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We construct a 2-functor from the Kac—-Moody 2-category for the extended
quantum affine sl3 to the homotopy 2-category of bounded chain complexes
with values in the Kac—-Moody 2-category for quantum g5, categorifying the
evaluation map between the corresponding quantum Kac—Moody algebras.
Our approach establishes and exploits a categorical analogue of the well-
known relation between the evaluation map and Lusztig’s internal braid
group action for quantum gl;.
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1. Introduction

In the 90s, Chari and Pressley launched a systematic study of finite-dimensional
representations of quantum affine algebras, starting with affine sl, in [4]. Since
then, these representations have been studied intensively and continue to be an
active research topic with important open questions and interesting links to other
research areas, e.g., mathematical physics and cluster algebras; see [8], for example,
for more information.

In affine type A, there is a special class of irreducible finite-dimensional repre-
sentations, the so-called evaluation representations. These are obtained by pulling
back irreducible representations of finite type A through a so-called evaluation
map, which is an algebra homomorphism ev, ,: Ua(n) — U(n), where a € C* is
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a scalar, Ua (n) is the so-called extended quantum affine sl, and U(n) = U, (gl,,),
see Section 2. As we will recall in more detail in that section, the level zero weight
lattice of the former quantum affine Kac—-Moody algebra can be identified with the
gl,-weight lattice. The fact that we have to pass from sl, to gl, is important and
has a categorical counterpart, as we will explain below. For more information on
evaluation maps and evaluation representations in general, see, e.g., [6; 5; 7]. Since
we wish to categorify this construction, we must pass to the idempotented forms of
these algebras, which can be considered as categories, and the evaluation map can
therefore be considered as a functor.

Quantum Kac—Moody algebras were categorified by Khovanov and Lauda [10],
and independently by Rouquier [18]. We call these 2-categories Kac—Moody 2-
categories after [3]. The ones of interest to us in this paper are Up(n) and U(n),
which categorify Ua (n) and U(n), respectively. The tilde indicates that our choice
of signs in their definition differs from Khovanov and Lauda’s original choices;
see below for more comments on this. In finite Dynkin types, all irreducible
finite-dimensional representations can be categorified by certain quotients of the
Kac—Moody 2-categories, which nowadays go under the name of cyclotomic KLR
algebras. In other Dynkin types, such as affine Dynkin types, this is not true.
In particular, evaluation representations in affine type A cannot be categorified
by cyclotomic KLR-algebras, because the latter categorify highest weight rep-
resentations and evaluation representations do not have a highest weight. How-
ever, we conjecture that the evaluation map (considered as an evaluation functor)
ev) :=evy ,, for any r € Z and n € N.,, can be categorified by an evaluation
2-functor &, : Up(n) — KP(U(n)), which can be used to define evaluation 2-
representations (i.e., categorified evaluation representations) of U (n) by pulling
back “irreducible” 2-representations (i.e., cyclotomic KLR algebras) of U(n). Here
K’ (U (n)) denotes the homotopy 2-category of bounded complexes in U (n), so the
1-morphisms of U (1) act by composing with bounded complexes in U(n). As a
matter of fact, we not only conjecture &v, to exist but also an extension of it to
Kbl (n)). 3

In this paper, we prove the first conjecture for U (3) and hope that it serves as
the base case for an inductive proof for 1 (1), when n > 3, in a forthcoming paper.
Proving that there is no obstruction to extending &o! to K?(Ua(n)) is not easy and
certainly beyond the scope of this paper and its sequel.

There are two good reasons for publishing the case n = 3 separately. Firstly, in
this case there is a close relation with the categorification of the internal braid group
action on Uy (gl3) in [1] (strictly speaking, in that paper they consider U, (s(3), so
part of our work consists in adapting their results to our setting - see the following
paragraph for more details). This is the categorical analogue of a relation between
the evaluation map and the braid group action on the decategorified level, which is
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certainly known to experts, although we couldn’t find a reference in the literature.
We therefore spell it out in Section 2.2.1, because it is not completely straightforward.
Its categorification is conceptually clear, but requires solving multiple nontrivial
sign problems, which we do by using certain 2-isomorphisms. This is also why we
define two versions of the evaluation 2-functor, denoted &o and &¢’, respectively.
The former uses relatively nice sign conventions, whereas the signs in the definition
of &v" are much more complicated. However, the latter are easier to match with
the signs in the categorified internal braid group action (for our choice of signs
in U (3) and U(3)), which is necessary to prove that &' is well-defined in our
approach; see Theorem 4.3 and its proof in Section 6.4. The relation between 8o
and &v’, given in Lemma 4.4, guarantees that well-definedness of the latter implies
well-definedness of the former. In principle, all of this should also work for n > 3,
but only if the categorified braid group action extends to K b(U(n)) (to include
the action of longer braids), which has been conjectured to be the case but not
yet proved (see [1, Conjecture 1.2]). This is why our approach for n > 3 will be
completely different. We hope that presenting the base case n = 3 here will prepare
the ground for the general case and also keep the size of the forthcoming paper
within reasonable bounds.

The second reason for publishing this case separately, is that it reveals the need
to pass from sl, to gl, once more, but now on the categorical level. Recall that the
definition of a Kac—-Moody 2-category depends on a choice of invertible scalars
and compatible bubble parameters; see, e.g., [13]. In finite type A all choices yield
essentially the same 2-category, i.e., up to 2-isomorphism, but in affine type A
they don’t. In particular, Khovanov and Lauda’s original affine type A unsigned
Kac—Moody 2-category in [10], with all scalars and bubble parameters equal to one,
and the Kac—-Moody 2- category defined in [15], with nontrivial bubble parameters
depending on level zero g[ -weights (instead of level zero 5[ -weights), are not 2-
isomorphic when n is odd. This was mentioned in [11] without proof and, therefore,
we prove it in Theorem A.4. Although this does not by itself imply that there is no
evaluation 2-functor for trivial scalars and bubble parameters when n = 3, we failed
to find one. More generally, it seems that one is forced to use the scalars and level
Zero 3[,1 -bubble parameters from [15] when n is odd. When 7 is even, everything is
simpler because in that case both choices of scalars and bubble parameters yield
essentially the same Kac—-Moody 2-category, see Section 6.4.

There is an analogous story for the affine Hecke algebra and its finite-dimensional
representations. The categorification of the corresponding evaluation map was
carried out in [17] and was technically less challenging than the categorification of
the evaluation map for the affine type A Kac—Moody algebra. In both cases, the
target (2-)category of the evaluation (2-)functor is a homotopy category of bounded
complexes and, as was argued in [17], one motivation for defining and studying
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evaluation 2-representations is that they might provide some important clues for the
development of triangulated 2-representation theory, which at the moment is very
poorly understood, even at the most basic level. For example, it was shown in [17]
that every evaluation 2-representation of extended affine Soergel bimodules has a
finitary cover, somehow relating finitary and triangulated 2-representations. The
same might hold for the evaluation 2-representations of 1l (n), but that question is
outside the scope of this paper. Also in both cases, one would like to categorify
tensor products of evaluation representations, which play a fundamental role in the
finite-dimensional representation theory of the affine quantum algebras in question;
see, e.g., [5, Chapter 12, Section 2C] for the case of U (n). However, it is far from
clear how to do that at this point. Perhaps it is possible to somehow adapt Webster’s
tensor algebras of Stendhal diagrams [19] in that case. We hope to address these and
some other interesting questions about evaluation 2-representations in the future.

The structure of the paper is as follows. Section 2 reviews the evaluation
map/functor ev; and Section 3 presents the definitions of the affine and finite
type A Kac—-Moody 2-categories 1 (3) and 1/(3) that we will be working with.
In Section 4 we define the two evaluation 2-functors ¢ and &¢’ and prove their
relationship to each other. We translate the categorified braid group actions to
our choice of scalars in Section 5, and then in Section 6 we prove Theorem 4.3,
saying that &’ is a well-defined 2-functor that decategorifies to ev}, from which
Theorem 4.1 follows. We finish the paper with Section 6.4, where we justify
our choice of the scalars and bubble parameters in the definition of Up(3) over a
choice in [10] by proving in Theorem A.4 that the two choices are not related by a
2-isomorphism that fixes objects and 1-morphisms.

2. The decategorified setting

Our main reference for this section is [7], though the evaluation map was first
considered in [9]. Note that we are interested in the idempotented version of some
of the quantum algebras in that paper, so we have to adapt Du and Fu’s definitions.
We use the idempotented versions because these are the ones that are categorified
by Kac—Moody 2-categories.

