, one of the main applications of our results is Theorem 4.11:
there is an explicit solution of the Q@-system in the Borel category O. This result
generalizes that of [16] from finite type to an arbitrary symmetrizable Kac-Moody
Lie algebra g.

1.4. Shuffle algebras. There are many tasks that go into establishing Theorem
1.1: defining Borel subalgebras of U,(Lg) for arbitrary symmetrizable Kac-Moody
Lie algebras g, explicitly constructing the vector spaces L(1)), L7° (1)) and L*"(2))
and establishing the coincidence of the latter two. All these tasks can be performed
using the techniques of shuffle algebras ([10, 13]). In a nutshell, there is a subspace

+1 +11sym
Clziy s - vzmﬂief

dered
nent izjan (Fia = %)

S cv=
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such that S~ = U, (Lg), and a subalgebra
Sy CS™

such that S—g = U, (Lg) N Uq(EJF)C:l in finite types. This allowed the second-
named author to prove the following isomorphisms in [33, 34]

(11) L) =85/ J(w)
(12) L) = 850 [ T7°()

where J (1) and J7°(1p) are certain subsets of rational functions that we recall in
Subsection 2.9. We also have

(13) LP(p) = S~ [T7(y)

where J70(4)) is defined in Lemma 2.19. Our main technical result is the following

Theorem 1.2. For any symmetrizable Kac-Moody Lie algebra g and any rational
L-weight ¥, let 11 and r = ord 1 be related by (7). Then

(14) L) =57 /7 (@)

(where J*N(ap) is given in Definition 3.6) is the unique up to isomorphism simple
U,(Lg)*-module generated by a single vector |@) satisfying relations (128)-(129).

The following fact is non-trivial

J70() = T ()

and will be proved in (131). Comparing (13) with (14) implies Theorem 1.1.

1.5. Acknowledgements. The first-named author gratefully acknowledges the
support of the Agence Nationale de la Recherche (grant ANR-24-CE40-3389). The
second-named author gratefully acknowledges the support of the Swiss National
Science Foundation grant 10005316.

2. THE BOREL CATEGORY O

We recall U, (Lg) and its Borel subalgebra for a complex semisimple Lie algebra
g, and then generalize these notions to arbitrary symmetrizable Kac-Moody Lie
algebras. We then review the Borel category O defined in [25, 33], as well as the
explicit construction of simple modules in this category from loc. cit.
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2.1. Basic notations. The set N will contain 0 throughout this paper. Fix g € C*,
not a root of unity. We fix h € C satisfying ¢ = e” so that the complex powers of
q are well-defined. To a finite set I and a Cartan matrix

2d,;,;
(15) C = (Cij = J S Z)
dii i,jel
one can associate a complex semisimple Lie algebra g. The numbers d;; = d;; for

i # j must be non-positive integers, while the numbers d;; must be even positive
integers. We will write

di;
di =
2

for all i € I. The root lattice of the Lie algebra g will be identified with Z! in what
follows, and we will write

(16) c'ec! e (¢h¢) = dy

for the complexified symmetric invariant bilinear form, where

¢'=(0,...,0,1,0,...,0) e N/

1 on i-th position
represents the i-th simple root. We will consider the standard partial order
m<n & n—-meN

and write m <m if m <m and m #n. Let 0= (0,...,0),1=(1,...,1) and

|m| = Zml

i€l

for all m = (m;)er.

Remark 2.1. Later in our paper, we will generalize complex semisimple Lie al-
gebras to symmetrizable Kac-Moody Lie algebras. In this level of generality, there
exist situations (such as type ;1\2) when the Cartan matriz (15) is singular and
hence the bilinear form (16) is degenerate. In this case, we extend the bilinear form
following [28]: we choose a complex vector space § and a non-degenerate pairing

(17) hoh ) c
which extends (16) with respect to a henceforth fived inclusion C! — b (we abuse

notation and write ' for the image of the i-th standard basis vector in h). It is
well-known that the smallest such enlargement b has dimension 2|I| — rank(C).

2.2. The quantum affine algebra. We will be interested in the quantum affine
algebra of g, with trivial central element. If we let I = I LI 0, this algebra is defined
as
(18) Uy(9)e=1 = (C<ei, fis /1;:1> A/([m, ;] = 0 and other relations)

iel
The “other relations” one imposes in the right-hand side will not be used in the
present paper, and the interested reader can find them in [25, Subsection 2.1]. The
algebra (18) has a Borel subalgebra

Ug(6)emt € Uyg(8) et
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generated by {e;, Hiil}ief'

Definition 2.2. ([25]) Consider the category O of complex representations
(19) Uy(6T )1 AV
which admit a decomposition

(20) V= &y Ve,

weUl_ | (ws—NT)
for finitely many w',... w' € C!, such that every weight space

(21) Vo = {11 ev

Ki v = q(“"i)v, Vi € I}

is finite-dimensional. If v € V,, as above, then we call w the weight of v.

2.3. The quantum loop algebra. In order to index simple modules in the cate-
gory O of Definition 2.2, we follow in the footsteps of [5] and consider the non-trivial
isomorphism (constructed by [9] and proved by [1, 7])

(22) P :Uy(8)e=1 — Uy(Lg)

where the object in the right-hand side is the quantum loop algebra
(23)

Uq(Lg) = <6i,d7 fid, @:d/a ‘P;d/>

We will recall the full set of relations in U,(Lg) in Definitions 2.5 and 2.7. The only
properties of the isomorphism (22) that will be important to us are

P(ki) = ‘P;fo

+ =+’ .
= ,0>. ] =0 and other relat10ns>.
ie],deZ,d’zo/([@l’é @J’t]

N (Uq(g+)c:1) D {@f 0 @i+ tier U{eio, €. bier-

As such, we can consider modules in category O and ask how their weight spaces
further decompose into generalized eigenspaces for the commutative family of en-
domorphisms {(p;fo, ap;fp ... bier. This is best systematized by the following notion.

Definition 2.3. An (-weight is an [-tuple of invertible power series

(24) ¥ = (wz«z) =y e w-ln*)
d=0 i€l

If every 1;(z) is the expansion of a rational function, then v is called rational.

Thus, given an f-weight 1, we can do two things:

e for any module Uq(g‘*‘)czl ~ V', consider the generalized eigenspace

N
(25) Vi = {v e V’ (¢4~ sa-1dv) " (v) = 0 for any i,d and for N > 0}



8 DAVID HERNANDEZ AND ANDREI NEGUT

e consider the simple module

(26) Uyg(b% o1 ~ L))
generated by a single vector |@) subject to the relations

(27) eid-|@)=0 and 90:(1 @) = ;.q4|9)
foralli € I,d > 0. A simple module (26) was shown to exist and be unique up to
isomorphism in [25], building upon the work of [5] on finite-dimensional modules.
Moreover, we have the following.

Theorem 2.4. [25] The representation L(v) lies in category O if and only if v is
rational.

We henceforth work only with rational ¢-weights ).

The characters (i.e. the generating series of dimensions of weight spaces (21))
of simple modules are not strong enough to distinguish between different L(t))’s.
However, the g-characters of Frenkel-Reshetikhin ([19, 25], i.e. the generating series
of dimensions of ¢-weight spaces (25)) of simple modules do distinguish between
them. We will denote these g-characters as follows, for any V in category O

(28) XgV)= > dimc (Vy)[¢]

C-weights

where [¢] are formal symbols that multiply component-wise (as I-tuples).

2.4. Kac-Moody Lie algebras. We will henceforth assume that g is a symmetriz-
able Kac-Moody Lie algebra, or equivalently, drop the positive-definiteness require-
ment on the Cartan matrix (15). In this level of generality, we do not have a notion
of

Uq(8)c=1 and its Borel subalgebra Uq(ﬁ+)c:1.
However, there exists a notion of U,(Lg), to which we will associate a replacement of

the Borel subalgebra using shuffle algebra tools. We start with a two-step definition
of the quantum loop algebra associated to g. In what follows, we will write

oo

e: o f e (p,i
ax)= Y M m@= Y A de=Y o5

d=—o0 d=—o0 d=0

and ¢; = ¢%. We assume that an enlargement h O C! as in Remark 2.1 is given,
and define the following notion (which differs from that of [33] by the fact that it
has a bigger Cartan subalgebra; symbols {ka}acy Will always be considered to be
C-additive, i.e. satisfy the formula

(29) Foatsb = KGRy,
for all a,8 € C and a,b € b; in all representations we will consider, all the x,’s
will act diagonally with non-zero complex eigenvalues). For all i,j € I, let

—dij

T —q
(30) Gij(x) = e
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Definition 2.5. The pre-quantum loop algebra associated to g is

/relations (31)-(35)

Uq(Lg) = (C<ei,d7 fi,du Qpidu SDZC[M Ha>

where we impose the following relations for all i,5 € I, a€ b, +,+" € {+,—}:

(31) ei(z)e;(y)¢ji (g) = ei(W)ei(@)is (§>

i€l,d€Z,d’>0,a€h

(32) o5 W)ei(@)Cg (;U) = ei(2)5 (4)Gji (%)
(33) Ka€i(x) = ei(x)/@aq(a‘i)

(34) eE(@)er (¥) =97 W)eF (), $ip = kg
as well as the opposite relations > with e’s replaced by f’s, and finally the relation
(i)

(35) fei(@), fi(0)] = ——% (o7 (@) = 47 ().

qi — 4q;
In formula (31), we clear denominators and obtain relations by equating the coef-
ficients of all x_dy_d, in the left and right-hand sides, while in (32) we expand in
non-positive powers of y=' and then equate coefficients.

Note that we do not assume any Drinfeld-Serre type relations to hold in the pre-
quantum loop algebra, and instead include (generalized versions of) such relations
in Definition 2.7 below. More specifically, the quantum loop algebra U,(Lg) will

be defined as a particular quotient of the pre-quantum loop algebra U,(Lg), which
we will introduce using the language of shuffle algebras.

We have the following shift automorphisms for all r = (r;);c; € Z!
(36) oy : ﬁq(Lg) — ﬁq(Lg), €i,d = €idir;, fid fi,d—mv‘Pi[d = ‘Pii,da Ka F Ka

Remark 2.6. We note that different authors use different normalizations for the
Cartan elements, and we compare them here. In the present paper, we write

- Dj,+u
(37) Soji(y> = ’%fjl exp < u;:tu)

u=1

in terms of which (32) implies
(38) [pjus €i(@)] = ei(@)a (¢ — q~"™)

Therefore, the comparison between the generators p;, and the izw of [23, Section
9.2] is given by the following formula for all j € I and u € Z\0

Piw =ulq—q ") hiuCij(q")
il
where
xdii — g~ di
(39) Cij(e) = — g —=a-

3In other words, we replace any product ...epe’o’ ... by ... flof .. ..
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is the modified quantum Cartan matriz (it coincides with the usual quantum Cartan
matriz, which has entries % +x~% on the diagonal and [cijle off the diagonal, for

finite type g).

2.5. The big shuffle algebra. We now review the trigonometric version ([10]) of
the Feigin-Odesskii shuffle algebra ([13]) associated to the Kac-Moody Lie algebra
g. Consider the vector space of rational functions in arbitrarily many variables

C[zE! ZELEym
oo Zing lier
(40) V= @ Vn, where V(mZO)iez = unorderedz n; :’ZJL =

neN! Hi;&j ITaZ: T2 (zia — 250)
Above, “sym” refers to color-symmetric rational functions, meaning that they are
symmetric in the variables z;1, ..., zi,, for each ¢ € I separately (the terminology

is inspired by the fact that ¢ € T is called the color of the variable z;,). We make
the vector space V into a C-algebra via the following shuffle product:

1

(41) E(zi1, s Zin, )ier ¥ E'(2i15 - -5 Zint ier = Tl

2
/ a
Sym | E(2i1, -, Zing ) E' (Zini 41, - - - Zi,ni+n;) H H Gij (z )
i,j€l 1<a<n, b
n;<b<n;+nj

The word “Sym” in (41) denotes symmetrization with respect to the
(n+n):= H(”l + ni)!
iel
permutations of the variables {z;1, ..., Zinin) } for each ¢ independently. The rea-
son for formula (41) is to ensure that there exist algebra homomorphisms

(42) Yt U (Lg) =V, Cig s 2l € Ve
(43) YU, (Lg) = VP, fiar 2 € VP

where

+ _ , :
U (Lg) = C<e“d>ie1,dez / (relation (31))

ﬁ;(Lg) = (C<fi7d> /(opposite of relation (31))
iel,dez
By standard results on triangular decompositions, we have

ﬁq(Lg) = ﬁ;(Lg) ®C [cpii’h @?’3, . Ka]ie],aeh ® 17; (Lg)

with the natural identification of generators. Note that T+ intertwine the shift
automorphisms (36) with

(44) UrZV—)V, R(leﬂ72“11)’_}R(Z7417’Zlnl)HHZzTc;’

i€l a=1

(45) op 1 VP — VP, R(zity -+ Zin,) = R(zi1, - -+, Zin,) H H L
i€l a=1
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Definition 2.7. If we let

(46) UZ(Lg) = UZ(Lg) / Ker T

then the quantum loop algebra is defined as

(47) Uy(Lg) = U/ (Lg) @ C [¢], 055, - - Ka]iel,aeh ® U, (Lg)

with the relations induced by (31)-(35). Note that Uy(Lg) inherits the shifts (36).

Example 2.8. For g of finite type, it was proved in [36] that (46) coincides with
the original quantum loop algebra defined by Drinfeld in [9] and studied by Beck in
[1] and Damiani in [7]. In other words, a system of generators for the ideal Ker T+
is given by the Drinfeld-Serre relations

1—C7‘,j

(48) Z (=1)* (1 _kcij) Sym [e;(21) . .. €i(zr)ej(w)ei(zpg1) - - - €i(21-c,,)] =0

k=0

for alli # j, and analogously for Ker T- using the f currents. Above, Sym denotes
symmetrization with respect to the variables z1,...,21-¢;;-

Example 2.9. More generally, if
dij € {0, — max(di7 dj)}

for alli # j, then we will say g is a strongly symmetrizable Kac-Moody Lie algebra.
In this case, it follows from [32, 35] that Ker YT is still generated by relations (48),
and so

U,(Lg) = Uq(Lg)/(Drinfeld-SeTre relations (48))

Example 2.10. For any simply-laced Kac-Moody Lie algebra g (i.e. d;; = 2,Vi €
1), it was shown in [31] that Ker Y is generated by relations (49) below. To set up
these relations, consider for any i # j € I and any arithmetic progressions s, ...t
and s, ...t with ratio 2, such that s +t = s’ +t', the following oriented graph

S s+2 ... t—=2 t

3/ s/+2 N “ .. . o0 [T t’_2 t/

FIGURE 1. A distinguished zig-zag Z

with the diagonal edges pointing —d;; steps to the left. Then we impose the relation

(49) Z (a certain polynomial) H (ei(zc) or ej(zc))

vertices ¢ in
descending order
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with the sum going over all subgraphs of Figure 1 with no oriented cycles (any
such subgraph gives rise to a well-defined order on the set of vertices, with respect
to which we can take the product in (49)) and we use either the current e;(z.) or
ej(zc) depending on whether the vertex c lies on the top or bottom row of Figure 1.
We refer the interested reader to [31] for the precise polynomials in (49).