2.1. Finite type U(n) and affine type Ua(n) of level zero. Throughout this paper
we identify both the (integral) gl,-weight lattice and the level-zero (integral) gl,,-
weight lattice with Z", denoting either sort of (integral) weight by, e.g., A =

(kl,...,kn)EZ".Thesimplean—rootsal,...,a,, are then given by
©,...,0,1,—-1,0,...,0) if 1<i<n-—1,
o; =
"7 (-1,0,...,0, 1) if i =n,

where the 1 is always the i-th entry. Note that oy, . .., o1 are the simple gl,-roots.
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Under this identification, the bilinear form on these weight lattices corresponds
to the Euclidean inner product on Z". Its restriction to the root lattices then reads

2 ifi=j,
(aj,aj)=1—1 if i=j+1 modn,
0 else,
for 1 <i, j <n. Note that, in the affine case, the indices 1, ..., n are interpreted

as representatives of the residue classes modulo #. From now on, we will always
tacitly use this interpretation of the indices of affine weights and roots. We also
recall the standard notation i - j := («;, ), which we will often use below.

Finally, given A € 7", define r= ()_\1, ey )_\,,) e 7", where A; = A; — Aiy1 for all
i=1,...,n. By the above convention for affine weights, we have An = Ay — AL,
SO Ap + ...+ A, = 0. In other words, A belongs to a rank n — 1 sublattice of Z",
which can be identified with the level-zero integral ;[n—weight lattice. The element
(A - .., An—1) € Z" ! can then be identified with an (integral) sl,-weight.

Recall that the quantum integer [m], for m € Z, is defined as
m __ ,,—m
m) =TT
q9—dq

Definition 2.1. The idempotented extended quantum affine sl,, denoted by U (n),
is the associative idempotented Q(g)-algebra generated by 1,, E; 1, and F;1,, for
reZ"andi =1,...,n, subject to the relations
1,1, =083, ul5,
Eil; 1Ly =68, vEily,
Fil, Ly =68, vFily,
1L Ei 1 =8, a4a Eily,
LuFily =68, 5o Fily,
E;Fj1;, — FiE;i1; =8 j[M115,
E;Ej1, = E;E;1; ifi-j=0,
FFil, = F;F 1, ifi-j=0,
E}E;jl, + E;EF; = 21EE;Ei 1, ifi-j=—1,
F2Fjl, + FiFP 1, = [21F, F;F:1;,  ifi-j=—1.
Note that E; 1, =1, 4o, E; 1,, so we can use the notation E; E; 1, := E; 1, 4o, E ;1

without ambiguity. Similarly, we will use the notation 1,E; = 1, E;1,_,, and
I#Fi = 1ME1M+ai’ so that E;1; = 1)»+ot,-Ei and F;1, = 1)\_0,[.Fl‘.
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Definition 2.2. The idempotented quantum gl,,, denoted by U(n), is the idempo-
tented subalgebra of Ua (n) generated by 1,, E;1, and F;1,,fori=1,...,n—1
and A € Z".

Note that fJA (n) and fJ(n) share the same idempotents, but, whereas fJ(n) =
ﬁ(g[n), the idempotented algebra U, (n) is only an idempotented subalgebra of
ﬁ(g[n), which is why it is called the idempotented extended quantum affine s(,, and
not the idempotented quantum affine gl,. See [7, Section 2] for more details.

Remark 2.3. Recall that these idempotented algebras can be seen as linear cate-
gories whose object sets are given by the sets of weights and whose hom-spaces
are given by, e.g.,

Homy,,, (., ) = 1,Um) 1,

with composition corresponding to multiplication. This is why these idempotented
algebras are categorified by 2-categories rather than categories.

2.2. Evaluation maps. Fix t € Z and let [X, Y] +1 = XY — gT'Y X be the g*!-
commutator. From now on we will always assume that n > 2.

Definition 2.4. The evaluation map ev| : Ux (n) —> ﬁ(n) is the homomorphism of
idempotented algebras defined by

(1) ev, (1) =13,

(2) CV}E(EZ'I}L)ZE,'I)L for i 7511,

(3)  evi(Fil;) = Fi1; fori#n,

@ evi(E 1) =g R, By, F3ly -1y Faoilg i,

(5) e (Fal)=q M E, 1 [Ena, [+ [Eay Etly-1]g-1 -+ -1 L

q
Remark 2.5. (a) Note that

[---[[F1, FZ]Q7 F3]q o ‘]qs anl]qlk = 1}L7¢x17~-7(xn,1 [---[[F1, F2]q’ F3]q o ‘]q’ anl]qa
so eV (E,13) =ev)(1x4a, Ex1y) is well defined, because a1 +. .. +a,—1 +a, =0.
The same is true for ev/ (F,1,) = ev/!(1y_q, Fy11).

(b) When we consider the idempotented algebras as categories as in Remark 2.3,
ev!, becomes a linear functor. This is why it is categorified by a 2-functor rather
than a functor.

The expressions for ev/(E,1;) and ev/(F,1,) in (4) and (5) can be written
as alternating sums, which will be important later on. For § = (§,...,§,-2) €
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{0, 1}*72 set
1— n— 1— n— 1—- n—3 n—
(6) Ecl,:=E 72E 52 EVYEES - ETIET,,
n— n— 1— 1- n— 1— n—
7) Fely = F'2F S FS R F) 8 F o pl o2y

and let |§| =&, + - - - +&,,—». The following can be obtained by direct computation.

Lemma 2.6. We have

®) eva(Eply) =g =t N (—g)F I Fe,,
gef0, 12

©) eV (Fyly) =g = 3" (—q) BB 1.
£€(0,1)12

For more details on the evaluation map, see [7, Section 5].

2.2.1. Connection with the braid group action forn =3. Foreachi=1,...,n—1
and e = +1, Lusztig defined algebra automorphisms 7}, and T, of U(sl,); see,
e.g., [14, Section 37.1] for their definition, which we can adapt to U(n) without
issue. The two automorphisms are related by the equation (7 D= T/, (see
[14, Proposition 37.1.2]) and, for a fixed choice of e, the Tl/’e, e Tn’_l’e, resp.
the Tl/,/e’ e Tn”_Le, satisfy the braid relations (see [14, Theorem 39.4.3]) and,
therefore, define two actions of the braid group B, on U(n), called the internal
braid group actions.

Letn =3 and ¢ € Z, and set ev = ev;. Comparison of the expressions in [14,
Subsection 37.1.3] with the ones in Definition 2.4 shows that ev can be partially
expressed in terms of the above algebra automorphisms. For i = 1,3 and A =
(A1, A2, A3) € Z3, we have

ev(Esly) =g YN (B,
ev(F31;) =q MR T] (Ealy)),
ev(Ei 1) = —g" 2 T{ _|(Fil5,0)),
ev(Fi1,) = —q "1 (Bl 0)),

where s1(L) = (A, A1, A3). Fori =2,3 and A = (A1, Xy, A3) € 73, we have
ev(E3ly) = g" T T (Rl ),
ev(F31,) = ¢ MR T (Bl 0)),

ev(Ex 1) = —q T (Bl 0)),
ev(Fa13) = =g 8 T (Ealya.),
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where sp(A) = (A1, A3, A2). Using the fact that T’ _, and T2] are well-defined
algebra automorphisms of U(3) it is easy to prove that ev: UA(3) — U(3) is a
well-defined algebra homomorphism. Specifically, the fact that T1/,—1 is an algebra
automorphisms implies that ev preserves the relations in Definition 2.1 fori = 1, 3,
the fact that Tz” | 1s an algebra automorphisms implies that ev preserves the relations
in Definition 2.1 for i = 2, 3, and ev preserves the relations in Definition 2.1 for
i =1, 2 by definition, of course. Since all relations in Definition 2.1 involve either
one colour i or two colours i, j, and it’s very easy to check that ev preserves the
one-colour relations directly, we see that ev preserves all relations in UA(3) and is
therefore a well-defined algebra homomorphism.

Of course, one can also prove that ev preserves the relations in U (3) directly,
but that is besides the point. To show that the evaluation 2-functor &v preserves the
relations in Ua (3), we will follow the same reasoning as above for all one- and
two-colour KLR relations, taking advantage of the categorification of T 1 in [1].
For the three-colour KLR relations, the results in that paper cannot be used and we
will give a direct proof.

3. Kac-Moody 2-categories

We will move on to recalling in detail the 2-categories U(n) and Ux (n) as defined
in [16, Definition 3.1] and [15, Definition 3.19], respectively. These decategorify to
U(n) and Up(n).

3.1. Definition. We define Up(n) and U(n) simultaneously, because only the range
of the indices of the 1-morphisms and of the colours of the 2-morphisms differ. For
concreteness, we will work over Q, but any field of characteristic zero would serve.

Definition 3.1. The 2-category U (1) (resp. U(n)) is the graded Q-linear 2-category
with:

e Objects: A € Z7".
» 1-morphisms: formal direct sums of shifts of
L, &lLi=1L46L =146, &lLi=1_461 =146,

for A€ 7" and fori € {1,...,n} (resp.i € {1,...,n—1}).

» 2-morphisms: equivalence classes of (D-linear combinations of diagrams obtained
by horizontally concatenating and vertically gluing the generators below. By
convention, a 2-morphism «: X<{r) — Y (s), for r, s € Z, is given by a linear
combination of homogeneous diagrams of degree s — r, as defined in [10].

e } &L — E1,4, o i Yo Z = FLD,

i i
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>< &G — &L (—i - ), >< o FF — F T L=y

i J i J
><)L Ié%yjlx—)yj(g}lk, ><)L 3«%Ej1x—>(g}yjlx,
i j i J

N, Lo ZELA + A, R, L= EF 10 =1,

l l

Lo ‘oA

N\ FAL - L+, N ERL > LKA =)
The equivalence relation is defined by the equations below.

(KM1) Right and left adjunction:

w ety Uplep

i i i i

(KM2) Dot cyclicity:

-l

(KM3) Crossing cyclicity:

(12)

(13) M = > =
i
(14) Mx = ><A =

.

)
R R

~.
~

%

~.
~
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(KM4) Quadratic KLLR:

(15) ;2)\ = 9 W ‘A if i-j=0,
o s(i,j>(| %—Hx) itioj=—1,
el

i i

1 if i=j+4+1 (modn),
where (i, j) =4 —1 if i=j—1 (modn),
0 else.

(KM5) Dot slide:

[ o ifi=j,
(16) I_><jk - I><jx = I><jk - l><jx = io ,.

if i #j.
(KM6) Cubic KLR:
8(1',]')W’]A ifi=kandi-j=-1,
A 0 if i £kori-j#—1.
Before we list more relations, we introduce a shorthand using & in lieu of e :

s T o R et e)

Xi—l4m +m —Aj—1+m

Using this notation, the other relations on diagrams are:

(KM7) Mixed EF:

a

i atbtc=—xi—1!
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Py if i #]j,

~ ; S )y =

a

- +c
i q a+b+c=xr—-1

(KMS8) Bubble relations:

iQA— (—=D)i+ if m=0,
1o if m <O,

+m

i~ (=Dt if m =0,
Qm_ 0 if m<O0.

(KM9) Infinite Grassmannian relation:
(22)

(G + G e WG G+ G )=

+m

ey

This ends the definition of the 2-category Unp(n) (resp. U(n)).

Remark 3.2. Thanks to adjunction and cyclicity (equations (10) through (14)), the
2-morphisms of U, (n) are already generated by
S D L OIS N
i i J
for A€ Z" and i, j =1,...,n (and similarly for U(n)). It therefore suffices to
define the evaluation functor on this smaller set of generators.

A

Remark 3.3. The choice of signs in Definition 3.1 is not covered by [1]. This
choice of signs is referred to as a choice of scalars and bubble parameters; see [13]
for an in-depth explanation. Since we will be adapting various proofs from [1] for
the proof of our main result, we will therefore need to take care when translating
them across the different sign conventions. We will discuss difference choices
of scalars and bubble parameters further in Section 6.4, since they might have
implications for the existence of an evaluation 2-functor.

3.2. Some additional relations. Some well-known consequences of the above
relations are listed below. For the proofs, see [2], for instance.

A i A A i Py
o G-z fa - 5o}
| a+b=m—A\; ! a+b=m+X\; )

L L 1 L
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- (a+1)©{ if i=],
at+b=m +b

i

(24) l Q =1 —¢G, j) (@_I ‘A— Q D ifi-j=—1,
J J

J

i A . . .
Qm‘ if i-j=0,
J
i A i A i A
—!@g [ Q- | Gims

+m

(25) O |)L ) i i . i
J

a+b=m ! +b
(26) Q vz —&(i, ) (‘ QAI— l QA> ifi-j=-—1
J J J
i
‘ QM ifi-j=0
J
i A
; A B @er 2 2+2Qm l| Qﬂ] lf r= j’

(27) Q: f
eli. j) Y Q| ifi-j=—1,

a+b=m

~

(28) i

}/ S

b Aoip s .
Q & C’Q if i =j=k,
A= L= 9 a+btct+d ! a+b+c+d /‘\d
=)_H i i 7}\ 21 i

A 0 else.
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4. Two versions of the evaluation 2-functor for n = 3

In this section, we will define the 2-functors v and §¢’ discussed in the introduction,
which are Q-linear monoidal functors

80,80 Up(3) > Kb(ﬂ@))’

defined in the next pages. Note that in this case, Definition 2.4 is particularly simple,
because (4) and (5) only involve one g-commutator each:

ev(E3l) = ¢ TN R — g P Fi L),

ev(F31,) =g TNV E N, — g7 ELEa L),
for A = (A1, A2, A3) € Z3 (recall that r € Z is arbitrary but fixed). For the remainder
of this paper, we set S(A) = A; + A3+ —1, and we suppress the A when there is no

confusion. We also use the notation &;;, ;1) = &;,6;, ..., 1, and %, i 1x =
FisFiy - Fi 1.

4.1. The definition of &o. In the definition below, we underline the 1-morphism in
homological degree zero in each complex.

« For objects, we define &o(1) = A, where A € Z°.

e For 1-morphisms, we define the action of v on generating 1-morphisms
and extend it to all 1-morphisms via composition and direct sums, using the
standard composition of complexes:

() &o(aly) = &1,, &o(éa])) = &1y,

(2) &o(F11,) = F11,, 80(Fl,) = Fol,,

A

3) &o(&L) = TS ———— Fy LS+ 1),
G
@) (A1) = Epli(—S—1) —— 5 o 1,(=S) .

o We set |A| = A1 + A + A3 and call |A| the Schur level of A.

For compatibility with later proofs, we give the definition of o on downwards-
pointing generating 2-morphisms (that is, the horizontally mirrored versions of
the 2-morphisms in Remark 3.2). For generating 2-morphisms consisting only of
strands between &11,, &1,, 11, and %#,1,, the 2-functor v acts as the identity,
with the following exceptions:
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@ 60() =G () =G
2 1 2 1 1 2 1 2

For the remaining generating 2-morphisms, we define the images as follows,
emphasising these are commutative diagrams:

X

Enl(—S+1) — 2 &1, (—S+2)

w eld)= f

Enhi(=8S—1) ——— = &H 1 LS
A
1 2

A

R ——

3B &o( X)) =
P >< T Tx é1121,,(=28 -3 H ><A

A
2

S22, (=284 _I I l><7A N >< HA 1211, (—285-2)

\ | /

T >< T E12211,(=25-3)
%A 21 12 7 5

12 12

>< Tlé"znzlx (=28-1)

1 21

T

121

S, (=25-2)

E121 1, (=25-1)

| X

T (=S — 2 s B & L =S+ 1)

(32) & (Jxlx) — ?%A AL

2 1 2 1 1

1 22

EnF 11, (=S T EF 1L (=S+D
— A
1 21
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X |

1 2

EnF1L(=S+1) —— & F 11, {—S+2

()= et PSS

F1é61hH{=5—1) ———— F16511L,(=S)
A
11 2

X b

En Tl (—=S—1) —— 22 4 & . F1,(—S

(34) & @Q) - }K* X

1 2 2 2 1

Frb (=S—1) ——— 1L, (=S)
A
21 2

A

T, (=8 — L B 1, (—S+ 1)

35) &’@Q): ./ RS
1P h(=85-2) ———— F&1Li(=S-1)

(36) 89(’\4) =

ST Zusulii -7y ||

1 21

F16011;,(2—h3)

F126115<1 Xﬂk

221

T2 1 (=3




12T 1215 (A3

&1 T (14+A3)
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}/211“2—%)@
60129211)&1-1—)»3) I i

(38) 50(5/\/\,) —

0

1

Fénhi (=1

39) é’v(a[\/\) =

X Zudioty
/

A

21 12

21

0

S F1h (=1

( 1))”3-“/\/

A En 71215

s, (l—2) —————— 0

I 1, (1)

1, (1443 —0

&1 Fn 1 (1)
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The following theorem is the main result of the paper and we will prove in
Section 4.3 that it is a consequence of Theorem 4.3 and Lemma 4.4.