2.6. Hopf algebras. Let us now recall the reason why (47) is a well-defined algebra
with respect to relations (31)-(35). The reason is the well-known fact that

(50) U7 (Lg) = U (Lg) ® C [pf), 075, .-, Kal ie1.ach
(51) US(Lg) = C [p51, Pias-- - Kal ® U, (Lg)

(made into algebras using relations (31)-(34) and their opposites, respectively) are
actually topological Hopf algebras with respect to the Drinfeld coproduct with
values in a topological completion of the tensor square:

iel,ach

(52) AGE(2) = 0 (2) ® ¢ (2), Alba) = ka ® Fa
(53) Alei(2) = pf (2) @ ei(2) +ei(2) @ 1

(54) Alfi(2) = 1® filz) + fil2) ® o7 (2)

for all i € I,a € b, and antipode S given by

(55) S(9F(2) = (9F(=) ", Slra) = K"
(56) S(ei) = — (¢ (2) " eil)

(57) S (fi(2) = —fi(2) (97 (2) "

for all ¢« € I,a € h. Similarly, we can upgrade ¥V and V°P to topological Hopf
algebras by appropriately enlarging them with elements goj'd and ¢, ; respectively.
Explicitly, we have the following coproduct formulas, see [33, Subsection 3.7]:

el

o aE 3 e o EE L, © )
el jel | Ziv
0<m<n ngagmi Hm_7<b§n_j C]Z Zia

F(zi1, .. Zimy @ Zimi+1s - - - » Zing) H{§€<m. v; ()

_ i , <b<m; ¥j \7J

(59) A(F) = §: i€l Jjel | zia
0<m<n H1gagmi Hmj<b§nj CZj Zjb

forall E € S, F € S_,,. To make sense of the right-hand side of formulas (58) and
(59), we expand the denominator as a power series in the range |z;4| < |2/, and
place all the powers of z;, to the left of the ® sign and all the powers of z;, to the
right of the ® sign (for all4,j € I, 1 < a < m;, mj < b < n;). The homomorphisms
T+ respect the Hopf algebra structures above, so

= -yt + ot
U[ (Lg) - Uq (Lg) ®C [@i,la Pi2r Ha} icel,ach
Us(Lg) =C [0, Piar-- - “a]iez,aeh ® U, (Lg)
inherit Hopf algebra structures. Moreover, there exists a Hopf pairing

('7')
(60) U7 (Lg) @ Uy (Lg) —= C
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generated by the assignments

(61) (ei@), fiw)) = “()

q; — 4
(62 @)= Y ) = g
<)0i x,goj Yy _x_yqdijv Ra, Rb) = (¢
4 under the following conditions for all a, a;,as € qu (Lg) and b, by, by € UqS (Lg)
(63) <a,b1b2> - <A(a),b1 ® b2>
(64) (ar02,0) = (a1 © a2, 6 ())

(A°P is the coproduct opposite to A) and

(65) <S(a), S(b)> - <a,b>.
As shown in [32], we have that

> <
U7 (Lg) ® Uz (Lg) .
(ka®1—-1® “a)aeh

(66) U,(Lg) is the Drinfeld double

Above, recall that the multiplication in the Drinfeld double is controlled by

b(l = <a1, S(bl)>042bg<(7,37 b3>
(67)
=4 ab = <a1,b1>b2a2<a3,5(b3)>

for all a € UZ(Lg) and b € U=(Lg), where we use Sweedler notation

AP ()= (A®Id) o A(z) =21 ® T3 @ x5,

to avoid writing down the implied summation signs.

Remark 2.11. The above point of view on Uyz(Lg) affords significant technical
advantages. For example, showing that the Drinfled new coproduct (52), (53), (54)
respects the Drinfeld-Serre relations (48) is a challenging computation directly (see
for instance [8]). However, the fact that the composition of homomorphisms

T*:Uf(Lg) - Uf(Lg) =V

respects the coproduct allows us to conclude that A descends from ﬁq(Lg) toU,(Lg).

4Note that our ¢ and k; are the usual ¢~ ! and K;l from the theory of quantum groups.
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2.7. The (small) shuffle algebra. We will refer to either of
(68) S* =Im T+

as “the” shuffle algebra, i.e. the subalgebra of either V or V°P generated by {zfll €
Vi tier.dez- By construction, we have

(69) UF(Lg) = S*

Explicitly, S~ is the C-linear span of rational functions of the form

1 n Zb
(70) Sym |26 ... 22 H Civi, (Za)

1<a<b<n

as1,...,in run over I and ds,...,d, run over Z (in the expression above, we iden-
tify each variable z, with some variable of the form z;,., in the notation of (40);
the values of e, € {1,2,...} do not matter due to the presence of the symmetriza-
tion, as long as we have e, # e, whenever a # b, i, = ip). ST has an analogous
description to (70), but with the product going over a > b. The shuffle algebras S*
are graded by £N’, with

Spn=8"NV, and S_n=8"NVYr
and they inherit the shift automorphisms o, : S* — S* from (44)-(45). Moreover,

> _ ot + ot
S§==S8 ®C[(pixl’%ﬂ""’Ha]iel,aeh

SS=C [90;1790;,2’ . "Ha]iel,aeh 88"

inherit topological Hopf algebra structures from extended V and V°P (see (58)-(59)).
Meanwhile, the pairing (60) takes the following form under the isomorphisms (69):

by formula (62) together with °
dy an
(72) <ei1,d1*---*ein,dn,F>=/ A m E e 2)
[z 1zl Tlicacpcn Sivia (%)

forall F € S_,,any dy,...,d, € Z and any 41, ..., 4, € I such that ¢/t 4. +¢in =
n (the notation in the right-hand side of (72) is defined in accordance with (70)).
The subscript under the integral sign means that the variables run over concentric
circles centered at the origin, which are very far away from each other and ordered
as prescribed by the >> signs. The volume form []_,; 2%2 will be implied in all
our integrals, although we will not write it out explicitly.

Example 2.12. For g of finite type, we have the following explicit description
) st = { ot (101
Hi;féj Ha,b(zia — Zjb)

where p goes over color-symmetric Laurent polynomials which satisfy the so-called
Feigin-Odesskii wheel conditions for all i # j in I

(74)  p(-- Ziay -5 Zjby )

=0

dis diitd;; .
(zi1,2i2,0 520,15 ) (251479 251470 50 2517 01T

5We will abuse notation in our formulas for the pairing by writing e; 4 instead of zidl, see (42).
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The inclusion C of (73) was established in [10] based on the seminal work [13],
while the inclusion DO of (73) was proved in [36]. Compare with Example 2.8.

Example 2.13. For g strongly symmetrizable (see Example 2.9), formulas (73)
and (74) also hold as stated, as proved in [35, Lemma 3.23].

Example 2.14. For any simply-laced symmetrizable Kac-Moody Lie algebra g (i.e.
di; = 2,Vi € 1), it was shown in [31] that

p satisfying (76)
(75) S+ = { unordered
Hi;ﬁj Ha,b(zm = Zjb)
where p goes over color-symmetric Laurent polynomials that satisfy the following
condition: for anyi # j in I and anyt—s,t’' —s' € 2N such that s—t' = s’ —t = d;;
mod 2,

(76) (@—y) =

divides the specialization of p at

(77) zi1i=x¢®, zio=xq¢*TE, ... Zj 1= = xqt 2, Zytoe gy = xq
(78) Zj1 = yqs R Zjo2 = yqs +27 Ce Zj, t,’;s' = yqt 72, Zj, t,’;s’_i_l = yqt

Compare with Example 2.10.

2.8. Slope subalgebras and category O. The following are particular cases of
slope subalgebras, which were studied in [33]. Let

520\11 = {E €Sy

%i_I)I%)E(gzi17"'agzimqj7zi,mqj+1a"'7Zini) < OO,VO <m S TL}

S<O\7n = {F (S S_n éli_{%F(gzil,...,§zimi,zi,mi+l,...,zim) = O,VO <m< ’I’l}

It is straightforward to show that
Sgo = @ S>oln

neN!
S;O = @ S<0|—n
neNI

are subalgebras of ST and S~ (respectively) with respect to the shuffle product.

Proposition 2.15. The subspace

A2:S§O®C[<pfl,<pf2,...,na] ® S

i€l,ach

of Uy(Lg) is a subalgebra. If g is of finite type, the isomorphism
Uqg(@)e=1 — Uyg(Lg)

sends the Borel subalgebra Uy(g).—1 isomorphically onto A=.
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Remark 2.16. As explained in [34], there exists a factorization
—
A2= ]] B
pE(—o0,00]
where B, C A= is a subalgebra whose elements all satisfy the identity
p(vdeg X) = |hdeg X|

(thus, u = oo contains the generators e;o € ST, while u = 0 corresponds to the
positive half of the loop-Cartan subalgebra). The graded dimension of each B, is
determined by the exponents in the conjectural [34, formula (90)], which are known
for finite type g. Meanwhile, the commutation relations between general elements in
different algebras B,, is not known even in finite types, see [2] for a classic situation

that is closely related to the g = 5[1 analogue of the present paper.