Theorem 4.1. & is a well-defined 2-functor that decategorifies to ev.

4.2. The definition of &'. To define &¢’, we need some notation. For the rest of
the paper, we let = denote =4, that is, congruence modulo 4. We define

{ 1 if yy=ay,...,a,,

40 Jen gy .
(40) *) 1 if otherwise.

We will often omit the argument when it is A. For example, k?’l =1 (resp. —1) if
A1 =0,1 (resp. =2, 3).

Remark 4.2. We will use the following relations involving the kot at Various
points: k°k? = (— 1)A LS = (=DM, kS () =k4T (), k“(sl(k)) =k7%(N),
and k{ (sz(k)) =ky (A).

We will also be using the more compact notation for 2-morphisms between
complexes found in [1], where they are presented as ordered tuples (most commonly
ordered pairs).

We now define &¢’ to be identical to o on objects, 1-morphisms and all generating
2-morphisms except for the following:

'SV/QXA): ko3ko3>é< —k03k01>é<)
2 3 2

o (50) = (570 (50 = /50) - 87 (5 = 754) -
s/(Rg) = DR\ —kI N7 ).

3 12 21 21 12

&'(\7) =k o — kN
A A A

=R A

, 3 A A
)= )

2

We will prove the following result in Section 6.4.

Theorem 4.3. &¢ is a well-defined 2-functor that decategorifies to ev.

4.3. Relating &o and &»'. We now show that &o can be given by composing &’
with 2-isomorphisms. The first such 2-isomorphism is y, which acts as the identity
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on objects, 1-morphisms, and generating 2-morphisms with the exception of:

r Y A 1 V4 1
N —k(l)l/\, N> —k? A%
AV s 1 y 1
e —kfl/\ N —kI N

We abuse notation by also using y to refer to the 2-isomorphism of K bU(3)) that
acts in the same fashion. Similarly to 8, it is straightforward to see that y preserves
(KM1) through (KM9), and is therefore a (pair of) well-defined 2-isomorphism(s).

The second 2-isomorphism is &, which is again the identity on all objects, 1-
morphisms and generating 2-morphisms except

s 03,03 N, s 0303 N
3 4 ’ 3 4
32 23 2 3

3 2

It is again an easy calculation that § preserves (KM1) through (KM9) and is
therefore a well-defined 2-isomorphism.

Lemma 4.4. Eo=7yE&dy.

Proof. Outside of the generating 2-morphisms that &o" sends to a 2-morphism of
complexes with a dependency on A; modulo 4, &0 and y&v'§y agree with &¢’. In
particular, we have, e.g.,

yé’o’éy(]/\'\) =yé’o’<—kf1/\k) = (k%)zlu/\A =l/\A =80/<\1/\A).

For the 2-morphisms that differ we have
, A A
(1) yasy () =y () N - K6, N )
21 1 2 1 2 21
A A
= —k] KT+ 02) 0N HET ()2 2N
21 1 2 1 2 21
A A
= —k} ()2 N RO N
2 1 1 2 12 21
=~/ A+ = e ),
21 12 12 21 3
A A
@2) yosy () =y (07 (Koo, = -k, 20)
21 12 12 2
_ 1 A3 2 & 2 )L
= Py (R0 —a), -0, )
= DR (R0 o) R - K0 )
21 1 2 1 2 2
 (__1\M3+1 A _ A _ A
=R AN = el)

121
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0 12 21 0 21 1 2
(43 yevsy(n) = r (KON K0 —a) )
0 21 2 21 0 22 1 12
=—k]()\) M +k1()\4—a2) M
12 21 21 12 3
NN = (),
12 21 21 1
(44) ygo/Sy(M) = y<(—1)k3+1k?(k)w + (—1)“14@)\\//;])
et 2et110 12 21 0 21 1
= P (DN KO )
a1 0 21 2 21 0 22 1 1
= (CDP (NS R+ e )
et 12 21 21 1 3
= (N7 ) = ()

&o (X k°3k°3>é< —k“k‘“%)
& (<) = (8707 (5 = /5): ’<°3’<°1(>% -754):

it is straightforward to see that
y &8y <7><A) = 8o (Z><‘/\> and y&v'Sy ()><?~) = &o <><l) . [l
2 3 3 2 3 2

This shows that Theorem 4.3 implies Theorem 4.1, and so it suffices to prove
the former.

4.4. Essential uniqueness of the image of the dotted 3-strand. Finally, let us show
that the above choice for the image of a dotted 3-strand under & is the only one
possible, up to multiplication by a scalar. We will be using this on occasion in the
proof of Theorem 4.3 and elsewhere.

Lemma 4.5. End’;(h(ue))(é;v(é%lk)) and End*

Q[x], where deg x = 2.

Xo@3) (80(#31,)) are isomorphic to

Proof. We tackle the case End* Kb (il (3))(80(5‘3 1,)), the other one being similar. We
first work in the 2-category of bounded complexes Cb(U(3)). We claim that

End*

en iy (E0(631)) = Qlxy, x2],

where deg x| = degxy = 2. An element of End”, (80(&315)) is a commutative

Ch(U(3))
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square of the form

X

FlL(S+ry ———2 5 Z LS +r+1)

| Ll

F121,(8) IS+ 1.

A
1 2

By [10, Theorem 2.7], the shift r has to be even and fj is a linear combination
of 2-morphisms of the form gy = a b where a +b =r/2.

The equality
f 1| ,\
fo

implies that, for each summand go of fo, there is a corresponding summand g
of f] that is determined by the choice of gy, i.e.,

)

3 21

(80, 81) = (ai

where we use the presentation used in [1] of only giving the vertical 2-morphisms
as an ordered pair, for clarity of reading.
This proves the claim, with

=Gl == )

We further claim that x; and x, are homotopic. Indeed, consider the diagram

A

Tl S+2) — =2 2 1,(S+3)

45) [f-t]s -l

12 1

TS ———— I LS+ D
A
1 2

One sees that this diagram is commutative, by the downward version of relation
(15), and hence x| — x, 2~ 0, which proves the lemma. O

A directly analogous result and proof hold for &¢'.
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5. Categorified braid group action

To categorify the connection between our desired evaluation functor and Lusztig’s
algebra automorphisms Tl”il and T2” |» discussed in Section 2.2.1, we need to intro-
duce various 2-functors to deal with some complications. While the automorphisms
have already been categorified in [1], that paper works over s(3 and does not cover
our choice of scalars and bubble parameters. We therefore adapt their constructions
to our setup through composition with 2-isomorphisms.

5.1. The braid group actions. Denote by U(3) the gl; version of the (unsigned
version of the) 2-category U (sl3) defined in [1, Definition 3.3] with the trivial
choice of scalars and bubble parameters. For this section, we will be utilising the
2-functors 571”1 and 7)', as defined in [1, Section 4], and the 2-isomorphisms w, v/
definedin [11] as follows. The 2-isomorphism w : U(3) — U(3) is 1- and 2-covariant
and degree-preserving, and sends a weight A to —A, reverses the orientation of
2-morphisms, and scales the 1, 1- and 2, 2-crossings by a factor of —1. Similarly,
¥ UB) — UQB) is a 1-covariant, 2-contravariant 2-isomorphism that is the
identity on objects, scales weights of 1-morphisms by a factor of —1, and reflects
diagrams of 2-morphisms in the horizontal axis and then reverses their orientation.
We recall that kfl """ (1), defined in (40), omits the argument w1 when it is equal
to A, but retains it otherwise (generally when it is s1(A) or s2(4)).

We also use the 2-isomorphism ¢ : U(3) — U(3), first defined as ¥ in [10,
Section 4.2] and [12], which is the identity on objects and 1-morphisms, and the
identity on 2-morphisms except for the following generating 2-morphisms (and
hence the 2-morphisms derived from them):

s L
(46) s -1 >< A8 ><

1 1

1 1
(47) A~ N (=D A~ " B (—DMEYR,
1 1
@ ST
2 2
(49) Z/\k é(-l)“‘lz/\A " (=) R,

We now define two 2-functors 571/’7 1> 52” L UQB) - KPW®3)) using composites
of the above 2-functors:

I =gy e =T _07h T =twd) o =0Ty 0

We let X[y]<{z) denote the 1-term complex with the 1-morphism at homological
degree —y with internal degree shift of z. In detail, fﬂﬁ_] acts as follows:
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5?/
« On objects, A == s51(1).

e On 1-morphisms,

g/ _ g/ -
&1 = Tl 00— 112+ A, 11, = A1 o) [11K—A1)

X

g/ _
&1 < Gl oy (— 1 ——2— &1, ),

S

5
Pl = < Tl o) ——— Farly o) <D >

o On nonidentity generating 2-morphisms,

(50) fM—) i..w ><x Vol 1><1 'y

1 1

(51) }xh <T {s.m ¥ Tslm),

2 12 21

7!