The construction above justifies the following generalization of Definition 2.2,
which applies to all symmetrizable Kac-Moody Lie algebras g.
Definition 2.17. ([33]) Consider the category O of complex representations
(79) AZ AV

which admit a decomposition

(80) V= <5 Vo,

weUl_ (ws—NT)
for finitely many wl, ... w' € b, such that every weight space

(81) Vo = {v ev

ka-v=q“®y, Vae f)}

is finite-dimensional. If v € V, as above, then we call w the weight of v.

2.9. Simple modules. For any rational /-weight 1, we will write r = ord v € Z!
for the tuple of order of poles of ¥ = (1;(z));cr at z = 0. Consider the following
—N graded vector spaces, which were introduced in [33, 34]

L) = S /I ()
L) = SZo [ J7 (%)
L* =85/
In the formulas above, we define

J@) = P J(@)n

neN’

W=D T Wn ¢ P Seoin =55

neNI

= 7

neNI

neNI
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that consist of those elements F' = F(2;1,. .., zin, )icr € S<o|-n such that

(82) <E Zily ey Ring H H % zza > = O7 VE € SZOI”
i€l a=1

(83) <E (i1 zin,) [ [ H Vi (Zia), > =0, VE € oni(Ssom), N >0
i€l a=1

(84) <E Zily -y Zing) H H zi " S(F > =0, VE € Sson
i€l a=1

respectively (in the right-hand side, S denotes the antipode map that we will not
need to review). One of the main results of [33] is that there is an action

(85) AZ A L()

with respect to which the RHS is the unique (up to isomorphism) simple .AZ-module
generated by a single vector |@) that satisfies the relations

(86) 0ia19) = vial@)

(87) €id: |®> =0
forallie I and d > 0.

Remark 2.18. If we work with the enlarged Cartan subalgebra as in Remark 2.1,
then we actually obtain a simple module for all

(¢, w)

where w € B has the property that ;o = q(“"j) for alli € I, as in [21]. Such a
simple module also satisfies the relation

(88) Ka - |9) = ¢“|2)

for alla € b, on top of (86) and (87). To keep things readable, we will not include
w in our notation, and still refer to the simple modules merely as L(1p).

2.10. Decomposing simple modules. It was argued in [33] that (85) is an ana-
logue of the classical construction of irreducible g-representations as quotients of
U(n) by the kernel of the Shapovalov form: SZ, takes the role of U(n) and J (1)
takes the role of kernel of a contravariant form. Moreover, the following decompo-
sition of vector spaces was proved in [34, Proposition 4.8]

(89) L(3) = L' @ L™(4h)
The isomorphism above was shown to respect the action of the positive loop Cartan

subalgebra (generated by the <pl‘.'7’d), and so it implies the following product formula
for g-characters (which experts have long known in finite types)

(90) Xa(L(#)) = X"+ xg (L7 ()

The factor x* in the right-hand side of (90) is an ordinary character (that is, a
combination of rational ¢-weights that are constant), which was calculated in [34]
in accordance to a conjecture of [30, 38]. In the present paper, we will mostly focus
on the second factor, or equivalently, on the second tensor factor of (89). To start
with, the following simple statement was proved in [34, Remark 4.5].
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Lemma 2.19. The inclusion S_y C S~ induces an isomorphism
(1) LP(y) =5~ [T (w)
where we write J7O (1) = {F € S~ satisfying (83)}.

2.11. Residues. We wish to describe L7%(4)) as a vector space. By Lemma 2.19,
this vector space is as explicit as are S~ (see (70) and Examples 2.12, 2.13 and
2.14) and J7°(2p). To describe the latter vector space, we will call

i1,...,in € I an ordering of m € N’
if g1t + ... 4 ¢ =mn, see (70). In this case, for any F € S_,, we will use
F(z1,...,20)

to mean the fact that each variable z, is plugged into one of the variables z;,4, of
F (the choice of e1,...,e, € {1,2,...} does not matter due to the color-symmetry
of F, as long as e, # e, whenever a # b, i, = i,). As proved in [33, 34], we have

& e 2 B (2, 2)

(92) FeJ W), < // 211_[ ; (Z,b)
1 Zn 1<a<b<n Sivia \ Z,

for all orderings 41, ...,i, of n and all dy,...,d, € Z. In the formula above, the
contours of integration run along the difference of two circles, one centered around
oo and one centered around 0 (with z, much closer to these two singularities than
z1). By the residue theorem, we therefore conclude that

(93) T = () @)

xze(Cx)™

H ’(/}ia (Za) =0
a=1

where for any

(94) T = (i1,....%in,)ies € (C)™ = [](C*)"/Sn,
el

we define

(95) T ()e =

dy d
21t 28 (2,2
FeS_,| Res ... Res & R GIERRRPEC)
Zn=I Z1=X1 L. Zb
e H1§a<b5n Civia (za)

Above, we let x4, ..., z, denote any ordering of the entries of &, in accordance with
any ordering i1,...,i, of m. From the formula above, we see that F € J79(4),
if and only if finitely many linear combinations of the derivatives of F' vanish at
the point (94). Thus, S~/J7°(1)),, is a finite-dimensional ring which is annihilated
by a sufficiently high power of the maximal ideal of the point € (C*)™. Since
only finitely many points & will produce a non-trivial residue in formula (95) (this
is because the rational functions ¢; and (;; can only produce finitely many poles),
then we conclude from (93) that

(96) @)= @ L)

xze(Cx)™

I %i.(z0) =0, ¥ai,....d, €2
a=1
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where
(97) LA () =S [T (W)a

The decomposition (96) is precisely the one by eigenvalues of the loop Cartan
subalgebra {gpj,o, gtol, ... }ier, and indeed as shown in [33] we have

09 wWEP@) =Y Y dime (L)) [T [] A

neN! ze(C*)™ icl a=1

where A; , denotes the well-known (-weight of [19, 18]. In our conventions, it is
given by the I-tuple of rational functions

(99) ATl = [(z - qu“) ]
1,T qu,;j — T jer

Thus, the dimensions of the vector spaces (97) provide the coefficients of the g-
character of simple modules when expanded in the basis of monomials in the A; ;’s.

3. THE SHIFTED CATEGORY O%H

In what follows, the symmetrizable Kac-Moody Lie algebra g and r € Z! will be
arbitrary. We fix r = (r;);cs as above, and associate to it the integral coweight

(100) p="y riw’

iel
We will consider the shifted quantum loop algebra U,(Lg)* of [14]. By analogy
with the previous Section, we construct a simple module

Uy(Lg)" ~ L (1))

for any /-weight 1 with r = ord . We will show that L"(a)) is isomorphic to the
same-named simple module in the shifted category O defined in [23], and then we
will prove Theorems 1.1 and 1.2.

3.1. The shifted quantum loop algebra. It is well-known that the shifted quan-
tum loop algebra U,(Lg)* has the same positive, negative and Cartan subalgebras
as Uy(Lg), but differs in the way they are glued. In fact, we can define the shifted
quantum loop algebra as a shifted Drinfeld double, in the following sense. We recall
that r and p are always related by formula (100).

Definition 3.1. For any symmetrizable Kac-Moody Lie algebra g and any r € Z!,
we consider the p shifted Drinfeld double
(101) Uy(Lg)* = UF (Lg) ® Uz (Lg)

where the multiplication on the vector space in the RHS is controlled by the following
shifted version of relations (67)

ba = <cr_r(a1), S(b1)>agbg<a3,b3> &
& ab= <a_r(a1),b1>b2a2<a3,5(b3)>

with oy being the automorphism e; q = €; dyr;, fi.d — fi,d—r,”tﬂfd — gaiid, H;t — m;t.

(102)
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We denote the Cartan elements in Uz (Lg) and U=(Lg) by s and r , respec-
tively, and do not require them to be set equal to each other as in (50)-(51). The
consequence of this convention is that the usual quantum loop algebras are related
to shifted quantum loop algebras by

Uy(Lg) = Uy(L5)" / (55 = iz )act

As a consequence of relation (102), the shifted analogue of relation (35) is

5.0 (1)
Yy .
(103) fea(@), S50 = ——% (oF (@) —y "7 1)
qi — g,
but relations (31)-(34) (as well as their analogues when ¢e’s are replaced by f’s) hold
as stated. Thus, we leave it as an exercise to the reader to check that there is an

isomorphism
(104) Uq(Lg)" = Up,p. ()

where the right-hand side is the algebra defined in [23, Subsection 3.1]. Note that
our Cartan currents @i (z) differ from those of loc. cit. by the coordinate change
2 — 2z~ and an overall renormalization, which ensures that our ¢ (2) start at 2°.

Remark 3.2. In loc. cit., the algebra in the RHS of (104) was only considered
for finite type g, which is why the Drinfeld-Serre relation (48) was imposed (see
[23, formula (3.6)]). For a general symmetrizable Kac-Moody Lie algebra g, this
relation must be replaced by a system of gemerators of Ker Ti, see for example
relations (49) for simply-laced g.

Since the positive and negative halves of U, (Lg)* are the same as those of U, (Lg),
we will still use the shuffle algebra realization of Subsection 2.7, and denote the
subalgebras generated by {e; 4} and {f; 4} respectively by

(105) Uf(Lg)" = S*.
It is convenient to replace the Cartan elements {wiid}if;o by {kE, pisU}?eelhueZ\O via
+ - = - Di,4u
(106) ¢; (x) = Ky exp (Zl uxi“> )
U=

This is because the commutation relations between these new Cartan elements and
S§* = UF(Lg) can be more succintly written as

(107) /{:X = X,{/iq(in)a)7 H;X — Xﬁ'/;q(in’a)
jel
for any X(2j1,...,2jn,)jer € Stn. As before, these relations take the same form

in the shifted and non-shifted cases, and =Y. _; 7w, only plays a role in (103).

el
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3.2. Shifted category O and simple modules. For a general symmetrizable
Kac-Moody Lie algebra g, the following analogue of Definition 2.17 was constructed
by the first-named author.

Definition 3.3. ([23]) Consider the category O of complex representations
(109) Uy Lg)* ~V

which admit a decomposition (80) with finite-dimensional weight spaces (81).

In [23], the first-named author constructed for any rational ¢-weight 1 of order
r (recall the notation p =", ; 7w;’) a unique simple module

(110) Uyg(Lg)" ~ L (3)
generated by a single vector |@) that satisfies

(111 oF(2) - 19) = ¥i(2)|@) expanded near z ~ 0o
©; (2)-19) = 2";(2)|@) expanded near z ~ 0

for all i € I, and

(112) eid @) =0

foralliel, deZ.

Theorem 3.4. The representation L (1) is in O if and only if ¢ is rational.

The proof of this statement in [23, Theorem 4.12] relies on the arguments of [21,
Theorem 4.9] and [4, Section 5] for ordinary quantum affinizations, that work both
for Cartan matrices of finite type or general type (as explained in [22]). Thus the
proof in [23] holds for general type (it does not involve the relations imposed in
(46), which are not explicitly known in general symmetrizable types).

Using Drinfeld’s topological coproduct, a fusion product was constructed for
simple representations in category O ([23]). The corresponding proofs also extend
from finite to general symmetrizable types.

Note that representations in %" are not necessarily of finite length and do not
necessarily have the Jordan-Hélder property. However, the multiplicity of a simple
module in an object of category O is well-defined, and thus the (topological)
Grothendieck ring is well-defined. In finite types, the category of finite length
modules is stable by fusion product (see [27] and Theorem 4.3 below), but the
analogous statement is not clear for general symmetrizable types.

3.3. Technical results. We will now proceed to give a Verma-module like de-
scription of the simple module (110), in order to compare it to the object L7 (1))
considered in the previous Section. We begin with the following analogues of the
technical results [33, Definition 4.3 and Proposition 4.5], compare with (82).

Definition 3.5. For any rational £-weight v of order r, consider the representation

(113) U,(Lg)"* ~ W*h(4h)



22 DAVID HERNANDEZ AND ANDREI NEGUT

generated by a single vector |&) modulo the relations
of(2) - 19) = ¥i(2)|2) expanded near z ~ 0o
(114) v; (2)-19) = 2" (2)|@)  expanded near z ~ 0
k- 10) = ¢ le)
for alli € I, a € by (in the third equation, w € h is a weight as in Remark 2.18,
even though we do not include it in our notation), and
(115) eid- @) =0
foralliel, deZ.

By the very nature of the Drinfeld double construction, we have a triangular
decomposition (linear isomorphism)

(116) Uy(Lg)* =St ®C [goi[l,gpﬁ, . "H;t]iel,aeh ®S™.

We have a vector space isomorphism
(117) Wh(y) = S~
and so WsB(ap) inherits the (—N)-grading from S~.

Definition 3.6. For any {-weight 1 of order r, consider the linear subspace

(118) T = P IW)n S P Sn=5"

neN! neN!

consisting of those shuffle elements F(z1,. .., Zin,)icl € S—n such that

(119) <E(Zi17"'7z’in1,)’i€IHHwi(zia)vFl*S(F2)> =0, VEeS,
i€l a=1

where in the right-hand side we write A(F) = Fy @ Fy for the coproduct (59) in

Sweedler notation ®. Compare (119) with (82).

Let us explain why the pairing in (119) is well-defined for any given E and F,
even if F1 ® F5 is an infinite sum. Due to the expansion in (59), all but finitely many
of the summands F} ® F» will have the property that the homogeneous degree of
F1 is bounded below and that of F5 is bounded above by any given number. Since
(E,F) # 0 only if the homogeneous degrees of E and F add up to 0, the choice
of expansion in (120) implies that E .., [To2, ¥i(2ia) pairs trivially with all but
finitely many of the Fy x S(F3).

Proposition 3.7. J*"(v)|2) is the unique mazimal graded Uy (Lg)" submodule of
Weh(4)).

61 we write Fi1(zi1,- ., Zim; )ier and Fa(Zim; 41, - - -, Zin; )ic1 for the variables that appear in
the two tensor factors of A(F) = F1 ® F», it is very important to keep in mind that the rational
functions v; in (119) must be expanded in the range
(120) lzarl, o |zim, | << J2amy 41l - - |2, |

This is the reason why (119) does not vanish identically, despite the fact that Fy * S(F2) = 0 in
any topological Hopf algebra due to the properties of the antipode.
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Proof. We need to show that the subspace J*"(3)|@) C W*h(ap) is preserved by

(1) left multiplication with S,
(2) left multiplication with {kZ, p; v }ach.icruxro,
(3) left multiplication with S*.
To prove (1), let us consider any F’ € S=, F” € J*(+) and E € S*. The fact

that the coproduct is a homomorphism, the antipode is an anti-homomorphism and
property (63) imply that

<EH¢, (F' % F"), % S ((F' F”)2)>
(121) :<EH¢,F1’ « FI' % S(FY) *S(F2’)>
- <A(3)(E [[¢).Flor esE) e 5(F5)>

where E ] is shorthand for E(z1, ..., Zin, )ier | Lies [ Iy ¥i(%ia). The following
Claim is an easy consequence of (64) and (65), which we leave as an exercise to the
reader (see the analogous statement in [33]).

Claim 3.8. If (119) holds for all E € S*, then it also holds for all E € S=.

The claim above and the fact that F” € J%" (1) imply that the second-and-third
of the four tensor factors in the RHS of (121) have pairing 0. Thus, the whole
pairing in (121) is 0, hence F’ x F” € J%"(3)), as required.

To prove (2), recall from (107) and (108) that commuting F' with xZ and p;
amounts to multiplying F' by either a scalar or a color-symmetric Laurent poly-
nomial p(z;,). Since the pairing in (119) is a certain contour integral applied to
the product of E, F' and 1, see the general formula (72), multiplying F' by p has
the same effect on the pairing as multiplying E by p. Since S* is preserved under
multiplication by color-symmetric Laurent polynomials, (2) follows.