(52) '><A|gl—’1> <%slm,
) 51
LS 5w 45 [ +] X [ S ),
21 1 2 2 1 21 2 1 1

1 2 1 2 2 21 21
5
(53) '><x i <kf’3>g< sl(x>,k?’l>% n(M),
2 1 1 2 1 2 1 1
g/
6 50 (1 (33 ) A (53K 3.
1 2 1 2 1 1 2 1 2 1 1 2 1
P O g/ _ O
(55) 1/\' 1,—1 (_1)A1+1(\51( )’ (\A 1,—1 (_1)}\24_11/\51( )’
1 T AL 1 I ao
(56) = (=DM Rsm, /= (=D s,
LI okl (13 2
(57) NP (DT (klﬂmlm—kl 12//“1“) )

(58) R DR (RN -k N ),

1 2

1 2

2 5}/7 2 1

(59) i P P (KNS = KN )
2T ha (A N

(60) S Al (AN CANC N
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In detail, 572” , acts as follows:

i‘//
« On objects, A 2> 55(1).

e On 1-morphisms,

L
F11;, = ( 2121@()»)

~ el
"

I,
a1, > < Eialgoy (=1 ——— &1, )

2,3
, 6 )<
1

1 2

:'}// _ .5'// _
S S Pl oy[—11<0 Tl 25 & 1,0)[11<=2— A2 .

» On nonidentity generating 2-morphisms,

(61)

7 721
%r—’> G sz(x) T {vzm), {u—> i?z(k) >< ><s2(x) ,
1 1 2 21 2 2 2

(62) >< ( s

(63)

(64)

(65)

(66)

(67)

(68)

(69)

(70)

1 2

M7 0 4SS o] X [t ] 5 [ S
2 1

21 12

(S}

‘7‘”
D (30 =55 o),
2 1 2 1 2 2 2 1
57

» Ty 5200 P 5200
2/\ PEEN (_1)k2+12‘/\2 ) 2/\ 2,1 (_1)A3+12/\2 :
2 7 2 2 7y, 522
N (=D s RS (=D rn0

0 s2(2) s2(2)
o —k <k3 /\ k3 /\)
A3 YR 52(2) 5 s2(A)
o = (=D K (%@‘@@)

= (- 1>Mk°(k3 NN,

52(1) 52(1)

e AN NS ]

s2() s2(2)

Tl 00 <D )

125

).



126 MARCO MACKAAY, JAMES MACPHERSON AND PEDRO VAZ

5.2. Relating the two actions. We define a 2-automorphism 8 : U(3) — U(3),
which is the identity on objects, 1-morphisms and all generating 2-morphisms with
the exception of

| B 1
k : DY L I L

ol NS

PADA
PADA

B

= —
1 1

L , \/mg—k?\/x .

o]

It is a straightforward calculation to confirm that this preserves the axioms
(KM1)~(KM3) and (KM7)—(KM9) and is therefore a well-defined 2-automorphism.

We also define a 2-automorphism « : 1(3) — U(3) which is the identity on all
objects and 1-morphisms and on all generating 2-morphisms except

o o
><M—> k(l)’] '><,\ , ><u—> k?’] ><A .
7000 701 i 2 )

It is easy to see that o preserves axioms (KM3)—(KM7), and is therefore a
2-automorphism. We also use « to denote its extension to a 2-automorphism of
Kb (3)).

We now define some notation for ease of stating the following lemma. Let D; (1)
denote a 2-morphism diagram with strands mono-coloured in colour i such that the
weight to the right of the diagram is X.

Lemma 5.1. For any diagram D;(}),
Ty _1(Da(s1(M))) ~n Ty (B(D1(52(1)))).

Proof. The proof follows from calculations that, while not complicated, are liable
to confuse. We therefore present them below.

o3 ()

1 1

=ady, <><Sz()»))

1 1

=0 BP0 S 760+ X ] T
= (305 30+ X B X B 3K
= 571/,71(><S|()L)).

2 2
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0‘5721 Szm)
=a72,1(—k%<sz<k>>lm°‘2“5
o (—k7 (520K (s2(0)) (=3 (sz(x))/\ +k3 (Sz()»))/\ )
= (- 1>“+1(k3<s1<x))/\ k2<s1<x>>/\)

=)

o)y (B(~nn))
=ad) (- kz(Sz()»))}\/ 00)
=a((- l)szm1+1k2(sz()»))k0(52()»))(k3 (sm))\/ — k3 (sm))\/ )
= (- 1)M (ki (sl(ww — ko(sl(x))&//k )
=3/ _1(\/“(/\))
“572 1 Szm)
— oﬂz 1(—k°(s2(x))/\"‘2“§

=a((- 1>52<“1“k°(szu))kZ(sz(x))(k3(sz(m/\ k3(sz<x>>/\ ))
= (- 1>“(k mu»/\ k2<s1<x>>/\)

— (71 B sl(k))

= a7y (K (2N
= (K (52N (20D (520N, — K52 (N2 ))
= (P (51 DN, = k(51 0N
=/ (L rae).
The remaining element of the proof is comparing
7! — 1 —
Hoape) = (fed ) e edii(olfe)) = -1
which are equal up to homotopy, by (45). ([l
The following result will often be used in proving the main theorem:
Lemma 5.2. 57’1/’_1 and a@’” B preserve all the KM identities.

Proof. All component 2-functors of these 2-functors are either 2-isomorphisms
(which clearly preserve defining axioms) or preserve identities (KM1)—(KM9) by
[1, Section 4]. O
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6. Proof of Theorem 4.3

As a last bit of preparation before proving Theorem 4.3, we define some extra
2-functors to account for &¢" having a different domain 2-category to 51”71 and 52” 15
and for categorifying the powers of ¢ and signs found in Section 2.2.1. We remind
the reader that kl.“1 """ “n (1) omits the argument 1 when it is equal to A, but retains it
otherwise (generally when it is s1(X) or s2(1)).

6.1. Embeddings. We define 2-embeddings ¢, ¢ : UB) = UA(B) using other com-
ponent 2-functors. First, we define @ = ¢w¢ ™! : U(3) — U(3). Second, we define
2-functors 1, n’ : U3) — Ua(3) as follows.

For n:
« On objects, A A —s1(L).
e On 1-morphisms,
a1, > 115,00, T, > F1l_500,
EL S &l g6y,  Flre Flg o).

e On 2-morphisms,

(71) b T-si b s

1 1 2 3
n 7 n ”
(72) 1><1A s 1><1 5100 ><2A |—>3'>< 5100

3

n N . n . o
(73) s S 2><1x S 3><1m>

1 2 1 3
(74) A A (P
(75) NGOG R (— DR sy )
(76) L A (DT
77 s s o " (1R s

For n’:

» On objects, A N —52(A).

e On 1-morphisms,

n n

&1 = &1 g0, Pl = Frl_g,m,
n n

a1, = &Sl_g,0, Tl = F31_g,0.



e On 2-morphisms,

(78)
(79)
(80)
(81)
(82)
(83)

(84)

7’/ —
fx&» ¥ 52(%)

2

A ﬁS»;xf}n(x)
2 2

)
n/

><)\|—>'><Lsz(k)

201 3

7

ron —s7(A
Z/\rng\”()
2 /2
N > N 55(0)

A~ (\—32()»)

1 n 3
N1 = N 7—52(A)
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f)\ rl/) 1 —s2(RX)

X }l/) ><—s2 Q)

D R
n/

A= — —Sz(}u)
s
A T
2 n % 2
N (=D R —n ()

A (D

R (— DM R o)

129

It is straightforward to check that n and n’ preserve (KM1)—(KM9) and are therefore
are well-defined.

We now define ¢ = n@ and " = n'®. Explicitly, ¢ is given by:

« On objects, A > s1(A).

e On 1-morphisms,

a1, > 7 15,0,

L
&1y = F315 00,

e On 2-morphisms,

(85)
(86)
87)
(88)
(89)
(90)

oD

}AF§-isnm
1 1
L
e 5o
1 1 1 1
L
i><ix k»»k%3:><31a>
1 2 1 3
A s
l/-\ I—[) (_1))»1-}-1‘1/\31( )
1 L )Ll 1
N> (=DM R s 0
A s
2/—\ I—[> (_1))»2-}-13/\31( )

2 L )L23
N> (D)2 R 50

Tl > 115,00,

L
cﬂ\zl)L (ad 531“()\).