For statement (3), we invoke (102) for any F € S,, and F € S_,:
(122) ExF = <a_r(E1),F1>F2 *E2<E3,S(F3)>

where AC)(E) = E1 ® B> ® B3 € Spr ® Sy @ Sprv. When we apply (122) to
|@) € Wh(ah), only the n” = 0 terms survive, and indeed we obtain

(123) E(F|2)) = F2|2) - (o-+(B1), Fr ) (B2 [[ 0, S(F))

The product of 9’s in the second pairing is produced by the action of Cartan
elements in the middle tensor factor of A)(E) on the vacuum. We must prove
that F € J*"(ep) implies that the RHS of (123) lies in J*"(¢)|@). Let us unpack
the right-hand side of (123). By (59), we have

(124) AP(F) = F'(zia) @ F"(z30) [ [ 7 (zia) ® F” (2re) [ [ 07 (2ia) [ ] 05 (20
i,a i,a 7,0

for various F', F”, F"" € §~ whose variables we will denote by 24, 2jb, 2k, respec-

tively. With this in mind, formula (123) reads

(125) E(F|2)) =
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= F'[[er Gia)l@) - (oe(B), F ) (B [T, S TT 7 (zia) [T 7 (z0))) =
i,a i,a 7,0
= F"|2) - (B [T F ) (B [T v, S [T 7 (i) [T 5 ()
i,a 7,b

with the equality between the latter two rows following from the middle equation
of (114). To show that the expression on the bottom row lies in J*"(3)|@), we
must prove that for all E/ € St we have 7

(126) 0= (E e A )(E T 0 Fos SR ) (BT 0. 5(F)
By (63), equality (126) becomes
0 =(Ba [T w P )BT 0 P ) (B3 S(F) ) (B2 [ . S(F)

(64)

63
64 <E; By Hw,F1><E§ + I Hw,S(F2)> ) <E’ +E[ o, Fi+ S(F2)>.
The latter is a true equality due to the assumption that F € J*8(4)).

Having showed that J*(4))|@) is a graded U,(Lg)* submodule of W3k(4p), it
remains to show that it is the unique such maximal graded submodule. To this
end, choose any F € S_,,\J*(1)),, which means that there exists F € S, such
that

<E(Zi1, coozingier || H Vi(%ia), F1 * 5(F2)> =a#0

i€l a=1
Because of (124), formula (123) implies precisely EF|&) = «|@). Therefore, any
graded submodule of Wsh(zp) which strictly contains J!(1))|@) must contain the
highest weight vector &), and thus must be the whole of W' (1)).
O

Corollary 3.9. (Theorem 1.2) For any (-weight ¥ of order r, the quotient

(127) L () = W) [ T ()|2)

is the unique (up to isomorphism) simple graded U,(Lg)" module generated by a
single vector |@) that satisfies the properties

@i (2) - |9) = i(2)|@) ezpanded near z ~ 0o
(128) v; (2)-19) = 2" (2)|@)  expanded near z ~ 0
Ka - 19) = ¢“|2)

forallie I, aeh and
(129) €id |®> =0

"In the middle pairing in the right-hand side of equation (126), we are using the fact that
Fo % S(F3) = F1” H‘P;(z“l) * S(FQN HSD;(ZUL)) =
i,a i,a
=F'[Tei (zia) * [ [ o7 (zia) "' S(F) = FY' x S(F)
i,a i,a

where F» ® F3 denotes the coproduct A (F” IL .0 (zm)> of the middle tensor factor in (124).
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foralliel, deZ.

3.4. Residues revisited. The following technical claim is an analogue of [33,
Lemma 3.10], and it will be proved at the end of the present Subsection.

Lemma 3.10. For any i1,...,i, € I and dy,...,d, € Z, we have

(130) <e¢17d1 woxeia, ] H Vi(Zia), F1 * S(F2)> => (-prm

i€l a=1 m=0

{1,...,n}={a1<~~<um}u{b1<m<bnm}/'%m'<<”'<<'z“1'<<1<<Z"l<<"'<<Zbr |

n—m

di d n

21t 2 F (21, ey 20)
1 n ) Zab n H 'Lpia (Za)
H1§a<b§n Cibia Z a=1

for all F € S__ii_..._cin. On the bottom row, the notation F(z1,...,z,) refers to
plugging each symbol z, into a variable of the form z; ., of F, see (72).

Before we prove Lemma 3.10, let us use it to conclude the proof of Theorem 1.1.

Proof. of Theorem 1.1: Since ST is spanned by shuffle products of e; 4 = 24 € Vi,
we conclude that F' € S_,, lies in J*"(4) if and only if the left-hand side of (130) is
0 for all ¢1,...,%, € I and dy,...,d, € Z. However, this condition is equivalent to
the right-hand side of (130) being 0, which is tautologically the same as condition
(92). This establishes the equality of vector spaces

(131) TH) = T ()
which together with (91) implies (9). The same analysis as in (93) implies that
(132) T W= [ '@
xze(Cx)™
where

F(z,...,2n 1 jal) 1
Jh()e = FeS | Res ... Res L(FLees Zn)(any polynomial) I] % (za) =0

o T Thi<acszn Sivia (?) o=t
Comparing the formula above with (95), we see that
(133) T (W) = T (W)a
for all € (C*)™. We conclude the following analogue of (96)
(134) W= P L@
xe(C*)m

where

(135> LSh("/’)m = an/JSh(l/))w
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As a consequence of (131), all the vector spaces with superscripts “sh” are isomor-
phic to the corresponding vector spaces with superscript “# 0”7 from Subsection
2.11. Therefore, we conclude that the g-characters satisfy

(136) Xq(LM(9)) =[] > > dime (L"(3 HH i = Xa(L7 (%))

neN! ze(C*)m iel a=1

This establishes (10), precisely as predicted by [23].
|

Proof. of Lemma 3.10: Let us recall from (59) the formula for A(F) = Fy ® Fy,
and let us abbreviate it as

AF)=F @ F"p
where F”, F"" € S~ and ¢ is a polynomial in the ¢}, ’s. We may use (63) to write

(137)  LHS of (130) = <A(e“7d1 Aei,a) ] H Vi(zia), F' @ S(F"¢ )>

i€l a=1

Formula (53) reads A(e;q) = €;,a @1+ > pop goj:k ® €, d—k, 50 (137) becomes

(138) LHS of (130) = > >
{1,...n}={a1<<am }U{b1<-<bpn_m} ki, ,kn_m=0

<(6¢17d1 or gp;’;’kl)...(eimdn or %n H1/J,F'>< H Ciy, ,db, —ky, H?/J S(F" )>

where in each parenthesis (e;, g, or gpiw k) We declare that we choose e;, 4, if x €
{a1,...,an} and ‘p:kl if x € {b1,...,bp—m}. Using formula (32), we have

Gi (2 b
(139) e (W)ei(r) = ei(z)p] (y) = ((z) = )i = Z’Yi(j)ei,d-i-ﬁp;:kfé
ij g) =0

where the complex numbers 71-(;)
C’i % > Y :L'E

(140) # - z:,yi(j)7
Gij (g) = Y

We can use (139) to move all the ¢’s to the right of all the e’s in the second line of
relation (138), and we thus obtain

are defined by

oo

(141) LHS of (130) — > > >

{1,....n}={a1 < <am }U{b1 < <bp—m} k1, ;kn_m=0 {em,yzo}Vaw>by

az>by m —
(Zm,y) /
| AR | H o, IO F

1<y<n—-m Loy zb ky, —
1<z<m,1<y<n—m =Y= y oy 1<z<m
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For any £ € §*, F € S and for any ™, polynomials in ¢}, ¢, (respec-
tively), we have the following identity
—\ (63) —\ (58) _
(Bo*, Fo™) = (AB)A(p"), Foe™) = (Eo (¢ @p3), Foe)
.\ (64) . _\ (59) _
= (Eei , F){(¢3,97) = (E@ ¢l ,A%(F)) (¢f,¢7) = (E@ ¢, Fo1){v3,¢7)

(142) = (B, F)e(pi)(p3,97) = (B, F){p*,¢7)
where we write A(p?) = ¢ ®p5 in Sweedler notation, and let € denote the counit.
In particular, if ¢~ = 1, then the pairing above is zero unless ¢+ is a polynomial
in the w}fo’s. Therefore, the second line of (141) is 1 if &y, = ngbgym Uy for all
y €{1,...,n —m} and 0 otherwise. We conclude that (141) can be rewritten as
(143) LHS of (130) = >

{1, n}={a1 < <am }U{b1 < <bp_m}

az>by

> NG| CAPSER | (2
=1

1<y<n—m
{lz,y>0}vay b, 1<e<m,1<y<n—m

/!
<H R | L2102 s”)>

y=1
Using property (65) and the fact that the antipode is an anti-homomorphism, we
may rewrite the expression above as

(144) LHS of (130) = >

{Leon}={a1 < <am JU{b1 < <bp_m}

az>by m
Z H 'yz(f:zii <H ez‘%,daﬁz“”by oy Hw, F/>

1<y<n-—
{£2,y>0}vay b, 1<z<m,1<y<n-m z=1 soEnmm

1
—1 "
< H s (eiby ’dby_z{ll;igin Zm«'y) va F s0>

y=n—m
where H;:n_m indicates that the leftmost factor in the product corresponds to
y = n —m and the rightmost factor corresponds to y = 1. If we apply S~! to (56),
we observe that for all i € [ and d € Z

S ei(2) = —ei(2)pf (2) =  S'(eiq) = — Ze@d_k@i‘k
k=0

- pF
where we write (¢ (2)) - oF(2) =000 % Therefore, (144) becomes

(145) LHS of (130) = >
{1, 0} ={a1<-<am }U{by<--<bp_m}

az>by

> 11 %(f:’il <H Cla s 402720 Ly 11+ Fl>
=1

1<y<n—m
{£a,y>0}va, >p, 1<z<M,1<y<n—m srsn

0 1
(=) Z < H <eiby,dby—ky—2“1>by ez,y@z‘fky> H7/”FI/‘/’>

1<z<m
ki,..sbpn—m=0 \y=n—m
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Using formula (32), we have

6 (3)

(146) o5 (Wei(a) = ei(2)p] (y) i () = @Fpeia = Z%J €s,d+eP) ks
Jt \z

)

where the complex numbers 7;;” are defined by

(147) Gig (*) f: M‘

Gi(E) &
We can use (146) to move @’s to the rlght in the third row of (145), so we have
(148) LHS of (130) = (—1)»™™ >

{1,...n}={a1<<am }u{b1<-<bp_m}

az>by m
S M (e s o)

1<y<n-— z,y
{£ay>0}va, >p, 1<2<M,1<y<n—m r=1 sr=r

o

2 by T

kiyeooskn—m=0 {Zy'y/ 20}1Sy<y/Sn,m 1<y<y’<n—-m

1 1
* 11 NIEEE
€. >b
H Splby» Z Y= 1 7; Y s Loy ,dby*krztfimlin L, erZ /7y+1 u y! w,

Yy=n—m y=n—m

where in the last row we used (142). Recall from (59) that

il _
(149) FQF'y= F(Zila cey Zimg @ Zimatls s Zini)iEI Hjlibgmj P (Zjb)
v= iel Jer -
ngagmi m;<b<n; Cij (Zjb)
with the variables expanded as |zi1], ..., |%im;| < |Zimi+1l,-- -, |2in;| (We suppress

the implied summation signs). Therefore, we use formulas (62) and (72) in order
to evaluate the expressions on the second and third lines above, and we obtain

(150) LHS of (130) = (—1)"~™ > >

{L,..nt={a1 < <am }U{b1 < <bn—m} {€2,y 20}va, > b,

>b
agz>by m dayg, +Z(llzy<z'ln. m ey ’
11 o) / L= Za. F'(zay,- - %a,) H i (2
lag Thy Za_, tax az
1<z<m 1>>‘Za1 [>>>|2za,, | H1§z<z’§m Ciam/ fag ( Zay )
1<y<n—m
,(2 y') tagtoy \ zp,
2 2 I, I ——72
YtseeesYn =0 {zy,y/zo}lqu,@ m1§y<y’§n—m 1<e<m1<y<n—m Givia, | Zor
ag>b
Xy —Xilodm eyt
n—m =1 y 'Y 1<z<m Yy +1 vy’ 17 —
Hy 1 Zb - F (Zb17"'72bn7m)n ’
H wi”y (Zby
1< 2y [ zp, | . Zby —
! e H1§y<y’§nfm Clbylby, zp , v=1
“ Y
If we recall the definition of the coefficients v and 7 from (140) and (147), we obtain
(151) LHS of (130) = (-1)*™™

{1,...,n}={a1 < <am }U{b1 < <bp_m}

)
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a;<b S Zag
«<by Cza“by (Zb:)
| I

Zam‘<<"'<<|z’11|<<1<<|Z51|<<"'<<‘zbn—m|1<z<m,1<y<n—m Cibyia (z )
STS Sys = ag

dyp

day n—m y m n—m
H;nzl Zam F’(Zan ey Zam) Hy:1 Zby F (2517 ceey an—m) H ’l][}iaz (Za_r) H wiby( y)

Za s qu / T
H1§m<w’§m Ciaz/iaz ( z(:; ) H1§y<y’§n—m Ciby/iby ( zb; ) z=1 y=1
Once we recall formula (149), the right-hand side of the formula above is precisely

the same as the right-hand side of (130), which concludes the proof of Lemma 3.10.
O

4. GROTHENDIECK RINGS AND EXTENDED Q@-SYSTEMS

We establish a ring isomorphism between the Grothendieck rings of O and O",
which is also compatible with respect to renormalization. This allows to formulate
the conjectures in [17] on generalized QQ-system in terms of the Borel category O.
As an application, we also establish an explicit solution of the Q@Q-system in the
Borel category O. This generalizes the result of [16] from finite type to an arbitrary
symmetrizable Kac-Moody Lie algebra g.

4.1. Normalization factors. Let us recall the normalization factors x* that ap-
pear in (5), which in the present Section will be denoted by x* (with respect to the
correspondence r <> u given by

PZ(TiEZ)ie[ <~ /,L:me;/
il
which will be in force throughout the present Section). The factor X"'i = X"J’L‘v is the

character of a positive prefundamental module, which corresponds to a prefunda-
mental /-weight

(152) ¢ia:(1,.‘.,1,1—9,1,...71)
’ 4

with the non-trivial term situated on the ¢-th position. When g is of finite type, it
was calculated using limits of Kirillov-Reshetikhin modules in [25]. On the other
hand, in [30], this factor was conjectured to be given by an explicit product formula
over positive roots (the conjecture was proved case-by-case in all types except Fg,
in several papers). The aforementioned formula was later generalized by [38] to the
following conjecture

(153) =11 (1_1[_(1]

aEA L

) max(0,(u,a))

where A is the set of positive roots of the finite type Lie algebra g, and

[—a] = [(q_(“"i))iel}

is an I-tuple of constant power series. Formula (153) was proved in [34]. In fact,
loc. cit. shows that for all symmetrizable Kac-Moody Lie algebras g, we have

1 certain exponents
1o =TI (=)

neNI
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where the exponents have a shuffle algebra interpretation, and are expected to
depend only on the horizontal subalgebra By C Uy(Lg) (see [34, Sections 1.4 and
3.1] for details, and for a conjecture on the exponents in Kac-Moody types).

4.2. Coproducts. Let A’ be the Drinfeld-Jimbo coproduct on Uy(Lg) = Uy (g) =1
for finite type g, while for an arbitrary symmetrizable Kac-Moody Lie algebra g we
let

(155) A’ Uqy(Lg) — Uy(Lg) ® Uy(Lg)

be the new new topological coproduct defined in [35] (the definition is unambiguous,
since the new new coproduct was shown in loc. cit. to match the Drinfeld-Jimbo
coproduct in finite types). We will not recall the specific completion necessary in
(155), but suffice it to say that it gives rise to a well-defined action

VweO ~ VeWeO.
We have the following formula for all 7 € T
(156) A'(pi(2)) € pi(2) ® pi(2) + Uy (Lg) @ Uy (Lg)

which was proved for finite type g in [6] and for arbitrary symmetrizable Kac-Moody
g in [35]. Equation (156) implies that ¢;(z) acts on V ® W in a block triangular
fashion (with respect to Vi ® W,y for various (-weights 9, ¢"), with ¢;(2) ® ¢;(2)
on the diagonal blocks. Thus, by the argument of [19], we conclude that

(157) Xq(V QW)= Xq(V) : Xq(W)
forall VW € O.