*x%&-isnm
2 3
L
s S
) 3 03
L
j><ix k»»k?J:><sla)
701 31
2 o
N (—1)*2“1/\,3l )
1 L )Lzl
Nab (=D N5 0
2 A
’\)/\ I—l) (_1)A3+13/.\3]( )

2 L )L33
S_/ab> (—D)BN s 0
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Explicitly, ¢’ is given by:

« On objects, A ri> s2(L).

e On 1-morphisms,
AT T2l Fal; ¥ &g,

4 !V
1, = F3lg, 0, Tl = &1, 0.

e On 2-morphisms,

/ ’
(92) % > iszm % > ib‘z(k)
2 2 1 3
4 4
93) ><A — —><s2(x) ><x > —><Sz()»)
2 2 2 2 1 1 3 3
(94) ><A > k12’3><.s2<x> ><x > k(l)’1><52()»)
2 1 2 3 1 2 3 2

95) 2/\1, N (_1)A2+1{\s2(k) 7/\)» e (_DMHI/\SQ(,\)
2 ! A 2 2 J N 2

(96) N (=128 () Rk (=1 n0

o7 l/‘\}: lt_; (_1)A1+1‘3/\sz()») ‘]/\)\ 'i) (_1))»2+13/\s2(/\)

1 / 3 1 ’ 3
(98) " (= DMR 0 R (= DR

6.2. Degree shifts. Finally, we introduce two “shift” 2-isomorphisms
o1, 021 KP(U3)) - K" (UQ3)).

They shift the homological degree and internal degree of complexes, but otherwise
act as the identity. We recall that X[y](z) is the 1-term complex with the 1-
morphism at homological degree —y with grade shift z. Specifically, we define o
on the generating 1-morphisms by

« SLIYID B LIy — 1z,
« ZILKIKD B AL+ 1 —244D,
« HLKD B SLIy+1Ke—ha—As =D,
« HLHIKD B ALY — 1 +r+r+1,
and o, on the generating 1-morphisms by
« AL B ALY+ 11— 203 — A — 1 +4,
e ZILDIKD B AL — 1+ 3+ A +1 -4,
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« HLID B3 ALy + 1z +2 -4,
« ALK B ALy —11G+i,
each extended to compositions and complexes in the obvious fashion. We will use

these to match the homological degree and grading of the image of 1-morphisms
under 51”71 and 52” | to their image under &o.

6.3. Auxiliary result. We present here the categorification of Section 2.2.1.

Proposition 6.1. (1) &¢' ot and o1 o 5}1/,71 are equal on objects and generating 1-
morphisms in U(3), and are equal up to homotopy on generating 2-morphisms
in UQ3).

(2) 6ol andoroao 57‘2” | © B are equal on objects and generating 1-morphisms

in U(3), and are equal up to homotopy on generating 2-morphisms in U(3).

Remark 6.2. We phrase the proposition thus because we have not yet proved that
&v’ is a well-defined 2-functor (indeed, we will use this proposition to do so), and
so it would not be accurate to claim that the two sides are equivalent 2-functors.

Proof. 1t is clear from the definitions that both sides of each equation agree on
objects. Further, we note that o and o, only affect 1-morphisms, and do not change
the generating 2-morphisms. We recall that S(A) = A1 + Az +¢ — 1.

For &' o1:

(99) &A1) =& (Fil, ) = Tl = 019 _(&113),

(100) &'t(F11,) = &' (6115,(0) = S1l5,0) = 019 _ (A1),

(101) &/1(&1,) = &0'(F31y, ) St
=Sl (—=S(s1 (V) —1) 2—1>m<—5(51 9))
=019/ _(&1),

(102) 80't(F1,) = &' (&15,)) ><f10‘)

= Z1215,00 (S(s1 W)y 2—L Fo1 15,30 <S(s1 (M) + 1)
=019 _|(F15),

(103) gw(}{x) = gqu) =is.<x> - i/,_l(}x) = ali’,_l(}x),
(104) &/L(f)) = &/(in@) — (] %(x),{» Tsl(x)) =O—]E~71/’71<§)L)’

3 2 21

(105) &0t D3) =& (= 3<nm) = = nw= o7y (D),

1 1 1 1 1 1 1 1
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(106) @m( ><x) =& <k12’3 slm)
1 2 1 3
(S A5 5K )
1 2 1 1 2 2 1 1 2 1
= 0'151/’71(><)\),
1 2
(107) &0t D2) =& (K >
2 1 3 1
= (—k?’?% 510 ,k?’1>€< mx)) = 0157{,_1(><A),
1 2 1 2 1 1 2 1
(108) &h( ><x) — & anm)
2 2

3

= (o

2 12

B R T g N A
2 1 1

21 12 12 21 21 1 2 2

21 21

(109) &0t~
(110)  &0's(
(111) &t

(

A A ~
_1))»1+180/(‘1/\51( )) — (_1))»1+l‘1/\51() =<71571/,,1(1/\/}),

)=(
lf\k) — (_1)x2+180/(1/\s1<x>) _ (_1)x2+1l/\s1(/\> 201571/,—1(1/\1),
L) =
(112) &0t
(113) &i( ) = (=D e (1)
= DR EDE (k10N = K1)\ )
= (P (00, 00 — k) )
zalfl/,—l(z/\/'\)»
R R B e S
=01§1”71(2/\k),

2 1

= 1 2
(115) 81 m) = (=180 (Remm ) = (D2 (N2, o) — kNS )
= ‘7151/,—1(2\/'\)»
2 1 2
(116) &' 1(*r) = (=180 (i) = (= 1) (k] \1\//51@) — KNS )

=5 ().
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For &/ o:

(117) &//(&11,) = 80 (F3l,w) 50
= glzlsz()h) <—S(S2()\‘)) - 1> :)gZIIAU()\) <_S(S2()\'))>
=007, B(&115),

(118) (SV/L/(yl I)L) = 80/(53132@)) 52 (1)

= 121,00 (S(s2(M))) 2L Fo1l5,0)<S(s2(0)) + 1
= oady | B(F115),

(119) &"((&1,) = &' (F21,) = Falg,p) = 0207y | B(&15),

(120) &0'(F1y) = 69 (&15) = &ly,0) = 0rady | B(F215),

,\> — (o(,< imx)) - 2isz(/\) = 572”1 (ik) = 0205572/,/1,3<j\),

( sz()»)) (T ?sz(ﬂ,% Tsz(M) ~h 0206572/,/15(%)’
1

1 2 21
< 52(?»))
(124) 80 ><x>

(121) gd/(

i
|

(122) &/U( A)

(123) &t (><x>

2 2

20 = oy0dy) ﬂ( '><A>
2 2
< k2 3(A)><s2<x>>
2

2 2
=17 (52(0)) ((Mé‘z M- >€<52(A)>, — QM&(A) — Mé‘z(ﬂ))
2 2 1 2 2 1 2 2 1 2
= k(l)»3 (52 ()»))5’2','1 ( ><A> = azozfz’jlﬂ( ><A),

1 2

(125) &/t’( '><A> =& <k?’l><szm Zo 3(s2(0)) <>é< 52(4), —>é< $2(0) >
2 1 2 3
2 1 2 1
(126) @o’/( ><A> =& <3><w>)

1 1 3

2 12
- s2(0) + s2(2) +T >< Tsz(?») +T >< Té‘z(k) s
2 1 1

21 12 12 21 21 1 2 2
~ 21 21
= 0T\ B <><x>,
1 1
(127) &/ ( ) = (=DPHey () = (- AT o Ty B( ),



134 MARCO MACKAAY, JAMES MACPHERSON AND PEDRO VAZ

(128) &0t/ («)= (1) ey (Z/\”“)) = (=D Ao d) B,

) :
(129) &0 ()
(130) &80

(131)  &0"(/(

= (—1)’\1+1(k§ (A)2/I/N2<A> — k%()‘)lzmzm)
= (kHkiks e — kil 00) = one (),
(132) &/[’(\1/\)‘) — (_1)A2+180/(3/\S2(x) )

= (=DM (k3 08 — ks e

=07 B X)),
(133) 60 (\m) = (—DM& Rernm) = =k (kf\]\%zm - kg‘\zv/w) )
= 0'2055?2/’/1,3(1\/‘)\),

(134) &'t (v) = (1280 Rrnen)
2 1 1 2
= (—l)kl—i_lk?k%(k% Mz(x) - k(3) \'\%z(x))
=or07, | B (}\/x)
This finishes the proof. U

6.4. Proof of Theorem 4.3. Because ( reverses the orientation of the diagrams, we
felt that this proof would be clearer to the reader if we proved that &¢" preserved the
180 degree rotated versions of relations (10)-(22). By the cyclicity relations (KM2)
and (KM3), this is equivalent to proving the original relations are preserved.