4.3. Grothendieck rings. Consider the Grothendieck rings Ko(O), Ko(O*"). The
g-character morphisms for category O and for category O are injective and have
the same image (the arguments in [20, Section 9.1] and [37, Theorem 4.19] hold for
arbitrary symmetrizable Kac-Moody Lie algebras).

Proposition 4.1. There is a natural isomorphism of topological rings
I:Ko(0) & Ko(O™),
which commutes with the q-character morphisms.

Note that the multiplicative structure is defined in a different way for O and
for O: for the first one using the new new coproduct A’, while for the second
one using the fusion procedure derived from the Drinfeld coproduct A, see [23]. Tt
would be interesting to compare these two operations at the level of categories O.

Recall the Grothendieck ring £ of the subcategory of O consisting of modules
with constant f-weights (see [17, Section 2.3] for instance). There is an analogous
(and equivalent) subcategory in O%". Its simple objects are the one-dimensional
invertible representations [w] parameterized by weights w. Thus, as in [28, Section
9.7], we will regard elements of £ as formal sums

c= Z c(w)[w].
weSupp(c)

The multiplication is given by [w][w'] = [w + ] and & is regarded as a subring of
Ko(O) (resp. of Ko(Oh)).
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Each x* of (154) can be seen as an element of £, and we may consider the
subring A that they generate. Then, we can realize A as a subring of K(O) and of
Ko(O™). This makes Ko(O) and Ko(O®") into A-modules. The morphism [ is in
fact an isomorphism of A-modules.

Formula (5) implies the following (recall that x* = x* with p =3, ., rw)).
Theorem 4.2. For L(v) simple in O with corresponding shift u, we have
I([L(y)]) = X" L ().

In particular, I is an isomorphism of rings preserving the bases of simple classes
(up to invertible factors in A).

4.4. Finite length. Assume that g is of finite type throughout the present sub-
section. Recall the following.

Theorem 4.3. [27] The subcategory O}h of modules of finite length in O%" is stable
under fusion product when g is of finite type.

In other words, the subgroup of Ko(O%") generated by simple classes is a subring.
It will be denoted by KO(Oich). Note that the analogous statement would not be
true in O: for example, the tensor product of a positive prefundamental module
L(1, ,) and a negative prefundamental module L(z,bj_’bl) (of the quantum affine Borel
algebra) is not of finite length. However, by our results, we obtain the following
analog of the Jordan-Holder property for O.

Theorem 4.4. The sub A-module of Ko(Q) generated by simple classes is a subring
Of Ko(O) .

Consider the subgroup K(O) of Ko(O) generated by the x "#[L(¥)], as ¥ runs
over (-weights and p =), ; riw;’ for r = ord 1. We also obtain the following.
Theorem 4.5. Ky(0O) is a subring of Ko(O) isomorphic to KO(Ojch).

Let us call Ko(O) the renormalized Grothendieck ring of the category O. It
allows to study the ring structures in the shifted and Borel cases on equal footing.
For example, in simply-laced types, we can also reformulate the monoidal categori-
fication conjecture of [20] for O*! in terms of O. It is proved in loc. cit. that there
is an embedding of a cluster algebra of infinite rank A into Ko(O®")

i: A Ko(Oh).

Moreover, the closure of the image of i is Ko(O") (more precisely, an integral
subcategory O3 should be used instead of O, but we will abuse notation and use
the same symbol). By the discussion above, we have also an embedding

I oi: A= Ky(O).

The main Conjecture of [20] states that the cluster monomials in A should corre-
spond to simple classes in Ko(O%"). This can now be reformulated as follows.

Conjecture 4.6. The image by I~ o i of the cluster monomials in A are simple
classes up to a factor x* and belong to Ko(O).
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4.5. QQ-systems for finite types. Still assuming that g is of finite type, recall
the QQ-systems [16] and their extended versions [17] in the Grothendieck ring
Ko(O) ~ Ko(O®"). This is a system of algebraic relations

(158) Qwsi(w;/)7aqi Qw(w;’),aqfl - [_w(ai)]gwsi(w;/),aqfl Qw(‘*’},/)’aql‘

= [_w(ai)]+ H H Qw(w;/),aqf

j#i se€{cij+1,ci5+3,...,—cij—3,—ci;—1}

where variables Qw(wiv),a depend on ¢ € I, a € C* and a Weyl group element w
(here we consider the Weyl group of the underlying Lie algebra; it is isomorphic
to the Weyl group its Langlands dual Lie algebra). We also use the notation
[—w(e;)]+ =1 if w(ay) € Ay and [—w(o)]+ = —[—w(;)] if w(a;) € A_, where
Ay refers to a choice of positive/negative roots of g.

A solution of the QQ-system was constructed in [17] in Ko(O) ~ Ko(O™"), as
follows: let us recall the prefundamental /-weight

(159) wwy@:wm:(1,...,1,1—9,1,...,1)

z
with the non-trivial term situated on the i-th position. Although we will not recall
the formula, for any Weyl group element w € W one can define an ¢-weight

(160) ww(w;/),a

as in [17] (in a nutshell, 1,,(,v) , is constructed in [17] by using an extension of the
Chari braid group action [3]; the shift associated to this f-weight is w(w,’)).

Conjecture 4.7. [17, Conjecture 6.11] For any i € I, a € C*, w € W we have
Qw(w;/%a = [LSh(’l:bw(w;/),a)]
mn Ko(OSh).

The results of the previous section allow us to infer that Conjecture 4.7 is equiv-
alent to the following.

Conjecture 4.8. For anyi € I, a € C*, w € W we have the relation
Qw(w;/))a = (Xw(wi ))71[L(¢w(w;/),a)]

Conjecture 4.8 is a more precise formulation of the conjectural solutions of the
QQ-system in terms of the representation theory of quantum affine Borel algebra.
Also, the second part of [17, Conjecture 6.8] for the character of LSh(Q/Jw(in)’a) can
be reformulated as the following. Recall the series Xuw(wy) Introduced in [17].

Conjecture 4.9. Forw e W, i€ I and a € C*, we have
X(L(ww(w;/),a)) = Xw(wi )Xw(wlv)

For w = s; a simple reflection, as we know the g-character of LSh(z/Jsi(wym) by
(23, Example 5.2], we obtain the g-character and the character of L(v,(,v),)- In
particular, we have
1

L, vya) = X5 ——
X(L(Yg, wy).a)) = X T —
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Thus, Conjecture 4.9 is established for w = s;. Moreover, this allows to make all
the constants precise for the Q@Q-system established in [16]. Consider the simple
classes

Qia = [L(¢;,)] and Qi,a = [L({bi,aqiﬂ)]
with the notation as in [16]. Indeed, it is established in loc. cit. that we have in
Ko(O) the relation

(161) Qi,aqui7aqi—1 - [_ai}c}i’aqi_lQi,a(Ii

= XH H Qw(w}/),aqf

J#i s€{cij+1,¢i5+3,...,—cij—3,—cij—1}
for a constant x.

Theorem 4.10. The constant in the QQ-system (161) is equal to
(162) x = Xwivxsl'(wiv)(Xsi(wiv)eriv)*l_

4.6. QQ-systems for general types. Let us now assume that g is an arbitrary
symmetrizable Kac-Moody Lie algebra. We conjecture that all the formulas in the
preceding Subsection remain valid in this new generality. Specifically, we write (see

(99))
{"Zi,aq;ﬂp;i}

(163) Aa ==
(Piathine]

)

where the (-weight

aq': e - .

¥;, has j-component oete ta.cia,meiy-2,-cis} (1 B ) ity 71
7,a a)—1 ap . .
1-— 7) ifj=1

4
and one can run the machinery of [15, 16, 17] without modifications. In particular,

we obtain a generalization to general symmetrizable Kac-Moody Lie algebras of the
main result of [16].

Theorem 4.11. For a general symmetrizable Kac-Moody Lie algebra, we have a
solution of the QQ-relation (161) in Ko(O) given by the simple classes Q;q =
[L(th;,4)] and Qi,a = [L(Y; ,,~2)]. The constant x is given by (162).

Proof. We first prove the QQ-relation without constant in Ko(O®"), with Q; 4, Qm
corresponding to simple representations. The proof is the same as in [23, Section
5.4], provided the crucial relation (163). Then we conclude using Theorem 4.2. O
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