For any KM relation that only involves strands labelled 1 and 2 and does not
involve a crossing of a 1-strand and a 2-strand, &’ acts as the identity and therefore
trivially preserves the relation. For relations that do involve these crossings, the
calculations are generally straightforward. For example,

&' Al = (_1))_»1@2-4-1) 2

— (_1)5»1(12-4-1) =& A

21 21
with the other cyclicity relations following similarly, as does the relevant (KMS5)
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relation (since (—1)*1®*2*D .0 = 0). For (KM4), we have

8o/ ;2)) :((_1))—»1()_»24»1))2;2/\: ‘k _[ Jx: 8o/ l ‘A _ 19 )
1 2 1 1 2 1 1 2 1

Identity (KM7) is similar, as is (KM6); any (multicolour) cubic KLR diagram
consisting only of strands labelled 1 and 2 will have precisely two multicoloured
crossings, leading to a similar squaring of the sign. It therefore remains to consider
only those diagrams with at least one strand labelled 3.

For most of the KM identities discussed below, we are able to use that ¢ and
(" are locally faithful 2-functors, and therefore we are able to consider the unique
preimage of any 2-morphism in their images. The results will then follow from
liberal use of Proposition 6.1 (we give an example in first equation below of where
it is used). We also implicitly make use of Lemma 5.1 when there is a diagram in
the image of both ¢ and ¢'. We will present a representative sampling of the identities
of each KM axiom. The exception is the six instances of (KM6) where, using the
notation of (17), {i, j, k} = {1, 2, 3}, since such 2-morphisms are not in the image
of either ¢ or ¢’. In these cases, we will be proving directly that ¢’ preserves (KM6).

(KM1) and (KM2):

&’ <U1)> = (=)Wt (B WFeh g, (Iﬂ s1(x)>
3 2
6.1 =/ _ o/
= 01‘71 1 st ) ~p 61(717_1 s ) = é’v Ll [siw) =60 { |~],
2 2 2 3

where the homotopy (and all future homotopies in this proof) follows from Lemma
5.2 and from the o; being 2-isomorphisms. The other adjunction relation and dot
cyclicity work similarly.

(KM3):
&' A
1
—k2 3(51()0)( 1St @t @A) e+ 1+ s D+t ) -aig msl(/\)
=k (510 T] 10|~ k%%sl(x))oliq(_l w)>

2

12
= k%B(Sl (A)&0't (;><s.<x>) =& (l><x) ,
3

2
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&' A
— k(])’l(sz()u))(—I)SZ(A)ZHHW()‘)_O‘Z)I+]+(SZ()“)+“3)2+(320‘)_“')'&/t/ 520
12
= K (520007 B 0 |~k a0y (O e0)
2
12
:ko’l(sz(k))gu’t/< slm) :gu’< A>
1 9
X X
&' 3 :(_l)sl(l)2+1+2(S1()»)—Olz)2+1+(sl(K)—Zaz)zgv/t 510
3 o)

=07 a0 ~p o]y (ZX“W>
2
2
—a (o) = ().
2 3

The other crossing cyclicity identities are similar.

(KM4):

&/ @2) =" (510K (s1(0)) 80t @g w) =—019,_, ig ﬂw)
3 1 2 1 1
~n —(71571/ 1 q %(l) ‘ ‘Sl(l))

1

o ] ) H

&’ §§A> = k(l)’l(sz()\))k%’3(sz()»))é§v/t' (ig Sz(k)> = —o0ya7, | B (ig sm))

2 I 2

~n —0'2065?2//1,3 <‘ |52(?~)— Sz(?n))

-] o) =ss | )
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& (;2;\) =&t (ig 51()\)) = &'1(0) =0 =& (0).

3
The other two identities are similar.

(KM5):
J (J}Q = Xo) =k e ©<W = ) = 641(0) =0 = 6/(0),
1 3 1 1 2 1
o Q}Q - X)) = k?’l(SQ()»))é’v/t/Qst(x) = ) =&01(0) =0 =& (0),
3 2 3 1 2 1
&' (J}Q — ><x) S (><s.<x) - ><s.(x)> =019/ _, (Z><s1<x> - ><s1(x>>
3 3 3 2 2 2 2 2 2 2
~h 015?1/,_1 (J l mx)) = &'t (J l mx)) =& ()l lx) .

3
The other two identities are similar.

(KM6):
o <§ g; A — >§ EA
—@w( k! <s1<x>+a1>k“<s1<x>+a1> um+k01<s1<x))k“(s1<x>)>§§w>>
ot (3] <ot | )
2 1
=—&0'1L <’ ‘ ’Sl(M) =& q J ‘51(1)) s
2 1 1

GG

= k3 (sa (M) Fa)ky (SQ()»))(%’O/L/<;§<32(D —>§§w>) &'V (0)=0=2&(0),

@& X% —Svt@2<31()\) >§§s1m —é’o’L’(O) 0= &0'(0).

With the exception of the three-coloured identities discussed below, the other cubic
KLR relations are similar. We prove three of these identities directly; the other
three are similar. We have

) e-anto-aeon (- 5C).

301 21 212 2 11
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8o {}gé) k°3(/\)k°3(/\)( 1= a3 ((G—a3 a3>2+1) )ié }ié

1 212 2 11
It is straightforward to check that the signs are both equal to (—l)xlkg !, and the
diagrams themselves are clearly equal via mixed cubic KLR relations.

Using (KM6) and (KM5), one shows that

B N\ N\

() o) v (- A5
I 2 1 2 N N

212 2122112 2112

and that this is null-homotopic via the homotopy

Ay Ay
X 0’1 A A
ISR
as required. Also,
32

3

B e e

r122 11221122 1122112211221 12211 2

S SRR

r21212121212121212132

With generous use of (KMS5), all the dots in the above can be moved to either
the top or bottom of their arrow in a consistent fashion. It then follows from mixed
direction cubic KLR that the difference is equal to zero, as required.

(KM7):

&' (;gx) = —k> (51 ()T (51(1)) 80"t @gslm) =ad]_, @%lm)
3 1 2 1
i ) =eo )=o) )
2 2 31

&y’ ( A) = —k?vl (sl()»))k%*?’(sl()\))gg’t/ sz()»)) = 0'20[5-2/’/1,3 (;ga(k))

() Fo) = ()

2

A()-es () (5
3 3 2 2 2 2
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2

N/

e 2 )
4 +c
AN

a+b+c= 2
s1(A)x—1

2

e/ 2

b s (L)
> )

N T

a+b+c= 3

=/
~h 0171,1(

2

= 89/[(‘ J‘Vl(k) —

2
s1(A)p—1

3
T3
(| -3 o)
a
+
¥4 athte=g
—A3—1

The other two identities are similar.

(KM8): &' (QD _ (—1)’_\3“89% (ZQslm ) _ (_1)i3+101§1/’_] (EQno\) )

m m

= 0157{’_] (—max(O, m+1))" (k)z) = é‘o/(—max(O, m—i—l))k').

The anticlockwise bubble is similar.
(KM9):

&' ((3Q2+3Q*1t+...)(3@24—3@?4—...))

= ()P (T + 0 ) H0™ 1+)
+ +

+0 +1

—ond (7 ™+ O H O )

+0 +0
=017 _ (=) =—-1=8&(-1).

Appendix: A remark on 2-isomorphism classes

In Definition 3.1 of [10], Khovanov and Lauda chose a different set of scalars
and bubble parameters for the Kac—Moody 2-categories than those we use in this
paper. We were unable to define an evaluation 2-functor for their choice and
we conjecture that no such evaluation 2-functor exists. Although we have yet
to prove this conjecture, this would be consistent with the first paragraph of [11,
p- 2699], which mentions the existence of a one-parameter family of mutually
non-2-isomorphic sub-2-categories of the affine type A Kac—Moody 2-categories
categorifying the Borel subalgebra in affine type A. This contrasts with the finite
type A case, where [13, Theorem 3.5] proves that any two choices of scalars and
bubble parameters yield 2-isomorphic Kac—-Moody 2-categories. Since Khovanov
and Lauda did not include a proof in the above paper, we prove here that the two
different choices discussed do lead to non-2-isomorphic Kac—Moody 2-categories
in affine type A.
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First, a small comment on the choice of weights for the 2-categories in question.
The objects of the cyclic 2-categories U(n) and Ux (n) from Definition 3.1 are
gl,-weights and level-zero an-weights, respectively, which coincide (as explained
in 2.1). Moreover, the relations satisfied by the generating 2-morphisms of those two
2-categories really depend on those weights, and not on the induced sl,,-weights and
level-zero s/:\[,, -weights, respectively. Specifically, the degree-zero i-coloured bubbles,
in a region labelled by A € 7", are equal to (—1)*+! or (—1)*+~! (depending on
orientation), so they cannot be expressed in terms of A (unless we choose and fix a
certain Schur level).

On the other hand, the cyclic 2-categories U (s(,) and UQ(;[H), defined in [2,
Definition 1.3] (generalizing [10, Definition 3.1]), trivially induce cyclic 2-categories
Up(gl,) and UQ(E;\[;) whose objects are gl,-weights and level-zero an-weights,
respectively: Simply label the regions of the string diagrams by A € Z" and let
the relations be those for A, see Section 2.1 for the notation. We write 'LlQ(a[;)
to indicate that it is actually an extended version of UQ(?[,,) rather than the full
Ug (QT[,,) (whatever that would be), see remarks below Definition 2.2.

Recall that, following [13], Uy (s(,) and uQ(;[n) depend on a choice of scalars
t;; € Q> satisfying t;; = 1 and t;; =t;; when j #i£1 mod n, and bubble parameters
Bi = Bixr, Cﬁx’ ¢;; € Q* satisfying

chen ==Bi=1/t; and ¢, =hjc,.

Here i, j € 1,...,n—1andkeZ”_l,forsln,andi,j el,...,nand A € 7", for
;[n. For Khovanov and Lauda’s original choice in [10, Definition 3.1], with all
scalars and bubble parameters equal to one, we will follow their notation and denote
the corresponding 2-categories by U (5[ ) and U(s[ ), and the trivially induced gl,,
versions of these by U(gl,,) and u(g[’ ), respectively. The 2-categories U(n) and
Unp(n) correspond to the choice t;; = —1 = t, i+1 = —land t;; = 1 for all i and
Jj #1,i+1 in the respective ranges, and cl , = (= i+t = —¢;, for all i in the
respective ranges.

For any n € N,, the 2-categories 1l(n) and 1/(gl,) are 2-isomorphic, with the
2-isomorphism being obtained by composing the 2-isomorphism from [16, (6)] and
the 2-isomorphism X from [10, Section 4.2.1] (see also [12]). When n € N> is
even, that composite 2-isomorphism extends to a 2-isomorphism between U (1)
and "LlQ(g/l\[;). When n is odd, it does not extend to the affine 2-categories, because
Khovanov and Lauda’s 2-isomorphism % is no longer well-defined in that case. The
reason is that in the definition of ¥ occur factors like (—1), fori =1, ...,n—1,
which are not well-defined for i € Z/nZ when n is odd.

We show that there is no 2-isomorphism between Up(n) and uQ(gA[;) for odd
n, for any choice of scalars and bubble parameters satisfying the above conditions.
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Lemma A.3. Let Q be a choice of scalars and bubble parameters for ET[n and let
E: Up(gl) — Un (n) be a 2-isomorphism which is the identity on objects and
1-morphisms. Then
(135) E({A):Oi(k){k and E<><A):ﬁj(x)><x

i i i i7
for some 0; (1), fij(A) € Q™ and foralli, j € {1,...,n}andall x € 7". Moreover,
these scalars satisfy o; (M) fii(A) =1 foralli € [ and all ) € 7"

Proof. For degree reasons, the second equality in (135) is immediate, but the first
one requires an argument. A priori, we have

:(} /) =00} A+;bij(,\)Q1]x.

i

Now consider the image of the nil-Hecke relation:

2 (><l,\ - l><lx) |
=0 fu 0 (3 =) + ) 3 by (1) - @gx)

J=1 i i
= 0 fa ) | 12600 (b0 O+ binn 09 )

SO0 1109 =i (09 (3.

The fact that E has to preserve the nil-Hecke relation implies that o; (1) f;; (A) =1
and b;(\) =b;;_1(A) = b;j41(A) =0 foralli € [ and all 1 € Z".

To see this, first note that

i i+1
Pl Qe Q% 9

are linearly independent in HomﬂA(n)(ééil,\, &;i1;). Just as in the proof of [10,
Lemma 6.16], this follows from looking at their images under the 2-representation
FBim from [16, Section 4.2] (in particular, see (45) in that paper), and its extension
for the affine case in [15, Definition 5.6].

The condition o; (1) f;; (A) = 1 is therefore immediate. Further, for each i € I ,
linear independence of the two degree-two bubbles above, coloured i — 1 and i
implies that b; ;41 = b;; = 0. Using this and

2b;ij(A) +bii—1(A) —b;i+1(A) =0,

we see that b; ;_; = 0 as well.
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Next we show that b;;(A) =0 for all i, j € I, using the fact that E has to satisfy

E (;%) =& (l‘i,i+1 Aot i "\)
i i+l Qi

+1 i i+1
for j =i+ 1. To shorten notation, put g;;(A) := fi;;(A) f;; (1) for all i, j € I. On
the one hand, we have

O (;2*) =giit1(}) ;2'\ =giit1(A) (—} % + [ |>
i J i+l i i+1 i+

and on the other hand, we have

E<ti,i+1 At figni *)
i i+1 i i+l
k
=1i,i+10i(A) 1+ |»+1ip1,i0i41(A) | 12+ Tiig Z bW )| |
. +1
it i ki, i+l i i+l
14
‘i ) bi+1,£0‘)‘@ *
Oii+1,i+2 S
i i+1
k
:ti,i+10i()¥)} ‘k+ti+l,i0i+l()\)] }H > ([i,iJrlbik()h)+ti+l,ibi+l,k)QW *
I Il kstiitli42 |
ii+1 i J i i+l
1jr,3\\ i—
+[i,i+lbi,i+2()t)ij£1 At tig1ibig1ic1(A) *JFli+1,ibz‘+1,i—1()x)Qrl .

i+l i+l i+l
By linear independence of the different terms of each expression and comparing
corresponding terms in both expressions, as above, we get

biitoM) =0, biy1,,-1(A) =0, ti1bix(X) +ti11,ibiy1x(A) =0

foralli, k [ such that k #i,i£1,i+2. Together with the previous results, these
equations imply that b;;(A) =0 forall i, j € I and all A € Z". ]

This proof also shows that
(136) 8iiv1(N) = —ti110/(X) = ti11,0i41(0) forall i e].

Theorem A.4. When n is odd, there does not exist a 2-isomorphism & : UQ(EI;) —
Un (n) which is the identity on objects and 1-morphisms, for any choice of scalars
Q with compatible bubble parameters.

—~

Proof. Assume for contradiction that such a 2-isomorphism E exists for some
choice of scalars with compatible bubble parameters, with E having parameters
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{oi, fijli,j = 1,...,n} as above. Recall that 0; (%), g;;(1),t;j € @ and that
gij=gjiforalli, je [. Thus, suppressing X for readability, we get

-1 —1 -1, ,—1 -1 -1
01 = =812ty = —0221ty, = (—1)2823123 ity == (_1)ngn,ltn’1 N SATAD
-1
= (_l)nol 1_[ ti+1,it,',l'+1-
iel
This implies that ]_[l i ti+1il; +1 = (—1)" has to hold. But by the definition of

QO and the fact that Zk 1 2k = 0 in the (level zero) 5[ -root lattice, we have the
following:

et =1foralli=1,...,n,soin particular [[}_, #;; = 1.
e t;j =tj; whenever |i — j| > 1 modn, so in particular | = x2 for some
x € @x i,j=1,..., n
¢ ) li—jl>1
C: 7 C; 7 n n Y J n
A LAY g ok LAY 1
o 1= S MR ]_[ ——==1— = 1] ¢, for any A € Z" and any
Cix Cix j=1 ,sz Loy =1
i=1, n

n I )_"
[1 w=]1"=1
i,j=1,..., n i=1 Cix
But
2
[T = (1_[ fu)( I1 fu)( I1 fi;) =x" II &,
i,j=1,...n =1 i,j=1,...n i=1,...,n i=1,...,n
li—jl>1 li—jl=1 li—jl=1
for some x € Q*, by the above remarks. Multiplying this by ]_[ ti+1,iti;1+1 yields
n iel
2 -2
[[t=ED"7,
i=1
which implies n has to be even, completing our proof. ([
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